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A novel class of pH sensitive complexation hydrogels composed of methacrylic
acid and functionalized poly(ethylene glycol) tethers, referred to as P(MAA-g-EG)
WGA, was investigated as an oral protein delivery system. The PEG tethers
were functionalized with wheat germ agglutinin (WGA), a lectin that can bind to
carbohydrates in the intestinal mucosa, to improve residence time of the carrier
and absorption of the drug at the delivery site.
P(MAA-g-EG) WGA created a specific mucoadhesive interaction between mucin
and WGA in in vitro experiments. In addition, it improved the overall adhesion of
the carrier by 17% to a cellular monolayer, as compared to P(MAA-g-EG).
Administration of P(MAA-g-EG) WGA to a rat small intestine demonstrated that
99% of the microparticles still remained in the rat small intestine after 1 hour.
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These results confirmed that functionalizing P(MAA-g-EG) with WGA improved
the mucoadhesive properties of the carrier.
Insulin was effectively entrapped within the polymer network with a loading
efficiency of 74%.

Release studies with insulin-loaded P(MAA-g-EG) WGA

showed that the carrier released less than 10% of the insulin at pH 3.2 after 60
minutes and 70% of the insulin at pH 7.0 after 60 minutes.

These studies

confirmed that P(MAA-g-EG) WGA can protect insulin in the low pH of the
stomach and that the pH change between the stomach and the small intestine
can be used as a physiologic trigger to quickly release insulin.
The ability of P(MAA-g-EG) WGA to improve insulin absorption was investigated
in two different intestinal epithelial models and an animal model. In the Caco-2
cells, P(MAA-g-EG) WGA improved insulin permeability by 9-fold as compared to
an insulin only solution. P(MAA-g-EG) WGA was also evaluated in a mucussecreting culture that contained Caco-2 and HT29-MTX cells.

Insulin

permeability was increased by 5-fold in the presence of P(MAA-g-EG) WGA.
The final study determined bioavailability of insulin-loaded P(MAA-g-EG) WGA
when administered to a rat small intestine. Bioavailability of insulin was 11.9%
for insulin-loaded P(MAA-g-EG) WGA, which is a vast improvement over the
0.5% bioavailability of an insulin only solution. Overall, it is clear that P(MAA-gEG) WGA holds great promise as an oral insulin delivery system.
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CHAPTER 1: INTRODUCTION
Insulin, calcitonin, heparin, erythropoietin, interferon, and human growth hormone
are just a few examples of therapeutic proteins actively being investigated as
candidates for oral delivery. While all of those proteins are important for treating
various diseases and illnesses, the focus of this research was using insulin as a
model protein for oral delivery. The 1922 discovery by Banting and Best that
insulin could be used to treat diabetic patients is often recognized as “one of the
greatest achievements of modern medicine” [1].

Since then, overwhelming

amounts of research have contributed to understanding diabetes as a disease
and the role that insulin plays in that disease, but little has changed about the
way insulin is administered.

It still remains today that the primary route of

administration for insulin is by injection, just as it was almost 85 years ago.
Diabetes mellitus is a debilitating disease that is defined as the presence of high
blood glucose levels due to either deficiencies in insulin production, insulin
action, or both. In the United States, 18.2 million individuals have diabetes and
1.3 million more are diagnosed each year. Complications of the disease can
include retinopathy, nephropathy, neuropathy, heart disease, and even death.
More specifically, type 1 diabetes mellitus (or insulin dependent diabetes
mellitus, IDDM) is classified as an autoimmune destruction of the pancreatic β
cells, or the insulin-producing cells of the body. The exact cause of the disease
is unknown, but it is thought to be induced by both genetic and environmental
1

factors. There are more than 1 million cases of type 1 diabetes in the US, and 1
in every 400 to 500 children and adolescents is a type 1 diabetic.

Type 2

diabetes mellitus (or non-insulin dependent diabetes mellitus, NIDDM) is
diagnosed when a patient begins to become resistant to insulin production and
the patient may even eventually lose the ability to produce insulin. Age, obesity,
family history of diabetes, race/ethnicity, and inactivity are all factors that make
certain individuals more prone to developing type 2 diabetes. NIDDM is more
common than IDDM, accounting for 90 to 95% of all diabetes cases diagnosed in
the United States [2].

With the number of individuals being diagnosed with

diabetes increasing, there is an evident need to improve the current method of
insulin administration.
The oral delivery of therapeutic proteins has often been referred to as the ‘Holy
Grail’ of drug delivery [3]. However, therapeutic proteins are most frequently
delivered by injection because of their large molecular weight (>3500 Da) and the
sensitive three dimensional structure required for a protein to remain biologically
active. Oral protein delivery is an ideal therapy because it would increase patient
compliance and comfort over injection, better mimic physiologic delivery of
proteins, provide a simple means of administration, reduce costs, and potentially
improve efficacy of a therapeutic treatment. Although oral protein delivery could
benefit many individuals, there are two key challenges to making it a successful
therapy: (1) maintaining the functionality of the protein and (2) increasing the
bioavailability of the drug.
2

The acidic environment of the stomach and the presence of proteolytic enzymes
throughout the gastrointestinal (GI) tract pose a potential problem to disrupting
the protein structure and/or degrading the protein.

If the protein remains

biologically active while in the GI tract, it must then be absorbed into the
bloodstream, which is referred to as the bioavailable quantity. Localizing the
drug at a targeted site of absorption and transporting the drug across the
intestinal epithelial layer are two problems associated with the often low
bioavailabilities that plague oral protein delivery. It is important to remember that
the GI tract is designed to digest food and proteins, not deliver intact proteins
across the intestinal epithelial layer. For these reasons, oral protein delivery is a
daunting task, but many strategies are being employed to overcome the
aforementioned barriers.
Some current strategies being investigated to orally deliver proteins are the use
of permeation enhancers, protease inhibitors, polymeric delivery systems, or
chemical modification of a protein [4-12]. Fatty acids, bile salts, and chelators
are all examples of permeation enhancers, which are chemical compounds that
seek to enhance paracellular transport of a therapeutic protein across the
intestinal epithelial layer [4].

In contrast, protease inhibitors are chemical

compounds administered with the protein that can interact with digestive
enzymes and reduce the inactivation of the delivered protein to increase
bioavailability [6]. While the first two methods try to overcome the barriers of oral
delivery by altering the physiologic environment, the next two methods try to
3

protect the protein with carriers or by chemical modification of the drug. A variety
of degradable and non-degradable polymeric carriers (polymethacrylates,
polyacrylates, chitosan, poly(lactide-co-glycolide), polyanhydrides, poly(ethylene
glycol), etc.) have been employed with varying degrees of success as carriers to
protect and then release proteins in a controlled manner [7-10].

Chemical

modification attempts to alter the lipophilicity and stability of the protein to
increase intestinal absorption, while maintaining the biological activity of the
protein. Several of these strategies have produced encouraging results, but the
bioavailability is still low [11, 12]. We feel a combination of these strategies
could result in the most successful method for oral protein delivery.
With this research, we have developed novel complexation hydrogels composed
of methacrylic acid and tethered poly(ethylene glycol) chains functionalized with
wheat germ agglutinin (WGA) to act a drug carrier for insulin. WGA is a class of
lectins that has the ability to bind to carbohydrate moieties present in the
intestinal mucosal layer. The goal of this work was to improve bioavailability of
the delivered protein by creating a specific mucoadhesive interaction between
WGA and the mucosal layer to increase residence of the carrier at the site of
delivery.
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CHAPTER 2: BACKGROUND
2.1

Anatomy and Physiology

2.1.1 Blood Glucose Regulation
Blood glucose regulation in the body is an intricate process that is mainly
controlled by the pancreas and the liver through the secretion of pancreatic
endocrine hormones. Normal physiological blood glucose levels are between 70
mg/dl and 110 mg/dl. Glucose levels below 70 mg/dl are termed hypoglycemia
and above 180 mg/dl are termed hyperglycemia.
Insulin is secreted by the β-cells of the pancreatic islets in response to high blood
glucose levels. Insulin is a hormone which is necessary for glucose uptake in
skeletal muscle and adipose tissue, and it also stimulates the formation of
glycogen from glucose in the liver. In addition, insulin inhibits gluconeogenesis,
thus slowing the hepatic glucose output. In contrast to insulin, glucagon is a
hormone secreted by the α-cells of the pancreatic islets in response to low blood
sugar.

Glucagon induces the liver to secrete glucose by breaking down

glycogen, thus raising the blood sugar level [1, 2].
2.1.2 Diabetes Mellitus
Diabetes mellitus is a disease characterized by the inability of the body to
produce insulin or the resistance of the body to insulin which is secreted. Type 1

7

diabetes, often referred to as childhood diabetes, occurs when greater than 90%
of the pancreatic β-cells are destroyed by the immune system. Since the body is
unable to replenish the supply of β-cells needed to control blood glucose before
the immune system destroys the cells, blood glucose levels remain uncontrolled.
Currently it is thought that the immune system recognizes unknown antigens
present on the β-cells, which then induces cell apoptosis by cytokine secretion
from the immune cells [3]. Treatment for insulin dependent diabetes mellitus
(IDDM) requires exogenous insulin injections three to four times daily by a patient
who monitors their own blood glucose levels. There are many disadvantages to
this type of therapy which include multiple daily injections, lack of patient
compliance, and blood glucose fluctuations.
In contrast to the treatment of IDDM, it is not always necessary for type 2
diabetics to receive insulin injections. It is possible for non-insulin dependent
diabetes mellitus (NIDDM) patients to control blood glucose levels with a careful
diet, exercise, and non-insulin containing oral medications. However, a type 2
diabetic may eventually require insulin injections to maintain blood glucose
levels. Of all adults diagnosed with diabetes in the U.S., 19% take insulin only,
12% take insulin and oral medications, 53% take oral medications, and 15% do
not take either oral medications or insulin [4].

8

2.2

Alternative Insulin Administration Routes

2.2.1 Transdermal Delivery
Transdermal delivery is an attractive delivery route because it is very noninvasive and avoids many degradative enzymes (as compared to oral delivery),
but the low permeability of the skin makes it difficult to deliver large molecular
weight drugs, such as proteins. The stratum corneum, the outer-most layer of
the skin, is composed of highly ordered keratinocytes surrounded by lipid bilayers
and is thought to be the main barrier to protein delivery [5]. Many researchers
have tried to enhance permeation through the skin by a variety of techniques,
which

include

chemical

enhancers,

ultrasound,

iontophoresis,

and

electroporation [6-9].
One interesting example of transdermal insulin delivery uses a novel, lightweight,
cymbal ultrasound array to enhance permeation across the skin.

The

researchers were able to demonstrate a significant drop in blood glucose levels
as compared to controls in both rats and rabbits [5, 10]. After 60 minutes of
exposure to ultrasound and an insulin reservoir, blood glucose levels dropped by
135 mg/dL. Even after removal of the ultrasound array and the insulin reservoir,
blood glucose levels continued to drop by 209 mg/dL. The use of ultrasound for
transdermal insulin delivery is potentially a promising route of administration, but
human studies will need to be conducted to determine its feasibility as a delivery
system.
9

2.2.2 Buccal Delivery
The oral mucosa is an attractive delivery site due to its large surface area for
absorption (100-200 cm2), limited proteolytic activity, and high degree of
vascularization [11]. Many researchers have used absorption enhancers, often
in combination with bioadhesive delivery systems, to improve the amount of
insulin that reaches the systemic circulation [12, 13].

Animal studies have

demonstrated blood glucose reductions, but the results have often not been
reproducible.
Generex Biotechnology has recently developed a liquid aerosol formulation of
insulin that is administered by a metered dose inhaler, which is now in Phase II
clinical trials in the United States and has been approved for use in Ecuador [14].
The formulation, known as Oral-lyn™, uses human recombinant insulin in
combination with enhancers, stabilizers, and a non-chlorofluorocarbon propellant.
We await the completion of more clinical trials to determine the potential of
Generex’s product.
2.2.3 Nasal Delivery
Intranasal delivery of insulin has been a highly researched area because of a
relatively large surface area for absorption (150 cm2) and ease of administration
[11].

The rapid clearance of drugs from the nasal cavity, due to active

mucociliary clearance mechanisms, and low bioavailability are two main
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challenges to nasal delivery. To improve bioavailability, many groups have used
absorption enhancers, which include bile salts, fatty acids, surfactants and
cyclodextrins [15]. However, the addition of enhancers has been shown to cause
irritation to the nasal mucosa, which leads to long-term safety concerns.
Clinical studies using nasally administered insulin have shown a reduction in
blood glucose levels, but serum insulin levels increased more quickly and
declined more rapidly than insulin administered by subcutaneous injection. Often
it was necessary to have multiple nasal administrations to obtain glycemic control
[16]. Also, individual differences in clearance mechanisms, mucus production,
and anatomic structure have made predicting bioavailability extremely difficult.
Overall, nasal delivery of insulin still has many challenges to address.
2.2.4 Pulmonary Delivery
Much recent attention has been garnered by pulmonary insulin delivery after
approval of Pfizer’s Exubera by the FDA for treatment of type 1 and type 2
diabetes. The lung offers approximately 140 m2 of surface area for absorption
and is lined by a highly perfused monolayer of epithelial cells. The thin alveolar
layer allows for rapid absorption of delivered insulin into the bloodstream, and
thus a quick onset of action after administration [16]. Attempts to deliver insulin
by inhalation began in the 1920s, but it wasn’t until the 1990s when the
importance of aerosol dynamics were realized that progress was made [11]. To
achieve delivery in the deep-lung, aerosolized particles must be between 2 and 5
11

µm in diameter and have low velocity.

Particles less than 1 µm are mainly

exhaled and particles larger than 10 µm never reach the deep lung [14]. Thus
the delivery device becomes just as important as the actual formulation for
effective and repeatable delivery.
The Exubera formulation is a dry powder that is dispersed by compressed air into
a chamber before inhalation, which helps to ensure consistent delivery from the
inhaler.

Particles are approximately 3 µm in diameter and the formulation

contains insulin (~60%), excipients, and mannitol as a stabilizer.

Insulin is

packaged as a dry powder into a single-dose blister containing 1 or 3 mg.
Bioavailability of the inhaled insulin has been estimated at 10% [11]. Pulmonary
delivery of insulin has a promising future, but it remains to be seen how lung
diseases, smoking, exercise, and a patients’ ability to use the inhaler will affect
delivery of the insulin.
2.3

Oral Protein Delivery

2.3.1 Therapeutic Protein Delivery
As mentioned previously, oral administration is the preferred route of delivery for
a variety of reasons, but many challenges have thus far prevented oral delivery
from becoming a reality.

The stability of the protein along the GI tract and

transport of the protein across the intestinal epithelial layer are the two main
barriers to oral protein delivery. Success in orally delivering therapeutic proteins
would improve the quality of life for many people who routinely must receive
12

injections of these compounds. In addition, oral delivery would increase patient
compliance and potentially improve treatment efficacy.
Although insulin is the focus of this research, this technology could be applied to
many other therapeutic proteins which include, but are not limited to: heparin,
interferons, calcitonin, or human growth hormone.

Many researchers and

companies are working on a variety of strategies to attempt to orally deliver some
of the aforementioned proteins.
2.3.2 Gastrointestinal Tract
The GI tract or digestive tract is a system of organs within the body that is
responsible for processing nutrients from ingested food, while at the same time
preventing the entry of harmful toxins and pathogens into the body. Digestion
allows the body to absorb nutrients and energy from meals, with 90% of the
absorption occurring in the small intestine.

The main components of the

digestive system are the mouth, the esophagus, the stomach, the liver, the
pancreas, the small intestine, and the large intestine.
When orally administering proteins, it is most important to understand the
environments present within the stomach, the small intestine, and the large
intestine. With a pH of ~2 in the fasted state, the stomach is the most acidic
environment along the GI tract. A sharp rise in pH, to between 6 and 7, occurs
after passage through the stomach into the small intestine via the pylorus [17].
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The small intestine is divided into three main segments; the duodenum (~0.35
m), the jejunum (~2.5 m), and the ileum (~4 m). Remaining nutrients and food
then pass into the large intestine, which has a pH ranging from 7.0 to 7.5 and is
divided up into the cecum, the colon, and the rectum. The large intestine is
mainly involved in water retention and ion absorption [18].
The microanatomy of the small intestine creates an ideal site to target for
absorption of orally delivered proteins due to the large surface area available for
absorption, totaling 463 m2 [19]. Highly vascular villi, which are covered with a
layer of epithelial cells, line the small intestine and project into the lumen as
shown in Figure 2-1. The monolayer of epithelial cells covering the villi is mainly
composed of enterocytes, which are absorptive, columnar cells that are held
together by tight junctions. In addition, the luminal surface of the enterocytes is
lined with a brush border; containing microvilli covered with a mucus layer and
secreted digestive enzymes.
The mucus layer is composed of an adherent layer, or the glycocalyx, and a
loosely adherent mucus layer on top of the glycocalyx. Thickness of the mucus
layer varies along the GI tract, but the thinnest layers can be found in the
duodenum and the jejunum, 154 µm and 108 µm respectively for the loosely
adherent layer and an additional 15 µm for the firmly adherent layer (as
measured in a rat). Comparatively, thickness of the mucus layer in the ileum and
the colon is 408 µm and 830 µm, respectively [20]. The microvilli are 1 µm
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projections that increase the surface area for absorption by 600 times. Other cell
types present in the epithelial layer include M cells (immune system cells),
enteroendocrine cells (secrete hormones), and goblet cells (secrete mucus).

M

cells are a specialized epithelial cell that do not contain any microvilli and cover
the Peyer’s patches of the immune system.

Peyer’s patches contain many

lymphocytes, macrophages, and dendritic cells and are responsible for initiating
immune responses within the intestines [21, 22].
2.3.3 Transport Mechanisms
The epithelial cell layer provides a barrier to transport of orally administered
proteins from the intestinal lumen into the bloodstream. There are four main
mechanisms of transport of nutrients and other molecules from the apical to the
basolateral side of the epithelial layer as shown in Figure 2-2 [23].
Paracellular transport occurs between the tight junctions of epithelial cells and is
of special interest for oral delivery of proteins. Transcellular transport can be
divided up into three main classes: passive transcellular transport, carriermediated transport, and transcytosis. Passive transcellular transport is generally
restricted to molecules that are able to pass though the cell membrane
uninhibited due to either their small size or neutral charge. Carrier-mediated
transport occurs when a molecule interacts and reversibly binds with a cell
membrane protein, which facilitates its transport across the membrane.

The

complex dissociates and the molecule moves to the other side of the cell where a
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similar process takes place to expel the molecule from the cell. Transcytosis
involves the formation of a lipid vesicle at the cell membrane around the
molecule to facilitate transport. Molecules may be released from the lipid vesicle
inside the cell or the vesicle can travel to the basolateral side of the cell
membrane and release the molecule outside of the cell membrane. One last
transport mechanism is that of efflux pumps, where molecules pass into the cell
from the intestinal lumen, but are then returned to the intestinal lumen. Efflux
pumps are important because they represent another type of barrier that
prevents the passage of compounds from the apical side to the basolateral side.
2.3.4 Intestinal Epithelial Model
Before researchers attempt in vivo studies, it is often favorable to run
experiments with an in vitro cellular model because they are relatively
inexpensive and are a good screening tool to suggest potentially successful
technologies. The most widely used and characterized intestinal epithelial model
to predict oral drug absorption is the human colon adenocarcinoma cell line
(Caco-2). Caco-2 cells are a colonic derived cell line that exhibits several key
similarities to the intestinal epithelium. Caco-2 cells form a well-differentiated
polarized monolayer that includes the formation of tight junctions. In addition,
Caco-2 cells display a brush border, excrete typical brush border enzymes, and
express many carrier-mediated transport systems [24, 25].

Although

permeability data from Caco-2 cells often correlates well with in vivo data, Caco-
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2 cells do not secret mucus, which is an important component of the intestinal
epithelial barrier.
Hilgendorf et al. [26] noted that the cellular monolayer forms tight junctions which
more closely represent the tightness of the junctions present in the colon as
opposed to the looser junctions present in the small intestine. The disadvantage
of this is that permeabilities will be decreased for compounds which are
transported predominantly by the paracellular mechanism.
More recently, researchers have begun to examine HT29 cells as an intestinal
epithelial model. They are also a colon carcinoma, but HT29 cells have the
ability to secrete mucus [27]. While Caco-2 cells remain the most widely used
intestinal epithelial model, co-cultures with Caco-2 and HT29 cells might be a
more representative in vitro model [28]. Hilgendorf et al. [26] have characterized
the absorption of a variety of drugs using HT29-MTX cells (a sub-population of
HT29 cells) in co-culture with Caco-2 cells and suggested that this maybe a more
accurate in vitro model for predicting paracellular transport in vivo.
2.3.5 Permeation Enhancers
Permeation enhancers can be broadly defined as a class of chemical compounds
that enhance the absorption of a drug, by paracellular or transcellular transport,
through disruption of the lipid bilayer cell membrane or of the tight junctions
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between epithelial cells. Common examples of non-specific acting permeation
enhancers are bile salts, fatty acids, and chelators.
Mesiha et al. [29] demonstrated enhanced oral absorption of insulin dispersed in
various fatty acids and emulsified with sodium glycocholate. When palmitic acid
was orally administered to rabbits containing a dose of 5 IU insulin/kg rabbit, a
reduction of blood glucose from 105 mg/dl to 75 mg/dl was seen after 30
minutes. The hypoglycemic effect observed with the palmitic acid system was
significant over controls (non-fatty acid systems) and systems with unsaturated
fatty acids of the same carbon chain length. Although the palmitic acid enhanced
absorption of insulin, the non-specific manner in which it acts can make both the
small and large intestine susceptible to increased permeability, thus allowing for
harmful entry of pathogens and toxins. In addition, it was unclear from this study
whether the enhanced permeability was reversible and what long term effects the
use of permeation enhancers would have on the integrity of the cell membranes.
More recently, Fasano et al. [30] have confirmed enhanced absorption of insulin
and immunoglobulins when administering the protein with zona occludens toxin
(ZOT). ZOT is a protein produced from the bacteria Vibrio cholera and increases
the permeability of tight junctions by interacting with receptors present on the cell
surface [31]. In vitro studies using rabbit intestine, showed that ZOT reversibly
increased permeability to insulin by 72% and permeability to immunoglobulins by
52%. Of interest, is that ZOT reversibly alters permeability in a dose-dependent
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and site specific manner, unlike many other permeation enhancers. ZOT only
altered permeability in the jejunum and the ileum and not in the colon during in
vivo studies. While the studies with specific or localized permeation enhancers
provide some promise, more extensive studies are still needed to determine
potential toxicity and long-term side effects to a continued reversible opening of
the tight junctions.
2.3.6 Protease Inhibitors
Enzymatic degradation of proteins by luminal enzymes and proteolytic enzymes
present in the brush border is one of the barriers to administering proteins orally
[32]. One strategy to minimize the enzymatic degradation of therapeutic proteins
is to deliver protease inhibitors in combination with the protein. A previous study
by Yamamoto et al. [33] investigated the effects of sodium glycocholate,
camostat mesilate, bacitracin, aprotinin, and soybean trypsin inhibitor, five
different protease inhibitors.

This study concluded that sodium glycocholate,

camostat mesilate, and bacitracin enhanced the absorption of insulin when
administered to the large intestine of a rat, but not when co-administered in the
small intestine. An explanation of the results may be that more luminal enzymes
are present in the small intestine or different enzymes are present in the small
intestine that were not affected by the protease inhibitors examined in this study.
While this study demonstrates enhanced absorption of insulin in the large
intestine, serious questions exist surrounding the potential toxic side effects of
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protease inhibitors [34]. A continued use of protease inhibitors may upset or alter
the equilibrium of digestive enzymes present throughout the intestines,
potentially causing an increased secretion of these enzymes.

Until further

studies are conducted on the toxicity of protease inhibitors, they do not seem to
be a viable option for oral protein delivery.
2.3.7 Polymeric Delivery Systems
Several researchers have examined the utility of entrapping or encapsulating
therapeutic proteins into a variety of different polymeric carriers that include
microsphere and nanosphere formulations in both degradable and nondegradable forms [35-38]. Polymeric delivery systems can be used to control the
release of the protein and also to protect the protein from the harsh environment
of the GI tract. Although the reasons for entrapment or encapsulation may be
similar, there are two very different strategies being used to deliver the protein
based on the size of the polymeric carrier. Degradable nanosphere formulations
are often being targeted for uptake and absorption by the intestinal epithelial
layer, as opposed to non-degradable microsphere formulations which are
intended to release the protein in the intestinal lumen.

Non-degradable

microsphere formulations will be further discussed in section 2.5.
The main site of nanoparticle uptake is the M cells of the Peyer’s patches, but
enterocytes are also responsible for some particle uptake through both
transcellular and paracellular routes. Many factors govern the amount of particle
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uptake, which include size, surface charge, and hydrophobicity. It is generally
accepted that particles greater than 600 nm in diameter will not be taken up by
the intestinal epithelium [39]. Work by Mathiowitz et al. [40] used a blend of
poly(lactide-co-glycolide) and poly(fumaric anhydride) to encapsulate insulin in
particles that had a mean diameter of 96.7 nm. When 20 IU of insulin loaded
particles were administered to rats with a glucose load, there was no increase in
plasma glucose levels as compared to a 35% increase in control animals.
Although this study presents promising results, only ~2-3% of ingested particles
were absorbed by the intestinal epithelium. In addition, continued absorption of
particles by the M cells into the Peyer’s patches could induce an immune
response.
2.3.8 Drug Modification
Covalent and non-covalent drug modifications are two methods for oral protein
delivery that are currently employed by two companies, NOBEX Corporation [41]
and Emisphere Technologies [42], respectively. The goal of drug modification is
to increase both drug solubility and stability, thus allowing for improved transport
of the drug across the epithelial layer. NOBEX modifies recombinant human
insulin at the lysine-29 site on the α-chain by covalently binding a hydrophilic
PEG chain and a lipophilic alkyl chain. Clinical trials with type 1 and type 2
diabetic patients demonstrate initial efficacy, but low bioavailability (estimated at
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5%) continues to be a problem. In addition, covalent modification may affect
pharmacological activity of the protein.
Emisphere’s eligen™ technology makes use of small organic compounds that
will non-covalently interact with a drug to enhance absorption. The hydrophobic
organic compounds are composed mostly of amino acids and range in molecular
weight between 200 and 400 Da.

Binding of the organic compounds to the

protein is reversible and it is believed dissociation occurs in the bloodstream after
absorption. However, a bioavailability of 2% after 6 hours in initial studies with
type 2 diabetic patients again highlights one of the major problems with oral
protein delivery [43]. Furthermore, it is unclear from these studies what type of
transport mechanism occurs and if the non-covalent modification affects the
biological activity of the drug.
2.4

Lectins

Lectins are a diverse class of proteins with the ability to specifically bind
particular carbohydrate structures. Most commonly found in the seeds of legume
plants, lectins can also be found in animals, bacteria, and other plants. Many
researchers have examined the use of lectins as bioadhesives in conjunction
with oral delivery because of the vast number of carbohydrate binding sites along
the GI tract [44-46]. The mucus, which lines the GI tract, is composed of mucin
(0.5-4 wt%), water, salt, sloughed cells and bacteria. Mucins are glycoproteins
comprised mostly of carbohydrates, which contribute to 77.5 wt% of the mucin
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composition within the small intestine.

The mucus glycoproteins contain five

characteristic monosaccharides, which are N-acetyl-galactosamine, N-acetylglucosamine, galactose, fucose, and sialic acid at a molar ratio of
1.0:0.6:0.7:0.3:0.5 [47]. Additional carbohydrate binding sites are present in the
glycocalyx as a variety of cell surface receptors and transmembrane proteins.
With various potential carbohydrate binding sites, lectins could have the ability to
mediate mucoadhesion, cytoadhesion, cytoinvasion, and potentially transcytosis
as shown in Figure 2-3.
While cytoinvasion and transcytosis are attractive forms of delivery for many
applications, it is not a feasible option for our research since we intend to use
non-degradable microparticles. Also, cytoinvasion does not necessarily lead to
transcytosis of a particle, meaning that intracellular accumulation of the drug
could take place and the drug would never be delivered to the bloodstream. In
addition, cytoadhesion will not be focused on due to the concern over potential
uptake of the particle after it has bound to a cell membrane receptor. It has been
shown that particles larger than 1 µm do not readily diffuse through the mucosal
layer [48], making it impossible for our ~100 µm sized particles to access the
surface of the cell membrane.
Our research instead focused on the use of lectin-mediated mucoadhesion.
Mucoadhesive formulations seek to increase the residence time of a carrier at
the site of absorption, thus increasing local concentrations of drug and improving
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drug bioavailability. Furthermore, mucoadhesion provides an intimate contact of
the drug carrier with the intestinal mucosal layer, therefore minimizing exposure
and degradation of the released drug by luminal proteolytic enzymes [44].
Although polymers such as chitosan, polyacrylates and derivatives, and PEG
have been shown to have mucoadhesive properties [49, 50] interaction of these
polymers with the mucosal layer is non-specific, whereas lectin-mediated
mucoadhesion provides a specific biological interaction to promote adherence to
mucins within the mucosal layer.
Often mucoadhesive interactions are criticized because of the short turnover time
of the intestinal mucus layer, which is between 47 and 270 minutes [51]. While
the rapid renewal of the mucus layer would be a deterrent to a sustained release
system, our application requires a quick release of the therapeutic protein, thus
making the short renewal time insignificant.
Wheat germ agglutinin (WGA) from Triticum vulgare is a class of lectins that
binds to N-acetyl-glucosamine and sialic acid residues of mucins and is an ideal
lectin to use for microparticle functionalization. Wirth et al. [52] demonstrated
that WGA binding capacity to pig gastric mucin, which contains the same
carbohydrate content as human intestinal mucus, was highest out of a variety of
lectins tested.

The lectins selected for testing all had different carbohydrate

specificities. It was hypothesized that the increase in binding of WGA could be
attributed to the steric configuration of the mucins and was not necessarily
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related to the molar carbohydrate composition of the mucins. Although N-acetylgalactosamine is the most prevalent carbohydrate moiety, lectins specific for this
carbohydrate exhibited the lowest amount of binding due to the inability to access
the carbohydrate.

In addition, WGA resists proteolytic degradation and the

binding of WGA is pH dependent. Minimal binding of WGA occurs at pH 2 and is
independent of concentration, whereas at pH 6 WGA binding increases between
5 to 7 times as compared to pH 2 and is also concentration dependent [52].
From this information, it can be assumed that WGA would survive transit along
the GI tract and there would be minimal adhesion to mucosa in the low pH
environment of the stomach.
Another important factor in lectin-mediated delivery is the toxicity of the lectin to
be utilized. Wheat-derived foods contain WGA, therefore indicating that most
individuals naturally consume WGA in small amounts. A study done by Pusztai
et al. [53] determined that administering 7 g WGA/kg body weight to rats each
day for 10 days increased small intestinal cell size and proliferation. Although
there were adverse affects after WGA administration, we do not expect to
administer WGA in quantities anywhere close to 7 g WGA/kg body weight. In
addition, this study administered free WGA, which was able to interact and be
endocytosed by the intestinal epithelial cells. Our formulation will have WGA
tethered to PEG chains and it therefore will not be able to freely interact with the
intestinal epithelial cells.

25

2.5

Complexation Hydrogels

Hydrogels are three dimensional polymer networks that are insoluble due to the
presence of physical and/or chemical crosslinks [54]. In addition, hydrogels are
often used in biomedical applications due to their biocompatibility and ability to
imbibe large amounts of water. Complexation hydrogels are a specific class of
hydrogels that form physical crosslinks through non-covalent interactions, such
as hydrogen bonding [55].

Our lab has successfully developed a class of

environmentally sensitive complexation hydrogels containing MAA and PEG
tethers (designated as P(MAA-g-EG)) [56, 57]. More specifically, P(MAA-g-EG)
is a pH responsive hydrogel that is capable of swelling and deswelling due to the
formation of temporary physical crosslinks, or interpolymer complexes, between
the PMAA pendant groups and the tethered PEG chains. Lowman et al. [37]
demonstrated the potential of these environmentally sensitive complexation
hydrogels to be used as a carrier for oral protein delivery, by delivering insulin to
diabetic rats and lowering blood glucose levels, Figure 2-4. In addition, Madsen
and Peppas [58] determined that the calcium binding properties of ionized MAA
inhibit some proteolytic degradation of the released protein, therefore increasing
the amount of bioactive protein transported across the epithelial layer. Further
investigation into the calcium chelating properties of MAA, revealed a reversible
increase in the opening of the tight junctions and that the predominant transport
mechanism of the studied proteins is by the paracellular route [59-61]. Overall,
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this class of environmentally responsive complexation hydrogels is a promising
candidate to deliver proteins by oral administration.
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2.6

Figures

Figure 2-1: Small Intestine Microanatomy
(Top) Anatomy of the villus and a Peyer’s patch in the small intestine.
Demonstrates the vascularization within the villus. (Bottom) Magnification of the
epithelial layer showing enterocytes and goblet cells. The brush border contains
the microvilli and the glycocalyx (adherent mucus layer), and is lined with a
loosely adherent mucus layer. [18]
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Figure 2-2: Transport Mechanisms for Drug Absorption
Schematic depicting various methods of transport across the intestinal
epithelium. (1) paracellular, (2a) transcellular, (2b) carrier-mediated, (2c)
endo/transcytosis, (3) efflux pumps.
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Figure 2-3: Lectin-Mediated Pathways
Potential pathways of lectin-mediated interaction with the mucus and enterocytes
as shown by wheat germ agglutinin (WGA) [62].
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Figure 2-4: Complexation Hydrogel Schematic
(1) The small mesh size, ζ, of the polymeric carrier (i.e. complexed state)
prevents the drug from being released and protects the drug in the low pH
environment of the stomach.
(2) Complexation of the polymeric carrier is due to the hydrogen bonding
between the carboxyl group of the MAA and the etheric oxygen of the PEG
chains.
(3) As the polymeric carrier passes into the small intestine, it recognizes a pH
shift to ~7, which increases the mesh size (i.e. decomplexed state) and allows for
release of drug at the targeted site of absorption.
(4) Deprotonation of the carboxyl group on the MAA (pKa ~4.9) occurs at a high
pH creating ionic repulsion between the polymer chains and thus increasing the
mesh size.
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CHAPTER 3: OBJECTIVES
One promising strategy for the oral administration of insulin involves the use of
environmentally sensitive complexation hydrogels. Previous research in our lab
developed complexation hydrogels composed of methacrylic acid (MAA) grafted
with poly(ethylene glycol) (PEG) tethers that have the ability to target the upper
small intestine as a delivery site while maintaining the functionality of the protein
in the GI tract [1-4]. Initial in vivo studies, using insulin as a model protein, were
successful in delivering the drug in a biologically active form to the targeted site
of absorption [5]. Although the studies demonstrated initial success, the low
bioavailability of the drug (~4%) left much room for improvement to the current
system.

One way to modify the carrier is by introducing lectins, which are

proteins of nonimmunological origin that have the ability to bind carbohydrates
present in the mucosal layer lining the intestinal epithelial cells. The hypothesis
of this proposal is that functionalizing complexation hydrogels, especially
those composed of poly(methacrylic acid) and poly(ethylene glycol)
tethers, with wheat germ agglutinin, a class of lectins, will increase the
bioavailability of orally administered therapeutic proteins.
The objective of this research is to create biohybrids by molecularly modifying
drug carriers for oral protein delivery that can deliver drug to the targeted site of
absorption, improve bioavailability, and thus increase the overall efficacy of a
therapeutic treatment.
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The specific aims are as follows:
(1) Synthesize polymeric drug carriers composed of methacrylic acid and
ethylene glycol, functionalize the carriers with wheat germ agglutinin
(WGA), and perform physical characterization of the synthesized drug
carriers.
(2) Characterize loading efficiency of a model protein into the hydrogel carrier
and study the in vitro release profile of the loaded protein in response to
an environmental stimulus.
(3) Evaluate the in vitro cytocompatibility of the carrier, the bioadhesive
capability of the functionalized carrier, and the ability of the carrier to
deliver a bioactive protein using an intestinal epithelial model.
(4) Investigate the in vitro effectiveness of the functionalized carrier using a
mucus secreting co-culture designed to mimic the intestinal epithelium.
(5) Perform in vivo studies with Wistar rats to determine the bioavailability of a
model protein released from functionalized and non-functionalized
carriers.

41

3.1
1.

References
Peppas, N.A. and Klier, J., Controlled release by using poly(methacrylic
acid-g-ethylene glycol) hydrogels. J Controlled Release, 1991, 16, 203214.

2.

Lowman, A.M. and Peppas, N.A., Analysis of the
complexation/decomplexation phenomena in graft copolymer networks.
Macromolecules, 1997, 30, 4959-4965.

3.

Lowman, A.M. and Peppas, N.A., Solute transport analysis in pHresponsive, complexing hydrogels of poly(methacrylic acid-g-ethylene
glycol). J Biomater Sci, Polym Ed, 1999, 10, 999-1009.

4.

Madsen, F. and Peppas, N.A., Complexation graft copolymer networks:
swelling properties, calcium binding and proteolytic enzyme inhibition.
Biomaterials, 1999, 20, 1701-1708.

5.

Lowman, A.M., Morishita, M., Kajita, M., Nagai, T., and Peppas, N.A., Oral
delivery of insulin using pH-responsive complexation gels. J Pharm Sci,
1999, 88, 933-937.

42

CHAPTER 4: SYNTHESIS, FUNCTIONALIZATION, AND
CHARACTERIZATION OF HYDROGEL CARRIERS
4.1

Introduction

Hydrogels are three dimensional polymer networks that are insoluble due to the
presence of physical and/or chemical crosslinks [1]. In addition, hydrogels are
often used in biomedical applications due to their biocompatibility and ability to
imbibe large amounts of water. Complexation hydrogels are a specific class of
hydrogels that form physical crosslinks through non-covalent interactions, such
as hydrogen bonding [2].

Our lab has successfully developed a class of

environmentally sensitive complexation hydrogels containing MAA and PEG
tethers (designated as P(MAA-g-EG)) [3, 4]. More specifically, P(MAA-g-EG) is a
pH responsive hydrogel that is capable of swelling and deswelling due to the
formation of temporary physical crosslinks, or interpolymer complexes, between
the PMAA pendant groups and the tethered PEG chains.
Previous research in our lab has investigated and characterized P(MAA-g-EG)
with a 1:1 molar feed ratio and shown this system to be the most promising for
oral protein delivery [3-6]. Lowman et al. [5] determined that polymers using a
1:1 molar feed ratio of MAA:EG and PEG chains of MW 1000 had the highest
degree of complexation and swelled to the highest degree in the uncomplexed
state. Kim et al. [6] further verified the complexation/decomplexation behavior of
P(MAA-g-EG) at low and high pH by use of ATR-FTIR. The goal of this work
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was to synthesize the previously established system of P(MAA-g-EG) with a 1:1
molar feed ratio of MAA:EG and then functionalize these carriers with WGA.
4.2

Materials and Methods

4.2.1 Hydrogel Synthesis
Hydrogels were prepared by UV-initiated free radical solution polymerization.
The monomer mixture contained methacrylic acid (MAA) (Sigma-Aldrich, St.
Louis,

MO),

(PEGMMA,

poly(ethylene
molecular

glycol)

weight

monomethylether

1000)

(Polysciences,

monomethacrylate
Warrington,

PA),

tetraethylene glycol dimethacrylate (TEGDMA) (Sigma-Aldrich), Irgacure 184®
(1-hydroxycyclohexyl phenyl ketone) (Sigma-Aldrich), water, and ethanol, Figure
4-1. MAA was vacuum distilled at 54 °C and 25 mm Hg prior to use in order to
remove the inhibitor (hydroquinone).

All other components were used as

received.
The monomers were mixed in a 1:1 molar feed ratio of MAA:ethylene glycol
units, thus in a typical reaction 3.6 g of MAA and 2.0 g of PEGMMA were used.
The crosslinker, TEGDMA, was added in the amount of 1.0 mol% of total
monomers and Irgacure® 184 was added in the amount of 1.0 wt% of total
monomers to initiate the reaction. The solvent was a 50:50 w/w mixture of water
and ethanol and was added in a 50:50 w/w ratio of total monomer to solvent.
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Monomers, crosslinker, initiator, and solvent were added to an amber bottle and
sonicated for 15 minutes prior to polymerization. The monomer solution was
then placed in a sealed glove box environment and purged with nitrogen for 20
minutes to remove oxygen, which is a free radical scavenger. After purging, the
glove box remained sealed to ensure a nitrogen environment during
polymerization. Two glass plates (15 cm x 15 cm x .3 cm) were separated by a
0.7 mm Teflon spacer and the monomer solution was carefully pipetted between
the glass slides. The glass plates were exposed to UV light (Dymax 2000-EC
Light Curing System, Torrington, CT) for 30 minutes at an intensity of 17.0
mW/cm2. The resulting polymer was removed from the glass plates and washed
in deionized water for 7 days to remove any unreacted monomer. Drying of the
polymer was done in a vacuum oven at 35 °C for 2 days. The polymer was then
crushed and sieved into microparticles of various sizes. If polymer disks were
desired, disks (1 cm diameter) were cut prior to drying the polymer.

The

subsequent polymer was composed of a MAA backbone with grafted PEG chains
(P(MAA-g-EG)).
4.2.2 Fluorescent Hydrogel Synthesis
Certain experiments required the synthesis of fluorescent microparticles, which
could be then used as a method to quantify the microparticles. If this was the
case,

a

fluorescent

monomer,

PolyFluorTM

407

(9-anthracenylmethyl

methacrylate) (Polysciences), was added to the monomer mixture prior to
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polymerization. Due to the presence of the methacrylate group, the fluorescent
monomer would therefore be polymerized into the backbone of the hydrogel.
The amount added was 0.01 wt% of total monomer. Appendix A.1 contains the
exact amounts used for the various polymer formulations.
4.2.3 Carrier Functionalization
Hydrogel synthesis remained the same as previously described while the
protocol for carrier functionalization took place in two distinct steps. P(MAA-gEG) was functionalized with biotinylated-WGA (B-WGA) through a biotin-avidin
linkage. The first step of the functionalization occurred before the polymerization,
while the second step was performed after the gel was crushed into
microparticles.
The first step of the reaction was to synthesize acryloyl-poly(ethylene glycol)biotin (ACR-PEG-B) by previously established protocols [7, 8] as shown in Figure
4-2.

Acryloyl-poly(ethylene glycol)-N-hydroxy succinimide (ACR-PEG-NHS,

Molecular weight 3400) (Nektar Therapeutics, Huntsville, AL) was dissolved in 50
mM sodium bicarbonate buffer, pH 8.2, at a concentration of 86 mg/ml and
reacted with EZ-Link® biotin-PEO-Amine (Pierce, Rockford, IL), which was
separately dissolved in

50 mM sodium bicarbonate buffer, pH 8.2, at a

concentration of 1 mg/ml. NHS esters react readily with primary amines, thus the
reason that biotin functionalized with a single primary amine was selected.
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ACR-PEG-NHS was added dropwise to the biotin solution to yield a 2:1 molar
ratio of ACR-PEG-NHS:biotin-PEO-amine. The reaction was allowed to proceed
for 2 h at room temperature, after which time the resulting product was placed in
a -80 °C freezer for 30 minutes, lyophilized at -50 °C under vacuum (LabConco
Model 77500, Kansas City, MO) for 2 days, and stored at -20 °C until use. The
resulting dried product was ACR-PEG-B, which could then be added to the
monomer solution before polymerization. The double bond functionality of the
acryloyl group allows the functionalized PEG chain to be incorporated in the
polymer through free radical polymerization. A fluorescamine assay [9] was used
to determine the efficiency of PEG functionalization with the biotin, which
confirmed 90% of the PEG was functionalized with biotin .
The goal of the first step was to create a PEG tether that allowed for further
functionalization after polymerization. When functionalized polymer was desired,
hydrogel synthesis remained the same and lyophilized ACR-PEG-B was added
to the prepolymer mixture in an amount to give a final density of 100 nmol
biotin/cm3. After the resulting film was washed and dried, the gel was crushed
and sieved into microparticles of the desired size (P(MAA-g-EG) PEG-B).
The second functionalization step involved adding avidin D (Vector Laboratories,
Burlingame, CA) and B-WGA (Vector Laboratories) to the biotin functionalized
PEG chains as shown in Figure 4-3. To functionalize the microparticles with
WGA, 100 mg of microparticles (90-150 µm) were added to 20 ml of 1X PBS, pH
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7.4, while stirring in a beaker. Avidin was added to yield a 1:1 molar ratio of
ACR-PEG-B:Avidin and the solution was then stirred for 30 minutes.

The

microparticles were then collapsed by the addition of 0.1 N HCl, filtered, and
washed to remove any excess avidin. Microparticles were then resuspended in 1
X PBS, pH 7.4 and B-WGA was added in a 1.5:1 molar ratio of B-WGA:avidin.
The reaction was allowed to proceed for 1 hour after which time the
microparticles were again collapsed, filtered, and washed. Microparticles were
then frozen, lyophilized, and stored at -20 °C until use. A more detailed protocol
can be found in Appendix A.2.
During the course of the experiment, samples were taken of the supernatant and
analyzed by HPLC (Waters 2695 Separations Module, Milford, MA) to determine
avidin and B-WGA concentration. Decreases in the concentrations of avidin and
B-WGA helped confirm that functionalization was occurring. Briefly, a mixture of
80% water/20% acetonitrile with 0.1% trifluoroacetic acid was used as the mobile
phase in a Symmetry300TM C4 column. The 20 µL samples were injected and a
flow rate of 1 mL/min was used.
4.2.4 SEM Characterization
P(MAA-g-EG) and P(MAA-g-EG) WGA microparticles were prepared as
previously described and kept in a dry environment until imaging. Microparticles
were sprinkled onto an aluminum stub that was covered with carbon tape.
Excess microparticles were removed by gently tapping the stub and the samples
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were sputtered coated with a gold layer between 5 and 10 nm thick. Samples
were imaged with a SEM (LEO 1530, Carl Zeiss, Germany) at 10 kV and a
working distance of 7 mm.
4.2.5 Dynamic Swelling Studies
Swelling studies were performed using a 0.1 M dimethylglutaric acid (DMGA)
buffer between pH 3.2 and 7.0.

Ionic strength was controlled with sodium

chloride. Polymer disks (1 cm diameter) were placed in 50 mL of 0.1 M DMGA
pH 3.2 for 5, 10, 15, or 30 minutes at T=37 °C.

Disks were then blotted,

weighed, and placed in the DMGA buffer of the next highest pH. This process
was repeated until pH 7.0. The weight swelling ratio, q, was calculated as the
swollen weight divided by the dry weight of the polymer disk. Appendix A
.3 contains a detailed protocol.
To investigate the effect of ionic strength, a pH 3.2 and pH 6.6 DMGA buffer was
made at three different ionic strengths (0.1 M, 0.3 M, 0.5 M) by the addition of
sodium chloride. A polymer disk was placed in each buffer and the disk was
weighed at several time points over the course of 15 minutes.
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4.3

Results and Discussion

4.3.1 Carrier Functionalization
P(MAA-g-EG) was functionalized with WGA through an avidin-biotin interaction.
The first step of the functionalization occurred before the polymerization, while
the second step was performed after the gel was crushed into microparticles.
The biotin-avidin linkage is ideal to use because it is the strongest non-covalent
interaction known in nature (Ka = 1015 M-1) and avidin possesses four binding
sites for biotin. In addition, the avidin-biotin complex is unaffected between a pH
range of 2 to 13 and is resistant to proteolytic degradation in the GI tract [10].
Also, by using an avidin-biotin interaction for functionalization, if desired, it would
be easy to functionalize the microparticles with any other biotinylated molecule.
This functionalization procedure also had the advantage of adding the WGA after
polymerization, which eliminated any potential concern about WGA denaturing or
becoming inactive during the polymerization and subsequent washing steps.
4.3.2 SEM Characterization
P(MAA-g-EG) and P(MAA-g-EG) WGA microparticles, crushed and sieved
between 90 and 150 µm, were both imaged by SEM at ~130X magnification as
shown in Figure 4-4 and Figure 4-5. We wanted to determine if there were any
morphological differences between the two samples due to functionalization.
The P(MAA-g-EG) had smooth surfaces with roughness and cracking at the edge
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of the microparticles, which was probably a result of the crushing procedure. In
contrast, the P(MAA-g-EG) WGA microparticles did not exhibit smooth surfaces,
but instead had a roughness that covered the entire microparticle. The observed
differences could be due to the differences in processing of the microparticles or
merely the addition of a protein, in this case WGA, to the microparticles. The
functionalization procedure requires that the microparticles are swollen,
collapsed, lyophilized, and re-crushed, which could be a potential explanation for
differences in surface roughness.
To determine which step of the functionalization process resulted in changes
between the two types of microparticles, P(MAA-g-EG) microparticles underwent
the exact same physical processing steps without the addition of avidin or WGA
(referred to as control P(MAA-g-EG) WGA). Figure 4-6 shows the P(MAA-g-EG)
WGA and the control P(MAA-g-EG) WGA at ~750 X magnification. The P(MAAg-EG) WGA has a much more similar surface morphology to the control P(MAAg-EG) WGA than the P(MAA-g-EG). It is thought that the additional crushing
step that occurs after lyophilization led to a majority of the change in surface
roughness. Although, the control P(MAA-g-EG) WGA did have some smoother
surfaces, so it was thought that the presence of the WGA was contributing to
some of the surface roughness present on the P(MAA-g-EG) WGA.
We also thought it would be interesting to compare P(MAA-g-EG) WGA and
insulin-loaded P(MAA-g-EG) to see if there were any broad morphological
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differences.

It was hypothesized that the functionalization procedure led to

surface roughness in the microparticles, so we wanted to know how the insulin
loading procedure affected the microparticles. The process for functionalizing
microparticles with WGA and loading them with insulin are similar in that there is
a swelling, collapsing, and lyophilization step followed by a re-crushing of the
microparticles. Figure 4-7 shows that P(MAA-g-EG) WGA and insulin-loaded
P(MAA-g-EG) appeared very similar with both having a distinct surface
roughness as compared to P(MAA-g-EG).

This was encouraging that the

samples looked similar because from the initial SEM images it was clear that the
functionalization procedure changed the surface roughness of the microparticles.
From this comparison, we see that the insulin loading procedure and the WGA
functionalization procedure result in similar changes to the surface morphology,
thus it is not of concern that there are differences between the P(MAA-g-EG)
WGA and the P(MAA-g-EG) before insulin loading.
4.3.3 Dynamic Swelling Studies
Results of the dynamic swelling study indicate that there was little to no swelling
below pH 5 and a dramatic increase in the swelling above pH 5, Figure 4-8. In
addition, increasing the amount of time the polymer disk was left in the buffer
also further increased the swelling. These results are as expected. The pKa of
MAA is 4.9, so at a pH below this value the carboxyl group of the MAA is
protonated and contributes to hydrogen bonding within the network. At a pH
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above 5, deprotonation of the carboxyl group occurs, which breaks the hydrogen
bonds (decomplexation) and leads to ionic repulsion within the network. The
decomplexation then allows for water uptake and swelling of the hydrogel. This
study confirms that the pH shift between the stomach and the upper small
intestine (pH ~2 to pH ~6) [11] can be used as a physiologic trigger to deliver a
protein.
The second part of the dynamic swelling study involved investigating the effect of
ionic strength on the swelling of polymer disks at a pH below and above the pKa
of MAA. At pH 3.2 (below MAA pKa), there was no change in the swelling
behavior when ionic strength was varied from 0.1 M to 0.5 M, Figure 4-9. Since
there is complexation within the network at this pH, it was expected that an
increase in ionic strength would have no effect on the swelling of the network. In
contrast, at a pH of 6.6 (above MAA pKa) there was a large increase in the
weight swelling ratio, which is in agreement with the previous results. In this
experiment, ionic strength did affect swelling, which decreased as ionic strength
increased from 0.1 M to 0.5 M, Figure 4-10. This can most likely be explained by
the increasing number of ions in solution, which would begin to hinder the ionic
repulsion in the network or slow the rate of swelling of the network.
4.4

Conclusions

From the SEM studies, we concluded that the functionalization procedure did
lead to differences in surface roughness between the P(MAA-g-EG) and the
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P(MAA-g-EG) WGA. However, when comparing P(MAA-g-EG) WGA to insulinloaded P(MAA-g-EG) there was little difference in the surface roughness. It is
thought that the swelling, collapse, lyophilization, and re-crushing steps that are
all needed for WGA functionalization and insulin loading lead to changes in the
surface roughness of the microparticles. Thus, the extra processing steps are
thought to lead to the changes seen between the P(MAA-g-EG) WGA, control
P(MAA-g-EG) WGA, and insulin-loaded P(MAA-g-EG) as compared to the
P(MAA-g-EG).
For the dynamic swelling studies, it was important to simulate swelling over a
time period that would be representative of what occurs in vivo. Normally, the
microparticles would be administered to an individual in a gelatin capsule and the
capsule would then slowly dissolve in the acidic environment of the stomach. It
is important to note that when microparticles are administered they are in a dry,
glassy state and physiological fluid must first diffuse into the polymer before drug
release can begin. Using the following approximation:

(0.01 cm) 2
l2
t = = −6
= 1 min 40 sec
D 10 cm 2 / s
where t is time, l is the diameter of a microparticle (estimated at 100 µm), and D
is the diffusion coefficient of water in dry polymer, it can be estimated that the
time for swelling is on the order of a few minutes. From this calculation, we
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conclude that conducting dynamic swelling experiments at the 5 minute time
point is a good representation of microparticle swelling in vivo.
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4.5

Figures
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Figure 4-1: Chemical Structure of Hydrogel Components
MAA and PEGMMA were the monomer components of the hydrogel and were
added in a 1:1 molar feed ratio of MAA:EG. TEGDMA was the cross linker and
was added as 1 mol% of total monomer. Irgacure® 184 was the photoinitiator
and was added as 1 wt % of total monomer.
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Figure 4-2: ACR-PEG-Biotin Reaction
Step 1 of the WGA functionalization involved creating a PEG terminated with
biotin. Acryloyl-poly(ethylene glycol)-N-hydroxy succinimide (ACR-PEG-NHS,
MW 3400) and EZ-Link® biotin-PEO-Amine were dissolved in sodium
bicarbonate buffer, pH 8.2, to yield a 2:1 molar ratio of ACR-PEG-NHS:biotinPEO-amine. The reaction was allowed to proceed for 2 h at room temperature,
after which time the product (ACR-PEG-Biotin) was lyophilized.
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P(MAA-g-EG) PEG-biotin
microparticles in PBS

Add Avidin

Add biotinylated-WGA

P(MAA-g-EG) WGA

Figure 4-3: Addition of B-WGA to P(MAA-g-EG)
P(MAA-g-EG) PEG-biotin microparticles were suspended in PBS and then avidin
was added to the solution and allowed to react for 30 minutes. The particles
were then filtered, resuspended in PBS, and biotinylated-WGA was added and
allowed to react for 1 hour. The particles were then filtered and lyophilized.
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Figure 4-4: SEM of P(MAA-g-EG)
P(MAA-g-EG) microparticles were crushed and sieved between 90 and 150 µm.
Microparticles exhibited smooth surfaces with a roughness and cracking at the
edge of the microparticle.
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Figure 4-5: SEM of P(MAA-g-EG) WGA
P(MAA-g-EG) WGA microparticles were crushed and sieved between 90 and
150 µm. Imaging was done after the WGA functionalization, which showed an
increase in surface roughness as compared to P(MAA-g-EG).
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Figure 4-6: SEM of P(MAA-g-EG) WGA and Control P(MAA-g-EG) WGA
(Top) P(MAA-g-EG) WGA after functionalization with avidin and B-WGA.
(Bottom) P(MAA-g-EG) that went through the physical steps of the
functionalization process without the addition of avidin and B-WGA.
Microparticles display a similar surface roughness.
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Figure 4-7: SEM of P(MAA-g-EG) WGA and insulin-loaded P(MAA-g-EG)
(Top) P(MAA-g-EG) WGA after functionalization.
(Bottom) Insulin-loaded
P(MAA-g-EG).
There was a similar surface roughness between the
microparticles, which is thought to be a result of the similarities in processing
between the two different procedures.
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Figure 4-8: Effect of pH on Dynamic Swelling
A P(MAA-g-EG) disk was placed in a DMGA buffer of pH 3.2 with a constant
ionic strength of 0.1 M. The disk was then removed, blotted, weighed, and
placed in the next buffer with increasing pH. A disk remained in the buffer for
either 5 ({), 10 ( ), 15 ({), or 30 (U) minutes. The weight swelling ratio was
calculated by dividing the swollen weight of the disk by the dry weight of the disk.
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Figure 4-9: Effect of Ionic Strength on Dynamic Swelling at Low pH
A P(MAA-g-EG) disk was placed in a DMGA buffer at pH 3.2 with an ionic
strength of 0.1 M ({), 0.3 M ( ), or 0.5 M (). Disks were removed from the
buffer and weighed at various time points over the course of 15 minutes. The
weight swelling ratio was calculated by dividing the swollen weight of the disk by
the dry weight of the disk.

64

2.2

2

1.8

1.6

1.4

1.2

1

0.8
0

5

10

15

Time (min)

Figure 4-10: Effect of Ionic Strength on Dynamic Swelling at High pH
A P(MAA-g-EG) disk was placed in a DMGA buffer at pH 6.6 with an ionic
strength of 0.1 M ({), 0.3 M ( ), or 0.5 M (). Disks were removed from the
buffer and weighed at various time points over the course of 15 minutes. The
weight swelling ratio was calculated by dividing the swollen weight of the disk by
the dry weight of the disk.
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CHAPTER 5: MUCOADHESIVE CHARACTERIZATION OF FUNCTIONALIZED
CARRIERS
5.1

Introduction

Bioadhesion can broadly be defined as the process of intimate contact of two
materials that are held together by interfacial forces for an extended period of
time, with at least one of the materials being biological in nature [1].
Mucoadhesion is a more specific class of bioadhesion, which involves adhesion
of a natural or synthetic material to a mucosal surface [2].

The concept of

mucoadhesion to prolong residence time of drug delivery systems was pioneered
by Joseph Robinson in the 1980s [3]. Some of his early work examined the
ability of poly(acrylic acid) hydrogels to form hydrogen bonds with the mucosal
layer lining epithelial cells to prolong residence time [4]. Since then, a wide
range of polymers have been investigated as mucoadhesive materials, which
have included poly(acrylic acid) (PAA), Carbopols, polycarbophil, hydroxypropyl
methylcellulose (HPMC), chitosan, thiolated polymers, and many others [1, 5-8].
While mucoadhesive polymers seek to interact with the mucosal layer through
the formation of non-specific bonds, a different type of mucoadhesion, lectinmediated mucoadhesion, seeks to interact with the mucosal layer through the
formation of specific bonds. Lectins have the ability to bind carbohydrates of
certain specificity and can therefore bind to glycoslyated surfaces (i.e. mucins)
present in the mucosal layer [9]. The concept of using lectins for drug delivery
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first came from Woodley and Naisbett in 1988 when they proposed using tomato
lectin to bind to the luminal surface of the small intestine [10].

A variety of

different lectins have been investigated because of their ability to mediate
mucoadhesion, but also because of their cytoadhesive and cytoinvasive
properties [9].
This work has focused on improving the mucoadhesive nature of P(MAA-g-EG)
by functionalizing these hydrogel carriers with wheat germ agglutinin (WGA) to
create a specific mucosal interaction. WGA was previously shown to have the
highest binding capacity to pig gastric mucin out a panel of lectins that all had
different carbohydrate binding specificities, which included Solanum tuberosum
lectin (STL), Dolichos biflorus agglutinin (DBA), Ulex europaeus isoagglutinin I
(UEA I), and WGA [11]. In addition, there is minimal binding of WGA to mucin at
a low pH, indicating that there would be little binding of WGA to the stomach
mucosa.
5.2

Materials and Methods

5.2.1 Coating Microplates with PGM
Black, polystyrene 96-well plates (high protein binding capacity) (Thermo
Electron, Milford, MA) were coated with pig gastric mucin Type II (PGM) (Sigma,
St. Louis, MO). A 100 µl sample of 0.1%, 1%, or 10% of a PGM-solution in PBS,
pH 7.4, was added to each well of the 96-well plate and incubated for 24 hours at
4 °C. The PGM solution was removed and the plate was washed 3 times with
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100 µl of PBS. A 100 µl sample of a 1% bovine serum albumin solution (Fraction
V) (Sigma) in PBS was incubated with each well for 2 hours at 37 °C to block free
binding sites. The BSA solution was removed and the plate was washed 3 times
with 100 µl of PBS. Plates were stored at 4 °C with 100 µl of PBS in each well
until use. Protocols for this study were similar to protocols established by Wirth
et al. [11] for examining binding capacity of a variety of fluorescent lectins using
PGM-treated microplates.
5.2.2 PGM Binding Capacity of F-WGA
To confirm the PGM coating, fluorescein labeled wheat germ agglutinin (F-WGA)
(Vector Laboratories, Burlingame, CA) was incubated with microplates that were
pre-treated with 0.1%, 1%, and 10% PGM and blocked with BSA, as described
above. A 50 µl sample of a serial dilution of F-WGA in PBS (80 – 2.5 µg/ml) was
added to each well and incubated for 2 hours at 37 °C. Control wells were
incubated with 50 µl of PBS containing no F-WGA. The F-WGA was removed
and the plate was washed 3 times with 100 µl of PBS. The fluorescent intensity
of each well was determined by a microplate reader (Bio-Tek Synergy HT,
Winooski, VT) at an excitation of 385 nm and an emission of 425 nm.
Autofluorescence of the coated wells was subtracted from each well by
determining fluorescent intensity of the control wells.
An untreated microplate and a microplate that was blocked with 1% BSA for 2
hours (no PGM) were also tested as control microplates.
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The microplates

followed the same experimental protocol for F-WGA binding as the PGM-coated
microplates.
5.2.3 Specificity of F-WGA Binding
A competitive carbohydrate, N,N′,N′′-triacetyl-chitotriose (Sigma), was used to
confirm that the binding of F-WGA was specific to the PGM-coated 96-well plate
[12]. Each well of a 96-well plate, pre-treated with 0.1%, 1%, and 10% PGM and
blocked with BSA, was incubated with 50 µl of a 40 µg/ml solution of F-WGA in
PBS for 1 hour at 37 °C. After 1 hour, 50 µl of a serial dilution of N,N′,N′′triacetyl-chitotriose (1.0 – 0.0625 mg/ml) was added to each well and incubated
for 1 hour at 37 °C. The microplate was then washed 3 times with 100 µl of PBS
to remove N,N′,N′′-triacetyl-chitotriose and unbound F-WGA. Control wells were
incubated with 50 µl of PBS containing no F-WGA. The fluorescent intensity of
each well was determined by a microplate reader (Bio-Tek Synergy HT,
Winooski, VT) at an excitation of 385 nm and an emission of 425 nm.
Autofluorescence of the coated wells was subtracted from each well by
determining fluorescent intensity of the control wells.
An untreated microplate and a microplate that was blocked with 1% BSA for 2
hours (no PGM) were also tested as control microplates.

The microplates

followed the same experimental protocol

and

for

carbohydrate binding as the PGM-coated microplates.
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F-WGA

competitive

5.2.4 PGM Binding Capacity of P(MAA-g-EG) and P(MAA-g-EG) WGA
P(MAA-g-EG)-PolyFluorTM 407 and P(MAA-g-EG)-PolyFluorTM 407-WGA were
synthesized as previously described. Microparticles were suspended in PBS, pH
7.4, at concentrations of 1.0 and 0.5 mg/ml. A 50 µl sample of either 1.0 mg/ml
or 0.5 mg/ml microparticles was incubated with a BSA-blocked 1% PGM plate for
2 hours at 37 °C. The initial fluorescent intensity of each well was determined by
a microplate reader (Bio-Tek Synergy HT, Winooski, VT) at an excitation of 362
nm and an emission of 407 nm. The microplate was then washed with 100 µl of
PBS to remove unbound microparticles. Fluorescent intensity of each well was
again determined after washing at an excitation of 362 nm and an emission of
407 nm.

Control wells were incubated with 50 µl of PBS containing no

microparticles. Autofluorescence of the coated wells was subtracted from each
well by determining fluorescent intensity of the control wells.
The percentage of bound particles was determined as follows:

% Particles Bound =

RFI AW
⋅ 100
RFI BW

where RFIAW is the fluorescent intensity after washing each well and RFIBW is the
fluorescent intensity before washing.

Calculating the percentage of bound

particles by this method eliminated any potential differences in the pipetting of
microparticles into each well.
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5.2.5 Specificity of P(MAA-g-EG) and P(MAA-g-EG) WGA Binding
P(MAA-g-EG)-PolyFluorTM 407 and P(MAA-g-EG)-PolyFluorTM 407-WGA were
synthesized as previously described. Microparticles were suspended in PBS, pH
7.4, at concentrations of 1.0 and 0.5 mg/ml. A 50 µl sample of either 1.0 mg/ml
or 0.5 mg/ml microparticles was incubated with a BSA-blocked 1% PGM plate for
1 hour at 37 °C.

After 1 hour, 50 µl of a serial dilution of N,N′,N′′-triacetyl-

chitotriose (1.0 – 0.0625 mg/ml) was added to each well and incubated for 1 hour
at 37 °C. The microplate was then washed 2 times with 100 µl PBS to remove
N,N′,N′′-triacetyl-chitotriose and unbound microparticles.

Control wells were

incubated with 50 µl of PBS containing no microparticles.

The fluorescent

intensity of each well was determined by a microplate reader (Bio-Tek Synergy
HT, Winooski, VT) at an excitation of 362 nm and an emission of 407 nm.
Autofluorescence of the coated wells was subtracted from each well by
determining fluorescent intensity of the control wells.
5.2.6 Adhesion of P(MAA-g-EG) and P(MAA-g-EG) WGA to Caco-2 Cells
Mucoadhesion of the WGA carrier was evaluated using human colon
adenocarcinoma (Caco-2) cells.

Cells were cultured in T-75 flasks (Corning,

Corning, NY) as described in Sec 8.2.1 and then seeded in 12 well plates
(Corning). Cells were seeded at a density of 5.0 x 104 cells/cm2 and media was
changed every other day until the cells reached confluency.
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P(MAA-g-EG)-PolyFluorTM 407 and P(MAA-g-EG)-PolyFluorTM 407-WGA were
synthesized as previously described.

The fluorescently tagged microparticles

were suspended in DPBS, pH 7.4 (Mediatech, Herndon, VA), pre-warmed to 37
°C at a concentration of 1 mg/ml. The medium was aspirated from the cells and
each well was washed with DPBS, pH 7.4, pre-warmed to 37 °C. A 1 ml sample
of the microparticle suspension was incubated with the cellular monolayer for 30
minutes at 37 °C on a shaker plate.

After incubation, non-adherent

microparticles were removed by washing two times with 1 ml of Hank’s balanced
salt solution (HBSS) (Mediatech).

Control wells contained cells that were

incubated with microparticles, but did not undergo a wash step. The fluorescent
intensity of each well was determined by a microplate reader (Bio-Tek Synergy
HT, Winooski, VT) at an excitation of 362 nm and an emission of 407 nm.
5.3

Results and Discussion

5.3.1 PGM Binding Capacity of F-WGA
This experiment was done to ensure that the microplates were coated with PGM
and also to determine what concentration of PGM coating gave the best binding
results.

Figure 5-1 shows the F-WGA binding capacity of the PGM-treated

microplates. Both the 1% and 10% PGM microplates exhibited a concentration
dependent increase in F-WGA binding, whereas there was little increase in FWGA binding over the concentrations studied for the 0.1% PGM plate. The 1%
PGM plate had the highest binding capacity for the F-WGA and also gave results
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with smaller standard deviations than the 10% PGM plate. It is possible that 10%
PGM was too high a concentration to use and made some of the binding sites
inaccessible to the F-WGA.
Studies were also done with untreated microplates and only BSA-blocked
microplates. The untreated microplate bound F-WGA at a similar capacity to the
0.1% PGM, but the 1% and 10% PGM plates both bound more F-WGA than the
untreated plate. In addition, the BSA-blocked plate nearly inhibited all F-WGA
binding. This tells us that the BSA-blocking step is effective in preventing nonspecific binding of the F-WGA to the microplate. From these results, we can
conclude that the treatment of microplates with 1% and 10% PGM followed by a
2 hour BSA-blocking step increases binding of F-WGA.
5.3.2 Specificity of F-WGA Binding
The next step was to prove that the binding of F-WGA to PGM was both specific
and reversible. To do this, pre-treated microplates were incubated with F-WGA
as before, but after one hour of incubation a competitive carbohydrate (N,N′,N′′triacetyl-chitotriose) was added to the microplate at various concentrations.
Wash steps were performed after incubation with the competitive carbohydrate to
remove excess carbohydrate and unbound F-WGA. Results of the study are
shown in Figure 5-2.
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As expected, there was a concentration dependent decrease of F-WGA binding
in all PGM pre-treated plates.

As the amount of competitive carbohydrate

increased, the amount of F-WGA binding decreased. Again, the 1% and 10%
PGM plates exhibited a similar amount of F-WGA binding, but the 1% PGM plate
produced results with significantly smaller standard deviations.

At the

concentrations of competitive carbohydrate used, F-WGA binding was not
completely inhibited.

It is hypothesized that higher concentrations of the

competitive carbohydrate would completely inhibit F-WGA binding. A previous
study using 0.1% PGM-treated microplates was able to completely inhibit F-WGA
binding with the initial F-WGA concentration as 40 µg/ml (2 µg/well) and a
maximum competitive carbohydrate concentration of 1 mg/ml (50 µg/well) [11],
which were the same initial conditions with the exception of a 1% PGM-treated
microplate used in this work. It is thought that additional binding sites present in
the 1% PGM-treated microplate, as compared to the 0.1% PGM-treated
microplate, would require the addition of more competitive carbohydrate to
completely overcome the F-WGA binding affinity for PGM.
Addition of the competitive carbohydrate to the untreated and BSA-blocked
microplates had little to no effect on F-WGA binding. As was previously seen,
the untreated microplate bound F-WGA, but in this experiment binding of F-WGA
was not similar to the 0.1% PGM treated microplate. F-WGA binding to the 0.1%
PGM microplate decreased as carbohydrate concentration increased. The BSAblocked microplate again bound very little F-WGA and was unaffected by the
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addition of the competitive carbohydrate, again confirming that the BSA-blocking
step helped inhibit non-specific adhesion.
These results indicate that the PGM treated microplates specifically bind F-WGA
and that the binding of F-WGA to the PGM is reversible. From these studies, we
concluded that the 1% PGM treated plate had the highest binding capacity for FWGA and also gave the most consistent results.
5.3.3 PGM Binding Capacity of P(MAA-g-EG) and P(MAA-g-EG) WGA
All microparticle and PGM-binding studies were conducted with the 1% PGM pretreated microplates, as these microplates gave the best results after incubation
with the F-WGA.
P(MAA-g-EG) and P(MAA-g-EG) WGA were suspended in PBS, pH 7.4 at
concentrations of 1.0 mg/ml and 0.5 mg/ml and then incubated with the pretreated microplate. The percentage of microparticles bound was determined by
measuring fluorescent intensity in the wells before and after washing. Figure 5-3
shows the results of the adhesion experiment.
At a concentration of 1 mg/ml, P(MAA-g-EG) WGA significantly improved
adhesion (p < 0.01) with 33.49% of the initial microparticles bound as compared
to only 15.55% of the initial amount of P(MAA-g-EG) microparticles bound.
P(MAA-g-EG) WGA (30.01%) also improved adhesion at a concentration of 0.5
mg/ml, with a 10% increase in binding over P(MAA-g-EG) (20.67%).
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These

results were not statistically significant, but did show a trend of increased binding
of P(MAA-g-EG) WGA to the PGM-treated microplates.
From this study, we did not see a concentration dependent increase in binding.
This might be explained by some of the difficulty in consistently pipetting the
same concentration of microparticles into each well.

From analyzing the

fluorescent intensity results before washing, there was a variation in the amount
of microparticles in each well.

To eliminate this variation, the percentage of

bound microparticles was determined for each individual well as a function of the
fluorescent intensity after washing divided by the fluorescent intensity before
washing.
5.3.4 Specificity of P(MAA-g-EG) and P(MAA-g-EG) WGA Binding
PGM-treated microplates were incubated with 1 mg/ml of P(MAA-g-EG) and
P(MAA-g-EG) WGA microparticles for 1 hour at 37 °C.

After 1 hour, a

competitive carbohydrate was added to demonstrate that the binding of
functionalized microparticles was specific and reversible. Figure 5-4 shows the
results of this study.
The addition of the competitive carbohydrate had no effect on the wells
containing P(MAA-g-EG). Since there is no specific interaction between P(MAAg-EG) and the PGM, it was not expected that the competitive carbohydrate would
decrease the amount of P(MAA-g-EG) binding.
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In contrast, adding the

competitive carbohydrate to the wells containing P(MAA-g-EG) WGA did
decrease binding of the microparticles. A concentration dependent decrease in
P(MAA-g-EG) WGA binding with an increase in the concentration of competitive
carbohydrate was not seen as with the F-WGA binding to PGM, but instead the
competitive carbohydrate reduced the amount of binding almost equally in all
wells as compared to wells that were not incubated with the competitive
carbohydrate.
It is possible that the range of concentrations used for the competitive
carbohydrate were too high to see a concentration dependent reduction in
binding and that at all concentrations used the specific binding was completely
inhibited. Using a lower range of concentrations might give us similar results as
were seen with the F-WGA and the competitive carbohydrate. From this study,
we can say that P(MAA-g-EG) WGA binding to PGM-treated microplates is
specific and reversible, while any binding of P(MAA-g-EG) to the microplates
appears to be non-specific.
5.3.5 Adhesion of P(MAA-g-EG) and P(MAA-g-EG) WGA to Caco-2 Cells
Caco-2 cells, which possess a glycocalyx layer containing carbohydrate moieties
that WGA can bind, was used to confirm that the P(MAA-g-EG) WGA can create
an improved adhesion between the polymer and the mucosal layer. Specifically,
WGA binds to N-acetyl-glucosamine and sialic acid, which are expressed by
Caco-2 cells. Previous studies have shown that Caco-2 cells bind WGA and
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WGA-conjugates [12-16]. This experiment was an attempt to look at adhesion of
functionalized microparticles in an in vitro setting.
In comparison to unwashed control wells, P(MAA-g-EG) WGA adhesion (39.1 ±
5.3%) was significantly higher than P(MAA-g-EG) adhesion (22.2 ± 7.7%)
(p<0.05) as shown in Figure 5-5.

Adhesion was improved by 17% in wells

containing the functionalized microparticles. This information suggests that WGA
is able to improve the mucoadhesive characteristics of this delivery system.
In contrast to the adhesion study with PGM-treated microplates, we did not show
a specific interaction between the functionalized microparticles and the cellular
monolayer by using a competitive carbohydrate. For this reason, we relied on
this study in conjunction with the PGM adhesion study to confirm the improved
mucoadhesive properties of the functionalized microparticles.

While this

experiment did show improved adhesion of the functionalized microparticles, it
was somewhat difficult to conduct due to a shearing of the cellular monolayer
after incubation on a shaker plate with the microparticles.

Wells where the

cellular monolayer was clearly detached from the 12-well plate were not included
in the results. For this reason, we did not conduct this study with a mucussecreting co-culture of Caco-2 and HT29-MTX cells, which was more susceptible
to a shearing of the cellular monolayer.
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5.4

Conclusions

Microplates were successfully treated with PGM to create a surface that allowed
for specific binding between mucins and lectins.

The 1% PGM treatment

followed by a 2 hour BSA blocking step gave the most consistent results when
incubated with F-WGA. In addition, the PGM-treated microplates were shown to
create specific interactions between F-WGA and the PGM by use of a
competitive carbohydrate.
The 1% PGM treated microplates were also used to show that adhesion was
improved in the P(MAA-g-EG) WGA microparticles over the P(MAA-g-EG)
microparticles. The interaction between the PGM-treated microplate and P(MAAg-EG) WGA was again shown to be specific by adding a competitive
carbohydrate, while the interaction between P(MAA-g-EG) was non-specific.
The final study used a cellular monolayer as another method for showing that the
functionalized microparticles increase adhesion over the non-functionalized
microparticles. From all of these studies, we can conclude that the addition of
the WGA on the microparticles improves adhesion to carbohydrate-containing
surfaces.
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5.5

Figures
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Figure 5-1: F-WGA Binding Capacity of Treated Microplates
Various concentrations of F-WGA were incubated with pre-treated microplates
for 2 hours at 37 °C to determine binding capacity of the various microplate
treatments.
A wash step was performed to remove unbound F-WGA.
Microplates were coated with a 10% ( ), a 1% (), or a 0.1% (U) PGM solution
and blocked with a 1% BSA solution. Untreated (¯) and only BSA treated ({)
microplates were used as control microplates. n=6 ± SD
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Figure 5-2: Specificity of F-WGA Binding to Treated Microplates
Pre-treated microplates were incubated with 40 µg/ml of F-WGA for 1 hour at 37
°C. A competitive carbohydrate, N,N′,N′′-triacetyl-chitotriose, was then added at
various concentrations to each well and incubated for 1 hour at 37 °C. A wash
step was performed to remove the competitive carbohydrate and unbound FWGA. Microplates were coated with a 10% ( ), a 1% (), or a 0.1% (U) PGM
solution and blocked with a 1% BSA solution. Untreated (¯) and only BSA
treated ({) microplates were used as control microplates. n=3 ± SD
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Figure 5-3: P(MAA-g-EG) and P(MAA-g-EG) WGA Binding to PGM
Microplates
Pre-treated microplates were incubated with 1 mg/ml or 0.5 mg/ml of P(MAA-gEG) ( ) and P(MAA-g-EG) WGA () for 2 hours at 37 °C. Wells were washed
with 100 µl of PBS to remove unbound microparticles. The percentage of bound
particles was calculated by dividing the fluorescent intensity of each well after
washing by the fluorescent intensity of each well before washing. n=6 ± SD
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Figure 5-4: Specificity of P(MAA-g-EG) and P(MAA-g-EG) WGA Binding to
PGM Microplates
Pre-treated microplates were incubated with 1 mg/ml of P(MAA-g-EG) ( ) and
P(MAA-g-EG) WGA () for 1 hour at 37 °C. A competitive carbohydrate,
N,N′,N′′-triacetyl-chitotriose, was then added at various concentrations to each
well and incubated for 1 hour at 37 °C. A wash step was performed to remove
the competitive carbohydrate and unbound microparticles. The percentage of
bound particles was calculated by dividing the fluorescent intensity of each well
after washing by the fluorescent intensity of each well before washing. n=3 ± SD
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Figure 5-5: Adhesion of P(MAA-g-EG) and P(MAA-g-EG) WGA to Caco-2
Cells
Caco-2 cells were cultured in a 12 well plate until confluency. Fluorescently
labeled microparticles suspended in DPBS were incubated with the Caco-2 cells
for 30 minutes. After incubation, wells were washed ( ) twice with HBSS to
remove non-adherent microparticles. Unwashed wells () were used as a
control to determine the percentage of adherent microparticles. n=3 ± SD
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CHAPTER 6: LOADING AND RELEASE STUDIES USING INSULIN AS A
MODEL PROTEIN
6.1

Introduction

Loading and release experiments are essential studies to demonstrate the ability
of a delivery system to incorporate a drug and then release it in the desired
manner. In this work, loading and release studies were done using bovine insulin
as a model protein. Insulin is a relatively small protein with a molecular weight of
~5.8 kDa in the monomeric form. Insulin is often present in the hexameric form,
which has a molecular weight of ~34 kDa. It has been shown by small-angle Xray scattering analysis that at a pH of 7.4 and a concentration of 1 mg/ml, insulin
is present in its hexameric form and has a radius of gyration of 19.8 Å [1].
Past studies [2-10] have shown that P(MAA-g-EG) can be used as a carrier for a
variety of different small and large molecular weight therapeutics, which have
included proxyphylline, vitamin B12, vancomycin, theophylline, bleomycin,
salmon calcitonin, insulin, and insulin-transferrin bioconjugates. By varying the
monomer composition, PEG chain molecular weight, crosslinking density,
crosslinker molecular weight, amount of solvent, and synthesis method (i.e.
microparticles

or

nanospheres),

P(MAA-g-EG)

copolymers

have

synthesized to load and release all of the aforementioned compounds.
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Previously, volumetric swelling studies were performed to determine the mesh
size of P(MAA-g-EG) (1:1 molar feed ratio MAA:EG and 1 mol% crosslinker) [1012]. At a low pH (i.e., below the pKa of MAA), the mesh size was calculated as
70 Å and at a neutral pH the mesh size was calculated as 210 Å [12]. Hydrogen
bonding within the network causes complexation at a low pH, which leads to a
smaller mesh size. The interpolymer complexes act as physical crosslinks within
the hydrogel network, thus increasing the crosslinking density at a low pH. The
following studies demonstrate that the P(MAA-g-EG) and the P(MAA-g-EG) WGA
hydrogels are capable of entrapping insulin within the network, limiting insulin
release at a low pH, and releasing insulin quickly at a neutral pH.
6.2

Materials and Methods

6.2.1 Insulin Loading
Insulin loading was done by equilibrium partitioning, consisting of a 0.5 mg/ml
bovine pancreatic insulin (Sigma-Aldrich, St. Louis, MO) solution and 140 mg of
polymer microparticles sized 90-150 µm. A detailed protocol can be found in
Appendix A.4.

P(MAA-g-EG) and P(MAA-g-EG) WGA were prepared as

previously described.

All glassware was siliconized by Sigmacote (Sigma-

Aldrich) prior to use to minimize protein and particle adsorption to the glassware.
An insulin stock solution was made with 80% v/v 1X phosphate buffered saline
(PBS), pH 7.4, 10% v/v 0.1 N HCl, and 10% v/v 0.1 N NaOH. The insulin was
dissolved in the acidified buffer and the NaOH was then added to return the pH
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of the solution to 7.4. A 140 mg sample of polymer microparticles was added to
20 ml of the insulin stock solution and stirred for 2 hours at room temperature.
Before the addition of microparticles, a 200 µl sample was taken and filtered
using a low protein binding 0.22 µm PVDF filter (Millipore, Bedford, MA) and then
replaced with equal amounts of 1X PBS, pH 7.4. An additional sample was
taken in the same manner after loading. The particles were collapsed using 10
ml 0.1 N HCl, filtered with Whatman grade 4 filter paper, and washed with 20 ml
of deionized water. After filtering, particles were frozen in a -80 °C freezer and
lyophilized at -50 °C under vacuum (LabConco Model 77500) for 24 hours.
Particles were stored at -20 °C until use.
Insulin concentration was determined using HPLC (Waters 2695 Separations
Module, Milford, MA) analysis to calculate the loading efficiency.

Briefly, a

mixture of 70% water/30% acetonitrile with 0.1% trifluoroacetic acid was used as
the mobile phase in a Symmetry300TM C4 column. The 20 µl samples were
injected and a flow rate of 1 ml/min. was used.
6.2.2 Insulin Loading Confirmation by ESR
Electron spin resonance (ESR) was used as another technique to confirm the
percentage of insulin loaded into the microparticles [13].

P(MAA-g-EG)

microparticles were synthesized as previously described and used between a
size range of 90 to 150 µm.
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The first step in the process was to spin label insulin by covalently linking it with a
nitroxide group, which is a paramagnetic molecule that can be detected by ESR
[14].

In a typical reaction, 40 mg 3-carboxy proxyl (PCA) (Sigma-Aldrich,

Germany), 44 mg N-hydroxysuccinimide NHS (Sigma-Aldrich, Germany) and 70
mg dicyclohexylcarbodiimide DCC (Sigma-Aldrich, Germany) were dissolved in
10 ml dimethylformamide (DMF) and stirred for 24 hours. The DMF solution was
then added to 10 ml of carbonate buffer solution (pH 9.8) containing 200 mg
bovine insulin (a kind gift from Berlin Chemie). One hour later, 20 ml of water was
added and the solution was filtered through a 0.45 µm nylon filter. The filtered
insulin solution was dialyzed against 0.01% NH4HCO3 solution for 7 days
(MWCO 3,500 g/mol, Spectra/Por®, Rancho Dominguez, CA). The purified
solution was lyophilized and stored in a freezer.
Insulin loading was performed as previously described with the substitution of the
spin-labeled insulin loaded into microparticles. X-band ESR measurements were
carried out with a MiniScope MS200 9.3-9.55 GHz (Magnettech, Berlin) before
loading, after loading, and after collapse with HCl with the following parameters:
sweep 10-15 mT, sweep time 30 s, and modulation 0.1 mT.
6.2.3 Insulin Release
Release studies were performed using a dissolution apparatus (Distek model
2100B, North Brunswick, NJ). A 10 mg sample of insulin-loaded microparticles
was added to a siliconized vessel containing 50 ml 0.1 N HCl, pH 1.2, or 50 ml
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1X PBS, pH 6.8. The solution was stirred at 100 rpm and maintained at 37 °C.
Over the course of 2 hours, 0.5 ml samples were taken and filtered using a 0.22
µm PVDF filter. Samples were replaced with an equal volume of the appropriate
pre-warmed buffer. Determination of insulin concentration was done using HPLC
as previously described.
6.2.4 pH Responsive Insulin Release
Release studies were performed using a dissolution apparatus (Distek model
2100B, North Brunswick, NJ). A 10 mg sample of insulin-loaded microparticles
was added to a siliconized vessel containing 50 ml of 0.1 M dimethylglutaric acid
buffer (DMGA), pH 3.2. The solution was stirred at 100 rpm and maintained at
37 °C. After 60 minutes, pH was raised to 7.0 by the addition of 5 N NaOH. 0.5
ml samples were taken over the course of 3 hours and filtered using a 0.22 µm
PVDF filter. Samples were replaced with an equal volume of the appropriate prewarmed buffer. Determination of insulin concentration was done using HPLC.
Appendix A.5 contains a detailed protocol.
6.3

Results and Discussion

6.3.1 Insulin Loading
The first step in insulin loading was to perform a loading profile to determine the
appropriate amount of time for loading of insulin into the microparticles, Figure
6-1. From the loading profile, it was determined that loading for longer than two
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hours does not significantly increase the loading efficiency. For our purposes,
loading efficiency was defined as follows:

Loading Efficiency =

Co − C f
Co

⋅100

where Co is the initial insulin concentration and Cf is the final insulin concentration
remaining in solution.
Loading efficiencies were determined both before and after the additional of HCl,
which is added to collapse the microparticles and entrap insulin within the
network, Table 6-1. Before the addition of HCl, P(MAA-g-EG) had a loading
efficiency of 87.80 ± 1.31 and P(MAA-g-EG) WGA had a loading efficiency of
97.66 ± 0.19. It should be noted that loading efficiencies are always lower after
the addition of the HCl because the collapse of the network forces some of the
insulin out of the polymer. P(MAA-g-EG) had a final loading efficiency of 84.00 ±
0.90, whereas P(MAA-g-EG) WGA had a slightly lower final loading efficiency of
73.66 ± 1.12. Both of these loading efficiencies corresponded to about 5 wt %
loading of insulin, which is defined as mg of insulin per mg of polymer.
Functionalizing the microparticles with WGA, a 36 kDa protein, leads to some
interference in the loading process. Most likely, the avidin-WGA complex present
on the surface of the microparticle interacts with the insulin while being loaded,
which resulted in a higher loading efficiency before collapse of the network. The
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interaction of the avidin-WGA complex with the insulin would have then
prevented diffusion of a certain percentage of the insulin into the polymer
network, thus keeping more insulin at the surface of the microparticle.

This

insulin would therefore be washed off during the collapse of the microparticles,
which would account for the lower loading efficiency in the WGA functionalized
microparticles. It is possible that a longer loading time would compensate for this
difference.
6.3.2 Insulin Loading Confirmation by ESR
The ESR spectra of nitroxides are very good indicators of the nitroxide mobility
and the spectral line shape, namely the line width and relative amplitudes of the
spectral lines, changes progressively when the mobility changes from a free
rotation in a low viscosity environment, with a rotational correlation time, τR, of the
order of 0.01 ns, to that of a restricted motion in an extremely viscous
environment or a solid state (called powder spectra), with τR more than 1 µs [14].
Accordingly, we used ESR to monitor the mobility of labeled insulin during the
process of loading into the microparticles as shown in Figure 6-2.
Step I shows the spectrum of labeled insulin dissolved in phosphate buffer pH
7.4. Step II is the spectrum of insulin after incorporation for 6 hours with the
swollen microparticles. Step III shows the spectrum after the collapse of the
microparticles by the addition of HCl solution. By comparing the step I and II
spectra, one finds no difference in the mobility of insulin in the absence or
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presence of the microparticles. While the microparticles are swollen the insulin is
highly mobile because water represents more than 95% of the swollen polymer
[15], thus we expected no difference between the step I and II spectra.
Moreover, if the protein is denatured or adsorbed, a change in the mobility of the
spin label would have been observed through an alteration of the spectrum in
step II, which did not happen. This shows the very protein-friendly environment
that the microparticles provide for insulin during loading. Indeed, this is important
for drug delivery systems aiming at the delivery of proteins since protein–polymer
interaction can be the cause of protein denaturation and/or aggregation with
negative effects on the release or pharmacological activity [16, 17].
The spectrum of Step III as shown in Figure 6-3 demonstrates a superposition of
mobile (fast motion) and a powder (immobilized) spectra, indicating the presence
of two species in different states of motion. The powder spectrum belongs to
insulin that was entrapped in the microparticles upon their collapse, with τR of the
order of 1 µs or more, while the mobile spectrum belongs to the insulin that was
free in solution, with τR between 0.1 – 1 ns. We used this spectrum to evaluate
the amount of insulin entrapped in the microparticles at this step, following an
approach that was reported earlier [18]. The mobile spectra can be easily
simulated, then by performing double integration and comparing the obtained
values, the proportion of the mobile spin labels to the total can be determined.
The results show that 27.2% of the labeled insulin was soluble in a low viscosity
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environment (the buffer), while 72.8% were entrapped in the microparticles. This
value is comparable to previously reported loading values ranging from 73.9 to
93% [8] and in good agreement with the 84% loading obtained in this work.
6.3.3 Insulin Release
Release studies were performed with insulin-loaded P(MAA-g-EG) microparticles
at both pH 1.2 and pH 6.8, Figure 6-4. At a low pH, there was limited release of
insulin from the microparticle, with about 20% insulin release after 2 hours.
Complexation of the hydrogel, due to hydrogen bonding between the carboxyl
group of the MAA and the oxygen in the PEG chains, reduces the mesh size and
limits diffusion of the drug out of the polymer.

At pH 6.8, insulin is quickly

released from the P(MAA-g-EG) microparticles, with 90% of the loaded insulin
being released after 60 minutes. At a pH above the pKa of MAA, the carboxyl
group of the MAA is deprotonated, which causes decomplexation and ionic
repulsion in the hydrogel network.

The hydrogel then imbibes water, which

increases the mesh size of the network and enables insulin diffusion out of the
microparticle.
The next step was to examine insulin release from P(MAA-g-EG) WGA
microparticles at pH 1.2 and pH 6.8 as shown in Figure 6-5. Functionalization
did not alter the hydrogel’s ability to limit insulin release at a low pH, again with
about 20% of insulin released at the acidic pH. At pH 6.8, 77% of the loaded
insulin was released from the P(MAA-g-EG) WGA after 60 minutes.
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The

functionalization of the microparticle did decrease the total amount of insulin
release by 13%, although it should be pointed out that the functionalized
microparticles still released 77% of insulin from the carrier.
6.3.4 pH Responsive Insulin Release
The previous release studies looked at insulin release from microparticles at pH
1.2 and pH 6.8 in two separate experiments. In this release study, we wanted to
simulate the pH changes the microparticle would experience in vivo when
passing through the stomach and into the small intestine all in one experiment.
DMGA was chosen as the buffer because it is capable of buffering from pH 3.2 to
pH 7.0. Figure 6-6 shows the results of insulin release from P(MAA-g-EG) and
P(MAA-g-EG) WGA.

The functionalization process does slightly reduce the

amount of insulin released from the carrier.
At a low pH, both P(MAA-g-EG) and P(MAA-g-EG) WGA limited release of
insulin from the microparticles, with both releasing less than 10% of the loaded
insulin. After 60 minutes, the pH was increased and insulin was rapidly released
from the both of the carriers.

Functionalizing the microparticles with WGA

decreased the amount of insulin released at pH 7.0, which is in agreement with
the previous experiments. Both carriers reached the maximum amount of insulin
release after 60 minutes in the pH 7.0 buffer, with P(MAA-g-EG) releasing 80%
of the loaded insulin and P(MAA-g-EG) WGA releasing 70% of the loaded
insulin.
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This study demonstrated that insulin is quickly released from the carriers after the
pH is increased above the pKa of MAA. In addition, results of this experiment
show that the change in pH between the stomach and the small intestine can be
used as a physiologic trigger to release insulin from the microparticles.
6.4

Conclusions

Insulin was loaded into the hydrogel microparticles after two hours with loading
efficiencies greater than 70% for both P(MAA-g-EG) and P(MAA-g-EG) WGA.
This was further confirmed by ESR experiments.
Release results at pH 1.2 for P(MAA-g-EG) and P(MAA-g-EG) WGA were similar
and showed that both carriers limited insulin release. At pH 6.8, insulin was
quickly released from both the functionalized and non-functionalized carriers,
with the P(MAA-g-EG) releasing about 10% more insulin than the P(MAA-g-EG)
WGA.
The pH-responsive release results demonstrate that the pH shift from the
stomach to the small intestine can be used as a physiologic trigger to release
insulin from P(MAA-g-EG) and P(MAA-g-EG) WGA microparticles, thus limiting
release of insulin into the acidic environment of the stomach.
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Figure 6-1: Insulin Loading Profile of P(MAA-g-EG)
A 140 mg sample of P(MAA-g-EG) microparticles (z) was placed in 20 ml of a
bovine insulin solution (concentration = 0.5 mg/ml) while stirring. Samples were
taken over the course of 6 hours and insulin concentration was determined by
HPLC.
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Table 6-1: Insulin Loading Efficiencies for P(MAA-g-EG) and P(MAA-g-EG)
WGA
Polymer microparticles were loaded with insulin for two hours. After which time,
10 ml 0.1 N HCl was added to collapse the microparticles and entrap insulin in
the network. Insulin concentration was determined by HPLC analysis of the
supernatant. Wt % loaded is defined as mg of insulin per mg of polymer. n=3 ±
SD
Loading Efficiency

Loading Efficiency

Before HCl (%)

After HCl (%)

P(MAA-g-EG)

87.80 ± 1.31

84.00 ± 0.90

5.38 ± 0.38

P(MAA-g-EG) WGA

97.66 ± 0.19

73.66 ± 1.12

5.03 ± 0.11

Polymer Sample
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Figure 6-2: ESR Spectra of Insulin Loading into P(MAA-g-EG)
X-band ESR spectra of the loading of the spin labeled insulin into P(MAA-g-EG)
microparticles. Step I is the spectrum of spin labeled insulin dissolved in
phosphate buffer pH 7.4. Step II is the spectrum of spin labeled insulin after
incubation with the swollen microparticles in PBS pH 7.4 for 6 hours with stirring.
Step III is the spectrum of spin labeled insulin after collapsing the microparticles
by adding 0.1 N HCl. [13]

103

A

Amplitude

Step III
Simulated mobile spectrum

330

332

334

336

338

340

Field / mT

Figure 6-3: ESR Spectra of Insulin in Collapsed Microparticles
ESR spectra of spin labeled insulin in Step III (after collapsing the microparticles
by adding 0.1 N HCl, represented as a solid line) and the simulated mobile
component (dotted line). Note that the mobile spectrum corresponds to the free
insulin in solution, while the immobile one belongs to the insulin entrapped in the
microparticle. [13]
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Figure 6-4: Insulin Release Profiles from P(MAA-g-EG)
A 10 mg sample of insulin-loaded P(MAA-g-EG) microparticles was placed in 50
ml of PBS, pH 6.8 (z) or in 50 ml of HCl, pH 1.2 ({) in a dissolution apparatus.
Solutions were stirred at 100 rpm and maintained at 37 °C. Samples were taken
over the course of 2 hours and insulin concentration was determined by HPLC.
n=3 ± SD
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Figure 6-5: Insulin Release Profiles from P(MAA-g-EG) WGA
A 10 mg sample of insulin-loaded P(MAA-g-EG) WGA microparticles was placed
in 50 ml of PBS, pH 6.8 (z) or in 50 ml of HCl, pH 1.2 ({) in a dissolution
apparatus. Solutions were stirred at 100 rpm and maintained at 37 °C. Samples
were taken over the course of 2 hours and insulin concentration was determined
by HPLC. n=3 ± SD
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Figure 6-6: pH Responsive Insulin Release from P(MAA-g-EG) and P(MAAg-EG) WGA
A 10 mg sample of insulin-loaded P(MAA-g-EG) ({) or insulin-loaded P(MAA-gEG) WGA ( ) microparticles were placed in 50 ml of DMGA buffer, pH 3.2. After
60 minutes, the pH of the solution was raised to 7.0 by the addition of 5 N NaOH.
Solutions were stirred at 100 rpm and maintained at 37 °C. Samples were taken
over the course of 3 hours and insulin concentration was determined by HPLC.
n=3 ± SD
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CHAPTER 7: CYTOCOMPATIBILITY
7.1

Introduction

Testing the toxicity of any drug delivery system is an important step in the design
and development process. It is especially critical for polymeric delivery systems
that often contain chemicals that are toxic prior to polymerization. Monomers,
initiators, and solvents are frequently not biocompatible, but when incorporated
into a polymer network they are often no longer toxic. The first study to test
biocompatibility of a drug delivery system is to examine the delivery system’s
toxicity towards cells.

While testing with cell lines can give initial toxicity

information, it is by no means a replacement for in vivo toxicity tests.
Unreacted monomer, unreacted initiator, and excess solvent could be entrapped
in the network during polymerization and are all potential sources of toxicity for
our system. For this reason, we wash our polymer films in DI H2O for 7 days
after polymerization to remove any unreacted or excess chemicals. Also, since
we use free radical polymerizations, the start of each chain will incorporate the
initiator into the polymer backbone.
Photoinitiators have long been critiqued as toxic to many different cell lines. In a
study done by Williams et al. [1], they examined the toxicity of three different
photoinitiators (Irgacure 184, Irgacure 651, Irgacure 2959) with six different cell
lines. In this study, the photoinitiator was added directly to cells after seeding
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and exposed to UV light. The study found that Irgacure 2959 was the most
compatible initiator, causing little toxicity in all six cell types. While this study
provides useful toxicity information for photopolymerizations that are done in the
presence of cells, we feel that our initiator (Irgacure 184) will cause little toxicity
to cells because the polymerization is done prior to exposure to cells. Meaning
that the cells will not be directly exposed to the free radicals produced from the
splitting of the initiator because the initiator will already be polymerized into the
hydrogel network.
7.2

Materials and Methods

7.2.1 General Cell Culture
Caco-2 cells were obtained from American Type Culture Collection (ATCC,
Rockwell, MD) and HT29-MTX cells were a kind gift from Dr. Thecla Lesuffleur,
INSERM, Paris, France. HT29-MTX cells are a sub-population of HT29 cells that
were adapted to 10-6 M methotrexate (MTX) [2]. All cell types were cultured in
Dulbecco’s modified Eagle medium (DMEM) (Mediatech, Herndon, VA)
supplemented with 10% heat-inactivated fetal bovine serum (Cambrex, East
Rutherford, NJ), 1% non-essential amino acids (Mediatech), 100 U/ml penicillin,
and 100 µg/ml streptomycin (Mediatech).
Cultures were maintained in T-75 flasks (Corning, Corning, NY) at 37 °C and a
humidified environment of 5% CO2 in air. The medium was changed every other
day. Cells were routinely passaged at 80% confluency, which occurred between
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6 and 7 days after seeding. A passage operation consisted of a 2 times wash
with DPBS w/o Ca2+ and Mg2+ and then the addition of 1 ml of a 0.5% Trypsin/
0.2% EDTA solution. Cells were then incubated with the trypsin/EDTA solution
for 5 minutes, after which time cells were detached from the flasks and could
then be counted and reseeded.
Caco-2 cells were seeded at a density of 3.0 x 103 cells/cm2 and used between
passages 60 to 80. HT29-MTX cells were seeded at a density of 2.0 x 104
cells/cm2 and used between passages 8 to 20.
7.2.2 Cytocompatibility
Cytocompatibility experiments were performed in a 96-well plate (Corning) using
both Caco-2 cells and HT29-MTX cells. Caco-2 cells were seeded at a density of
1.4 x 104 cells/cm2 while HT29-MTX cells were seeded at a density of 2.8 x 104
cells/cm2.

Cells were fed every other day and cytotoxicity studies were

conducted when cells reached 90% confluence (6-7 days).
P(MAA-g-EG) and P(MAA-g-EG) WGA were prepared as previously described;
for this study microparticles were sized between 90 and 150 µm.

Growth

medium was removed from each well and P(MAA-g-EG) microparticles and
P(MAA-g-EG) WGA functionalized microparticles were added to wells at
concentrations ranging between 0.5 mg/mL to 2.5 mg/mL in Hank’s balanced salt
solution (HBSS) (Mediatech). Prior to addition, the pH of each suspension was
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adjusted to 7.4 with 0.1 N NaOH. Microparticles were then incubated with the
cells for 2 hours at 37 °C and 5% CO2.

The microparticle suspension was

removed from each well and the wells were rinsed three times with HBSS.
To determine cell viability, a cellular metabolic assay was used to measure
NADPH production (CellTiter 96® AQueous One Solution Cell Proliferation
Assay, Promega, Madison, WI). The assay works by adding an MTS tetrazolium
compound, which is then reduced to a colored formazan product by NADH or
NADPH as shown in Figure 5-5.
A 2 ml sample of the CellTiter 96® reagent was added to 10 ml of HBSS. A
sample of 120 µL of the diluted CellTiter 96® reagent was added to each well and
incubated with the cells for 1.5 hours at 37 °C and 5% CO2. A UV/vis microplate
reader (Bio-Tek Synergy HT, Winooski,VT) was then used to determine the
absorbance in each well at 490 nm. To determine cell viability, absorbance was
compared to results from control wells that were not incubated with
microparticles, but only with HBSS and the CellTiter 96® reagent. Background
absorbance of control wells containing only cells and HBSS was subtracted from
the results. A detailed protocol can be found in Appendix A.6.
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7.3

Results and Discussion

7.3.1 Cytocompatibility
There was no significant decrease in cell viability when incubating the various
concentrations of P(MAA-g-EG) and P(MAA-g-EG) WGA with Caco-2 cells as
shown in Figure 7-2. It is encouraging that neither particle formulation exhibited
cytotoxic effects at the tested concentrations.

PEG is an extremely

biocompatible polymer, so we anticipated that P(MAA-g-EG) would not be
cytotoxic. The addition of a biologically functional molecule, such as WGA in this
case, could potentially lead to some cytocompatibility issues. In this experiment,
functionalization of P(MAA-g-EG) with WGA did not alter the metabolic activity of
the cells.
These results are in agreement with previous research that demonstrated
P(MAA-g-EG) microparticles using a 1:1 molar feed ratio of MAA:EG are not
toxic to Caco-2 cells at concentrations less than 10 mg/ml [3-6]. However, it
should be noted that increasing the molar feed ratio of MAA:EG or AA:EG to 4:1
can have toxic effects on Caco-2 cells [5]. It is hypothesized that the addition of
more MAA leads to an increase in ionized carboxyl groups that can bind Ca2+,
which could potentially disrupt cell function.

Also, the ionization of the MAA

would cause local acidic microenvironments, which could potentially decrease
cell viability. In addition, Torres-Lugo et al. [4] showed that at a microparticle
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concentration of 10 mg/ml cell viability was reduced regardless of monomer
composition.
As mentioned previously, photoinitiators can sometimes be toxic to various cell
lines. Williams et al. [1] concluded that Irgacure 184 reduced cell viability in a
variety of different cell lines. However, in that particular study the photoinitiator
was split into free radicals in the presence of the cells by exposure to UV light.
Our hydrogel network is polymerized before contact with cells, thus the cells
should not be exposed to potentially harmful free radicals. From this work, we
can conclude that the presence of Irgacure 184 in the polymer backbone does
not decrease Caco-2 or HT29-MTX cell viability.
It wasn’t anticipated that cytotoxicity results would be different for the Caco-2 and
HT29-MTX cells, but it was important to conduct cytotoxicity experiments with
both cell lines that we would later be using for drug transport studies. Figure 7-3
shows that P(MAA-g-EG) and P(MAA-g-EG) WGA did not decrease cell viability
at the tested concentrations when incubated for 2 hours with HT29-MTX cells.
We needed to ensure that incubating the microparticles with the cells did not
decrease viability in either cell line because this could lead to false results in the
drug transport experiments.
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7.4

Conclusions

The cytotoxicity experiments that were conducted demonstrated that P(MAA-gEG) and P(MAA-g-EG) WGA concentrations between 0.5 mg/mL to 2.5 mg/mL
did not decrease cell viability after incubation with cells for two hours. In addition,
it was determined that both P(MAA-g-EG) and P(MAA-g-EG) WGA were
cytocompatible with Caco-2 and HT29-MTX cell lines.
Overall, the goal of this work is to create a replacement therapy for multiple daily
insulin injections.

Therefore, we must make certain that the continued

administration of an oral dosage would not damage the intestinal epithelial
barrier. Damage to the barrier could result in the passage of unwanted toxins
and bacteria, possibly leading to systemic infections and toxicity.

Therefore,

cytotoxicity experiments are a good screening tool to use to eliminate carriers
that could potentially cause damage to the intestinal epithelial barrier.
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7.5

Figures

NADH
or
NADPH

Figure 7-1: Chemical Structures of MTS Tetrazolium and Formazan
The CellTiter 96® AQueous One Solution Cell Proliferation Assay uses a MTS
tetrazolium compound that is reduced to a colored formazan product by NADH or
NADPH. The colorimetric change is directly proportional to the number of viable
cells in culture.
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Figure 7-2: Cytotoxicity of P(MAA-g-EG) and P(MAA-g-EG) WGA with Caco2 Cells
Caco-2 cells were seeded at a density of 1.4 x 104 cells/cm2 and cultured in a 96well plate until 90% confluence. P(MAA-g-EG) ({) and P(MAA-g-EG) WGA ( )
microparticles were suspended in HBSS at various concentrations and incubated
with the cells for 2 hours. Microparticles were removed via a wash step and
metabolic activity was determined by a colorimetric assay. No significant toxicity
was observed at the concentrations tested. n=3-6 ± SD
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Figure 7-3: Cytotoxicity of P(MAA-g-EG) and P(MAA-g-EG) WGA with HT29MTX Cells
HT29-MTX cells were seeded at a density of 2.8 x 104 cells/cm2 and cultured in a
96-well plate until 90% confluence. P(MAA-g-EG) ({) and P(MAA-g-EG) WGA
( ) microparticles were suspended in HBSS at various concentrations and
incubated with the cells for 2 hours. Microparticles were removed via a wash
step and metabolic activity was determined by a colorimetric assay. No
significant toxicity was observed at the concentrations tested. n=6 ± SD
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CHAPTER 8: TRANSPORT STUDIES AND ELECTROPHYSIOLOGICAL
EVALUATION
8.1

Introduction

Current estimates indicate that the cost to bring a drug to market is nearing $1
billion dollars [1]. With this in mind, it is clear that in vitro tools that can screen
and accurately predict the potential success of a drug candidate are necessary.
Cell culture models to predict drug permeability are becoming a routine part of
drug development within the pharmaceutical industry. While cell culture studies
to predict drug absorption often take a minimum of 3 weeks, in vitro experiments
have proven to be a more cost-effective method for initial permeability screening
than in vivo studies.
The most well-established and accepted cell culture model for predicting drug
absorption uses human colon adenocarcinoma cells (Caco-2) [2, 3]. Previous
research with this cell line has shown that studies are reproducible and correlate
well with in vivo data [4].

Caco-2 cell monolayers are similar to the small

intestine epithelial layer in that they differentiate into columnar absorptive cells
and form a polarized monolayer that includes tight junctions. In addition, Caco-2
cells display a brush border, excrete typical brush border enzymes, and express
many carrier-mediated transport systems [2, 5].
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However, Caco-2 cells only differentiate into absorptive enterocytes, whereas the
intestinal epithelial layer consists of a variety of different cell types that include
goblet cells (mucus-secreting), enteroendocrine cells, and M-cells. Also, due to
the lack of goblet cells, there is no mucus layer that lines the cellular monolayer.
Hilgendorf et al. [6] noted that a Caco-2 cellular monolayer forms tight junctions
which more closely represent the tightness of the junctions present in the colon
as opposed to the looser junctions present in the small intestine.

The

disadvantage of this is that permeability will be decreased for compounds which
are transported predominantly by the paracellular mechanism.

It has been

shown that the permeability of paracellular markers using Caco-2 cells can be
100 times lower than the permeability in human small intestine [7].
For these reasons, researchers have investigated a variety of different cell lines
to assess drug permeability. Some of the more common cell lines include MDCK
(dog kidney epithelial cells), LLC-PK1 (pig kidney epithelial cells), and TC-7
(subclone of Caco-2) [1, 8]. While all of these cell lines have similar properties
and certain advantages and disadvantages over the Caco-2 cell line, they all lack
a mucus producing cell.
The HT29 cell line is a human colon carcinoma cell line that contains both mucus
and columnar absorptive cells [9].

Researchers have developed various

subclones of this cell line that differentiate into predominantly mucus secreting
cells. Many of the HT29 subclones have been used in co-culture with Caco-2
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cells and also by themselves to design a model that more accurately mimics the
small intestinal epithelial layer [7, 8, 10-13].
In this research, we seek to evaluate insulin transport across a Caco-2 cell
monolayer and a Caco-2/HT29-MTX monolayer to determine differences in
permeability. Also, we want to examine what effect P(MAA-g-EG) and P(MAA-gEG) WGA microparticles have on the two different intestinal epithelial models.
8.2

Materials and Methods

8.2.1 General Cell Culture
Caco-2 cells were obtained from American Type Culture Collection (ATCC,
Rockwell, MD) and HT29-MTX cells were a kind gift from Dr. Thecla Lesuffleur,
INSERM, Paris, France. HT29-MTX cells are a sub-population of HT29 cells that
were adapted to 10-6 M methotrexate (MTX) [9, 14]. All cell types were cultured in
Dulbecco’s modified Eagle medium (DMEM) (Mediatech, Herndon, VA)
supplemented with 10% heat-inactivated fetal bovine serum (Cambrex, East
Rutherford, NJ), 1% non-essential amino acids (Mediatech), 100 U/ml penicillin,
and 100 µg/ml streptomycin (Mediatech).
Cultures were maintained in T-75 flasks (Corning, Corning, NY) at 37 °C and a
humidified environment of 5% CO2 in air. The medium was changed every other
day. Cells were routinely passaged at 80% confluency, which occurred between
6 and 7 days after seeding. A passage operation consisted of a 2 times wash
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with DPBS w/o Ca2+ and Mg2+ (Mediatech) and then the addition of 1 ml of a
0.5% Trypsin/ 0.2% EDTA solution (Sigma, St. Louis, MO). Cells were then
incubated with the trypsin/EDTA solution for 5 minutes, after which time cells
were detached from the flasks and could then be counted and reseeded.
Caco-2 cells were seeded at a density of 3.0 x 103 cells/cm2 and used between
passages 60 to 80. HT29-MTX cells were seeded at a density of 2.0 x 104
cells/cm2 and used between passages 8 to 20. Appendix A.7 contains a detailed
listing of cell seeding quantities used for all different types of flasks and plates.
8.2.2 Caco-2 Transwell® Culture
All transport and transepithelial electrical resistance (TEER) experiments were
conducted using a Costar Transwell® plate (Corning) with a polycarbonate
membrane, 0.4 µm pore size, and a cell growth area of either 4.7 cm2 (6 well) or
1 cm2 (12 well), Figure 8-1. Cells were seeded after a passaging procedure and
cultured for 21 to 24 days. Media were changed every other day and TEER
values were measured with an EVOM volt-ohm meter and a chopstick electrode
(World Precision Instruments, Sarasota, FL) to monitor development of tight
junctions. It has been well documented that Caco-2 cells form an absorptive
polarized monolayer, develop an apical brush border, and secrete enzymes after
culture for 21 days [2, 5]. Caco-2 cell seeding densities and media volumes for
the different plate types are listed in Appendix A.7.
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8.2.3 Caco-2/HT29-MTX Transwell® Culture
Caco-2 and HT29-MTX cells were maintained separately in T-75 flasks as
previously described. After subculturing, cells were counted and mixed together
in a 1:1 ratio before seeding on to the Transwell® plate.

Previous research

demonstrated that a 1:1 seeding ratio produced TEER values closest to those
reported in vivo for human intestinal epithelia [6].

As with the Caco-2 cells,

media was changed every other day in the co-culture and TEER was used to
monitor development of the tight junctions.
8.2.4 TEER Evaluation
TEER was used to evaluate the development of tight junctions in the Transwell®
cultures. Measurements were taken every other day two hours after changing
the media. This ensured that the content was the same in each well and was at
37 °C when the measurement was taken. In order to determine the resistance
across the cellular monolayer, Rtrue

tissue,

it was important to subtract out the

resistance due to the membrane and the media within the wells.

A blank

resistance measurement was taken in the presence of medium without cells,
Rblank, and then subtracted from the experimental TEER value.

Rtrue tissue = Rexp erimental − Rblank
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After Rtrue tissue was obtained, all TEER values were multiplied by the growth area,
which provided a unit area resistance. This allowed for comparison of TEER
values when cells were grown on different sized growth areas.
Experiments were also conducted to determine the effect of various microparticle
concentrations on the TEER values in both the Caco-2 and Caco-2/HT29-MTX
Transwell® cultures. Cells were cultured in a 12-well Transwell® plate for 21 to
24 days as previously described. The medium was then removed from the apical
and basolateral chamber and replaced with pre-warmed HBSS after first washing
both chambers one time with HBSS. Cells were allowed to equilibrate for one
hour and TEER measurements were taken at 0, 0.5, and 1 hour.
During the TEER measurement, Transwell® plates were placed on a heating mat
to maintain temperature at 37 °C. P(MAA-g-EG) microparticles sized between 90
and 150 µm were added to the apical chamber at four different concentrations
after cell equilibration. Both samples 1 and 2 were added as dry microparticles
to each well. Sample 1 contained 3.33 mg microparticles (3.33 mg/cm2) and
sample 2 contained 2.12

mg of microparticles (2.12 mg/cm2), meaning the

concentration of microparticles in the apical chamber was 6.67mg/ml and 4.24
mg/ml, respectively. The last two samples were suspended in HBSS and heated
for 30 minutes prior to the addition to each well. Sample 3 was added at a
concentration of 1 mg/ml (0.5 mg/cm2) and sample 4 was added at a
concentration of 5 mg/ml (2.5 mg/cm2). Control wells contained HBSS without
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microparticles. TEER values were monitored at various time points over the
course of 3 hours. After this time, microparticles were removed from the wells by
washing with HBSS 3 times. Media was then added to both the apical and
basolateral chambers and TEER values were monitored over the next 24 hours.
8.2.5 Insulin Transport
Experiments were performed to determine the amount of insulin transported
across a cellular monolayer in both the presence and absence of microparticles.
Cells were cultured in a 6-well Transwell® plate for 21 to 24 days as previously
described. Media were then removed from the apical and basolateral chambers
and replaced with pre-warmed HBSS after first washing both chambers one time
with HBSS. The HBSS in both the apical and basolateral chambers contained
Ca2+ at a concentration of 1.26 mM. Cells were allowed to equilibrate for one
hour and TEER measurements were taken at 0, 0.5, and 1 hour. For all insulin
samples and TEER measurements, Transwell® plates were placed on a heating
mat to maintain temperature at 37 °C.
Bovine insulin (Sigma-Aldrich) solutions were prepared at a concentration of 0.2
mg/ml with HBSS. Bovine serum albumin (BSA) (Sigma-Aldrich) was also added
to the solution at a final concentration of 0.5 mg/ml to inhibit insulin adsorption to
the Transwell® plates. Insulin solutions were heated at 37 °C for 15 minutes prior
to addition to the equilibrated cells. For samples containing microparticles, either
P(MAA-g-EG) or P(MAA-g-EG) WGA sized between 90 and 150 µm, was added
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to the insulin solution at a concentration of 1 mg/ml immediately before adding
the sample to the apical chamber.

Control wells contained only the

insulin/BSA/HBSS solution and no microparticles.
After sample addition, 0.1 ml insulin samples were taken from the apical chamber
at 0 and 3 hours and from the basolateral chamber at 0, 0.5, 1, 2, and 3 hours.
Samples were replaced with a pre-warmed HBSS solution containing 0.5 mg/ml
BSA. TEER values were also monitored over the course of the experiment.
After 3 hours, the contents of the apical chamber was removed and washed 2
times with HBSS. Media was then added to both the apical and basolateral
chambers and TEER values were monitored over the next 24 hours.
Insulin concentration was determined by a bovine insulin ELISA kit (Alpco
Diagnostics, Windham, NH). The maximum sensitivity of the ELISA kit was 6
ng/ml, so apical samples were diluted 25,000x and basolateral samples were
diluted between 0 and 10x. A more detailed protocol is included in Appendix A.8.
The apparent permeability coefficient, Papp, was calculated from the following
equation:

 dQ  1
Papp = 

 dt  A ⋅ Co
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where dQ/dt represents the steady-state flux of insulin across the monolayer, A is
the surface area of the membrane, and Co is the initial insulin concentration in
the apical chamber. The flux across the monolayer was calculated from the
slope of insulin transported to the basolateral chamber versus time.
8.3

Results and Discussion

8.3.1 TEER Evaluation
TEER was used as a tool to evaluate the development of tight junctions within
the cellular monolayers. The first step was to monitor the difference in TEER
values between the Caco-2 cells and the co-cultured cells over the course of 21
days, Figure 8-2. Besides the addition of a mucus layer to the cellular model, the
co-culture has the potential to more accurately mimic the resistance values
present in human small intestinal epithelia, which has been measured to be
between 50 and 100 Ω*cm2 [1, 3, 15]. After 21 days, the Caco-2 monolayer had
a resistance of 401 ± 35 Ω*cm2, whereas the Caco-2/HT29-MTX monolayer
reduced the resistance to 157 ± 36 Ω*cm2.
Values are similar to previously published results for TEER after 21 days for both
the Caco-2 and co-cultured monolayer [5, 6].

It must be noted that culture

conditions, such as medium, passage number, seeding density, and membrane
type can greatly influence TEER values [1].

When examining drugs whose

predominant mechanism of transport is paracellular, it is especially important that
cellular model TEER values correlate well with in vivo TEER values to accurately
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predict in vivo drug absorption. While it is important for cellular model TEER
values to be closer to in vivo TEER values, it should be noted that cellular
models (even mucus secreting models) generally underestimate permeability of
paracellular compounds in comparison to perfused rat small intestine studies [11,
16, 17].
The next TEER study involved examining the effect of various microparticle
concentrations over the course of 24 hours on both the Caco-2 and Caco2/HT29-MTX monolayers.

All four microparticle concentrations used reduced

TEER values in the Caco-2 monolayer during the three hour experiment as
compared to control, Figure 8-3. A concentration dependent reduction in TEER
was observed and a maximum reduction of approximately 45% (as compared to
initial TEER value) after three hours was seen in the wells containing 3.33 mg of
initially dry microparticles, which corresponded to the highest concentration of
microparticles. This result is in agreement with previous research, which has
shown a reduction of TEER in the presence of P(MAA-g-EG) microparticles [1721].
After three hours, microparticles were removed by a wash step and TEER was
monitored over the next 24 hours, Figure 8-4. The 1 mg/ml concentration was
the only sample to have TEER values return to control after 24 hours, which
indicates a reversible opening of the tight junctions.

Difficulty in completely

removing the microparticles from the cells may have resulted in some of the
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TEER values of the higher microparticle concentrations not returning to control or
it is possible that the higher concentrations did cause permanent damage to the
tight junctions.
Recent work by Sipahigil et al. [22] used histopathology and TEM to analyze cell
damage and tight junction disruption after oral administration of P(MAA-g-EG) to
rats. After administration of 100 mg of P(MAA-g-EG), there was minimal tight
junction disruption at 2 and 10 hours, and after 20 hours there was no indication
of cell damage. In contrast, administering 385 mg of P(MAA-g-EG) showed an
increase in the tight junction disruption, which led to epithelial cell damage.
While it is difficult to correlate this study with the comparably small surface area
and static cell culture set-up, it is important to note that too high a concentration
of microparticles can lead to disruptions in the integrity of the intestinal epithelial
layer.

Overall, the presence of the microparticles must not create a chronic

opening of the tight junctions, which would allow for the free passage of bacteria
and toxins into the bloodstream.
The TEER results from the microparticle experiment with the co-cultured cells are
presented in Figure 8-5 and Figure 8-6. In contrast to the results with the Caco-2
cells, the microparticle concentrations used in the co-culture experiment did not
produce a significant drop in resistance across the monolayer as compared to
the control well (containing only HBSS) as shown in Figure 8-7. Even when
comparing the percent change in TEER from the initial value for each sample,
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the 1 mg/ml sample produced the greatest change with only a 12% reduction in
the TEER value. These samples did not produce a concentration dependent
reduction in TEER as compared to the Caco-2 cells.
There are several possible explanations for why a significant reduction in TEER
was not seen. The obvious conclusion is that the presence of the mucus layer
inhibited the microparticles from exhibiting as great of an effect on the cellular
monolayer. Previous research by Madsen and Peppas [23] demonstrated that
the binding of extracellular Ca2+ by P(MAA-g-EG) modulated a decrease in
TEER, which was linked to an opening of the tight junctions. It has been well
documented that a decrease in extracellular Ca2+ from the basolateral chamber
leads to an opening of the tight junctions, whereas a decrease of extracellular
Ca2+ in the apical chamber has little effect on the integrity of the tight junctions
[24].
Ichikawa et al. [17] hypothesized that the presence of P(MAA-g-EG)
microparticles in the apical chamber is able to modulate Ca2+ concentration in the
basolateral chamber, thus leading to an opening of the tight junctions.

It is

thought that the Ca2+ chelation properties of P(MAA-g-EG) increase the Ca2+ flux
from the basolateral-to-apical direction.

The increased distance of the

microparticles from the cellular monolayer due to the presence of the mucus
layer might have decreased the permeation enhancement effect as previously
seen with the microparticles.
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A second possible explanation is that the co-culture already has a reduced
resistance as compared to the Caco-2 cells, so the percentage drop in resistance
in the co-cultured system would possibly be less than in the Caco-2 system.
Potentially, a higher concentration of microparticles would produce a drop in
resistance in the co-cultured monolayer.
In contrast to the Caco-2 monolayer, after removal of the microparticles from the
co-cultured monolayer all TEER values returned to above control TEER values
and the values also surpassed the initial TEER values for each well. Hence, in
the presence of the mucus layer, there was no permanent damage to the tight
junctions due to the microparticles. As seen from the in vivo work of Sipahigil et
al. [22], there is still an effect of the microparticles on the tight junctions in the
presence of a mucus layer and a high enough concentration of microparticles
can be damaging to the epithelial layer. Measurement of TEER values in the two
different cellular intestinal models may not be the most suitable method for
determining tight junction response to microparticles in vivo.
8.3.2 Insulin Transport
Insulin transport studies were conducted to examine the difference in transport in
the presence of microparticles and also to compare transport between the two
different cellular models. The first study looked at insulin transport across a
Caco-2 monolayer with an insulin solution only, an insulin solution and P(MAA-gEG), and an insulin solution and P(MAA-g-EG) WGA. Microparticles were used
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at a concentration of 1 mg/ml and were not loaded with insulin prior to the
experiment. Unloaded microparticles were used to eliminate differences in the
rate

of

insulin

release

from

the

non-functionalized

and

functionalized

microparticles.
Both microparticle samples caused a significant drop in TEER values as
compared to the insulin solution only, which then resulted in an increase in the
amount of insulin transported across the monolayer as seen in
Figure 8-8. For all samples the insulin permeability, Papp, was calculated. The
insulin permeability increased by approximately 9-fold in wells containing P(MAAg-EG) (14.21 ± 2.80 x 10-9 cm/s) and P(MAA-g-EG) WGA (15.15 ± 1.33 x 10-9
cm/s) as compared to the permeability of an insulin solution (1.61 ± 0.38 x 10-9
cm/s) as shown in Table 8-1. The significant increase in the Papp value (p<0.01)
can be explained by the ability of the P(MAA-g-EG) and P(MAA-g-EG) WGA
microparticles to open cell tight junctions by binding Ca2+, as previously
discussed, which was demonstrated by a reduction in TEER.
Previous research in our lab has demonstrated a 1.5 to 6 fold increase in the
apparent permeability of insulin in the presence of microparticles, which is lower
than the 9-fold increase seen in this work [17, 19, 20, 25]. All of those studies
contained 1.26 mM Ca2+ in the apical and basolateral chambers and are
summarized in Table 8-2. (A more detailed version of Table 8-2 can be found in
Appendix A.9). In the absence of Ca2+ in the apical chamber and 0.20 mM Ca2+
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in the basolateral chamber, Ichikawa et al. [17] even reported a 21 fold
permeation enhancement effect with P(MAA-g-EG). The increase in transport
could be directly correlated to a decrease in TEER values. In wells containing
microparticles and equimolar amounts of Ca2+, TEER only decreased by 19%
whereas wells containing microparticles and minimal amounts of Ca2+ had a 47%
reduction in TEER from initial values. This work helped to demonstrate the ability
of the microparticles to chelate Ca2+ and further strengthened the argument that
the predominant mechanism of insulin transport is paracellular.
Work by Torres-Lugo et al. [26], which involved the transport of salmon calcitonin
instead of insulin, also claimed that the main mechanism of transport was by the
paracellular route. In these studies, transport of FITC-dextran, a paracellular
marker, was compared to transport of calcitonin at two different temperatures (37
°C and 5 °C), the apical-to-basolateral direction, and the basolateral-to-apical
direction.

Differences in transport at either temperature or between either

direction would potentially indicate an active transport mechanism, but this was
not observed.

The presence of P(MAA-g-EG) increased transport of FITC-

dextran and calcitonin at both temperatures and in both directions, and did not
appear to affect the mechanism of transport.
Recently, Kavimandan et al. [19] investigated a transcellular mechanism of
transport by conjugating insulin to transferrin. From his work, it was shown that
P(MAA-g-EG) microparticles increased insulin transport 6 fold. When insulin was
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conjugated to transferrin, apparent permeability of the conjugate increased by 16
fold as compared to insulin. The largest increase in permeability was seen with
the insulin-transferrin conjugate in the presence of the microparticles, where
apparent permeability increased by 24-fold.

This research demonstrated the

potential of using both paracellular and transcellular mechanisms of transport.
Actual Papp values from this work (14.21 x 10-9 cm/s) are slightly higher than
previously published values using P(MAA-g-EG) microparticles and insulin, which
have ranged from 0.162 x 10-9 cm/s to 11.6 x 10-9 cm/s [17, 19]. Higher Papp
values (12,700 x 10-9 cm/s) were published by Lopez et al. [20], but it was
determined that there was a mistake in the calculation of the permeability value.
The actual Papp value from the Lopez study should have been calculated to be
9.82 x 10-9 cm/s, which would be considered to be in the range of acceptable
values based on previously published studies.
Lopez et al. [20] also did a study looking at transport of insulin across a cellular
monolayer when using insulin-loaded microparticles. The apparent permeability
was again incorrectly calculated and should have been 3.37 x 10-9 cm/s, instead
of the published value of 4690 x 10-9 cm/s. This study is of value because it
shows that loaded insulin can be released from the microparticles and
transported across a cellular monolayer. As expected, the apparent permeability
values are lower for the insulin-loaded microparticles because of the time it takes
for the insulin to diffuse out of the polymer.
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In comparing all of these different cellular studies, it should be noted that the
microparticle concentration used in these studies was 1 mg/ml. Microparticle
concentrations in the previous studies varied from 5.00 to 13.33 mg/ml [17, 19,
20, 25], Table 8-2. It is thought that insulin was loaded into the microparticles in
the apical chamber during the transport experiment.

ELISA was used to

measure the initial and final apical insulin concentrations. The amount of insulin
transported to the basolateral chamber does not account for the loss of insulin in
the apical chamber, thus it is thought that insulin is loaded into the microparticles.
Further evidence to support this theory was seen by Blanchette et al. [21] when
performing

transport

experiments

with

bleomycin

and

P(MAA-g-EG)

nanospheres. Bleomycin was imbibed by the swollen nanospheres, thus limiting
the amount of bleomycin available for transport across the cellular monolayer.
Based on this conclusion, a higher concentration of microparticles in the apical
chamber would further reduce the insulin concentration in the apical chamber
over time, therefore reducing the amount of insulin that can be transported to the
basolateral chamber. This is one possible explanation for why Papp values were
slightly higher with this work.
It should be reiterated that cell culture conditions, the presence or absence of
calcium, and microparticle size and concentration can all influence the
permeation enhancement effect of P(MAA-g-EG) [1, 24].

However, reliable

comparisons can be made between different samples using the same
experimental conditions.
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Insulin transport studies were also carried out using a Caco-2/HT29-MTX
monolayer with identical experimental conditions. Again, Papp increased for wells
with P(MAA-g-EG) (15.01 ± 0.65 x 10-9 cm/s) and P(MAA-g-EG) WGA (15.20 ±
1.43 x 10-9 cm/s) as compared to an insulin only solution (2.98 ± 0.27 x 10-9
cm/s) (p<0.01), Table 8-1. This correlates to approximately a 5-fold increase in
apparent permeability while the increase in apparent permeability with the Caco2 cells was 9-fold.
In contrast to TEER results from the Caco-2 insulin transport studies, the
microparticles did not cause a change in resistance across the monolayer as
seen in Figure 8-9. These results are in agreement with the previous studies that
evaluated a range of microparticle concentrations with the co-culture and saw
that there was no significant change in TEER values.

While the apparent

permeability did increase significantly (~2-fold) for the insulin only solution
between the Caco-2 (1.61 ± 0.38 x 10-9 cm/s) and Caco-2/HT29-MTX (2.98 ±
0.27 x 10-9 cm/s) cultures (p<0.01), permeability values remained the same for
wells containing microparticles in both cellular models. This result is interesting
because the microparticles had no affect on the TEER value in the co-culture
system, yet the Papp value remained the same in both cellular models.
We would expect to see a reduction in TEER with an increase in insulin
transport, but this was not the case for the co-culture.

The presence of

microparticles in the co-culture did increase insulin permeability by 5-fold as
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compared to an insulin only solution, but the increase in insulin permeability was
more significant in the Caco-2 culture in the presence of microparticles (9-fold).
It is possible that the microparticles still had a Ca2+ chelating effect in the coculture, but due to overall lower resistances in the co-culture the reduction in
TEER would not have been as drastic as in the Caco-2 culture. After 3 hours,
the % of initial TEER values in the co-culture for P(MAA-g-EG) were 95.40% ±
0.05 and 96.67% ± 0.08 for P(MAA-g-EG) WGA, while the TEER values for the
insulin solution were 106.75% ± 0.06.
Although there was no statistically significant difference between the TEER
values, the average values are slightly reduced from initial values in wells
containing microparticles, whereas TEER values increased slightly from initial
values in wells containing an insulin solution. This suggests a slight increase in
the paracellular space, which could possibly explain the increase in insulin
transport.

Further studies using immunofluorescence staining for proteins

involved in the tight junction complex could help elucidate the mechanism by
which microparticles enhance transport.
One important point to note is that P(MAA-g-EG) and P(MAA-g-EG) WGA both
enhance insulin permeability in the co-culture while having little effect on tight
junction integrity as measured by TEER. Methods to modify the paracellular
space are often critiqued because of concerns over potential irreversible opening
of the tight junctions. It is encouraging that the presence of the microparticles in
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the co-culture does not cause any irreversible damage to the integrity of the tight
junctions.
As expected, the apparent permeability did increase for the insulin only solution
in the co-cultured monolayer. Hilgendorf et al. previously compared the apparent
permeability of several small molecular weight drugs (<350 Da) that are
absorbed via the paracellular pathway in both a Caco-2 monolayer and a Caco2/HT29-MTX monolayer [6]. They concluded that Papp values increased from
1.8-fold (terbutaline) to 13.7-fold (mannitol) in the co-culture depending on the
drug.

While the increase in insulin transport wasn’t as high as it was for

mannitol, it is important to keep in mind that insulin is a much larger molecule,
both in molecular weight and three-dimensional shape. To our knowledge, this is
the first study that has been done to compare the transport of a protein across a
Caco-2 monolayer and a Caco-2/HT29-MTX monolayer.
It is also interesting to note that the presence of the mucus layer in the co-culture
did not slow insulin diffusion across the cellular monolayer.

This can be

explained by thinking about the diffusional barriers to insulin, which can be
separated into the mucus layer and the epithelial cell layer.

The diffusional

barrier that the mucus layer presents is relatively insignificant in comparison to
the epithelial layer. Previous animal studies by Aoki et al. demonstrated that the
mucus layer does not affect diffusive absorption, but instead acts as an
enzymatic barrier to insulin absorption [27]. In this work, the mucus layer of rat
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small intestine was removed by hyaluronidase pretreatment and transport of
insulin and another paracellular marker, FITC-dextran (mw, 4.4 kDa) (FD-4),
were observed before and after pre-treatment. FD-4 Papp was the same before
and after hyaluronidase treatment, whereas Papp for insulin increased significantly
after hyaluronidase treatment. This work then suggests that the mucus layer
acts as an enzymatic barrier to insulin absorption and not a diffusional barrier.
In all transport studies with the Caco-2 and Caco-2/HT29-MTX cultures, there
was no significant difference in Papp between P(MAA-g-EG) and P(MAA-g-EG)
WGA. We did not expect to see any differences in insulin transport in this type of
transport study. The advantage of using WGA functionalized microparticles is to
increase residence time and a static cell culture set-up, like the one used, would
not exploit this advantage.

Other studies to test mucoadhesion and in vivo

insulin absorption are better suited to determine the effects of WGA
functionalization.
8.4

Conclusions

The presence of the HT29-MTX cell in the co-culture reduced the overall
resistance of the cellular monolayer, thus cellular resistance values more closely
mimicked small intestinal resistance values in vivo. A two-fold increase in Papp
was observed for the insulin solution in the co-culture. In addition, the presence
of the mucus layer did not create a significant diffusional barrier.
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In evaluating TEER, P(MAA-g-EG) microparticles at a concentration of 1 mg/ml
reversibly reduced initial resistance values in the Caco-2 culture by 30% after 3
hours. There was also a concentration dependent decrease in TEER values.
This reduction in TEER was correlated to an opening of the tight junctions, which
was demonstrated by a 9-fold increase in Papp for P(MAA-g-EG) as compared to
the insulin only solution.

Results were in good agreement with previously

published studies examining insulin transport in the presence of P(MAA-g-EG)
[17, 19, 25].
Microparticles did not seem to produce a significant reduction in TEER values in
the Caco-2/HT29-MTX monolayers. It is possible that the presence of the mucus
layer increased the distance of the microparticles from the apical side of the cells,
thus reducing their effect on TEER. Although, in insulin transport experiments,
the presence of microparticles still increased insulin transport 5-fold.

The

decrease in TEER in the presence of the microparticles might be less due to a
lower overall resistance of the co-culture. TEER may not be the best way to
measure modulation of tight junctions in the co-culture.

Work using

immunofluorescence staining for proteins involved in the tight junction complex
could help elucidate the mechanism by which microparticles enhance transport.
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8.5

Figures

Electrode
Apical
Membrane
Basolateral
Figure 8-1: Determination of TEER Across Cellular Monolayers Using a
Transwell® Diffusion Cell
Cells are seeded and grown on a permeable polycarbonate support (i.e.
membrane), which separates the apical and basolateral chambers. A chopstick
electrode is used to measure resistance across the cellular monolayer.
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Figure 8-2: Caco-2 and HT29-MTX TEER Comparison Over 21 Days
Caco-2 cells were seeded on a 12-well Transwell® plate at a density of 1.0 x 105
cells/cm2. Caco-2/HT29-MTX cells were seeded on a 12-well Transwell® plate in
a 1:1 ratio at a total cell density of 1.0 x 105 cells/cm2. TEER values were
monitored for 21 days of both the Caco-2 (z) and Caco-2/HT29-MTX ({)
cultures. TEER values in the co-cultured system were closer to reported values
of human intestinal epithelia, which range between 50 and 100 Ω*cm2. n=12 ±
SD.
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Figure 8-3: Caco-2 TEER Values After Incubating Microparticles for 3 Hours
Caco-2 cells were seeded on a permeable Transwell® plate and cultured for 21
days. P(MAA-g-EG) microparticles were incubated with the cells for 3 hours and
TEER values were monitored. Microparticles were added dry at concentrations
of 6.67 mg/ml ( ) and 4.24 mg/ml (), which corresponds to 3.33 mg/cm2 and
2.12 mg/cm2, respectively. Microparticles were pre-suspended in HBSS and
added at concentrations of 5 mg/ml (U) and 1 mg/ml ({), which corresponds to
2.5 mg/cm2 and 0.5 mg/cm2, respectively. The control well contained only cells
with HBSS (¯). n=3 ± SD
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Figure 8-4: Caco-2 TEER Recovery Values After Microparticle Incubation
Caco-2 cells were seeded on a permeable Transwell® plate and cultured for 21
days. P(MAA-g-EG) microparticles were incubated with the cells for 3 hours and
TEER values were monitored. Microparticles were removed via a wash step
after 3 hours, cell medium was added, and TEER values were monitored for 24
hours. Microparticles were added dry at concentrations of 6.67 mg/ml ( ) and
4.24 mg/ml (), which corresponds to 3.33 mg/cm2 and 2.12 mg/cm2,
respectively. Microparticles were pre-suspended in HBSS and added at
concentrations of 5 mg/ml (U) and 1 mg/ml ({), which corresponds to 2.5
mg/cm2 and 0.5 mg/cm2, respectively. The control well contained only cells with
HBSS (¯). n=3 ± SD
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Figure 8-5: Caco-2/HT29-MTX TEER Values After Incubating Microparticles
for 3 Hours
Caco-2/HT29-MTX cells were seeded on a permeable Transwell® plate and
cultured for 21 days. P(MAA-g-EG) microparticles were incubated with the cells
for 3 hours and TEER values were monitored. Microparticles were added dry at
concentrations of 6.67 mg/ml ( ) and 4.24 mg/ml (), which corresponds to
3.33 mg/cm2 and 2.12 mg/cm2, respectively. Microparticles were pre-suspended
in HBSS and added at concentrations of 5 mg/ml (U) and 1 mg/ml ({), which
corresponds to 2.5 mg/cm2 and 0.5 mg/cm2, respectively. The control well
contained only cells with HBSS (¯). n=3 ± SD
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Figure 8-6: Caco-2/HT29-MTX TEER Recovery Values After Microparticle
Incubation
Caco-2/HT29-MTX cells were seeded on a permeable Transwell® plate and
cultured for 21 days. P(MAA-g-EG) microparticles were incubated with the cells
for 3 hours and TEER values were monitored. Microparticles were removed via
a wash step after 3 hours, cell medium was added, and TEER values were
monitored for 24 hours. Microparticles were added dry at concentrations of 6.67
mg/ml ( ) and 4.24 mg/ml (), which corresponds to 3.33 mg/cm2 and 2.12
mg/cm2, respectively. Microparticles were pre-suspended in HBSS and added at
concentrations of 5 mg/ml (U) and 1 mg/ml ({), which corresponds to 2.5
mg/cm2 and 0.5 mg/cm2, respectively. The control well contained only cells with
HBSS (¯). n=3 ± SD
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Figure 8-7: Comparison of Caco-2 and Caco-2/HT29-MTX TEER Values
Caco-2 and Caco-2/HT29-MTX cells were seeded on a permeable Transwell®
plate and cultured for 21 days. P(MAA-g-EG) microparticles were added dry at a
concentration of 4.24 mg/ml and incubated with Caco-2 cells ({) and Caco2/HT29-MTX cells ( ) for 3 hours. TEER values were monitored over the
duration of the experiment. The control well contained only Caco-2 cells (z) or
Caco-2/HT29-MTX cells () with HBSS. A drop in TEER values as compared to
control and initial values was only seen in the Caco-2 monolayer and not in the
Caco-2/HT29-MTX co-culture. n=3 ± SD
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Figure 8-8: Caco-2 TEER Values and Insulin Transport
Caco-2 cells were seeded on a permeable Transwell® plate and cultured for 21
days. Cells were incubated with 1 mg/ml P(MAA-g-EG) + 0.2 mg/ml insulin (U),
1 mg/ml P(MAA-g-EG) WGA + 0.2 mg/ml insulin ({), and a 0.2 mg/ml insulin
solution ( ) for 3 hours. (Top) TEER values are represented as a percent of
initial values as measured during an insulin transport experiment. (Bottom)
Insulin concentration in the basolateral chamber was determined by ELISA. The
presence of microparticles significantly enhanced insulin transport. n=3 ± SD
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Figure 8-9: Caco-2/HT29-MTX TEER Values and Insulin Transport
Caco-2/HT29-MTX cells were seeded on a permeable Transwell® plate and cultured
for 21 days. Cells were incubated with 1 mg/ml P(MAA-g-EG) + 0.2 mg/ml insulin
(U), 1 mg/ml P(MAA-g-EG) WGA + 0.2 mg/ml insulin ({), and a 0.2 mg/ml insulin
solution ( ) for 3 hours. (Top) TEER values are represented as a percent of initial
values as measured during an insulin transport experiment. (Bottom) Insulin
concentration in the basolateral chamber was determined by ELISA. The presence
of microparticles significantly enhanced insulin transport. n=3 ± SD
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Table 8-1: Permeability Values for Insulin Transport in Caco-2 and
Caco-2/HT29-MTX Monolayers

Permeability values were calculated for the different formulations in the Caco-2
and Caco-2/HT29-MTX cultures using the previously described equation. The
flux across the monolayer was calculated from the slope of insulin transported to
the basolateral chamber versus time. n=3 ± SD
Culture Type

Formulation

Papp x 109 (cm/s)

Caco - 2

Insulin soln

1.61 ± 0.38

P(MAA-g-EG) + insulin soln

14.21 ± 2.80

P(MAA-g-EG) WGA+ insulin soln

15.15 ± 1.33

Insulin soln

2.98 ± 0.27

P(MAA-g-EG) + insulin soln

15.01 ± 0.65

P(MAA-g-EG) WGA+ insulin soln

15.20 ± 1.43

Caco-2/HT29-MTX
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Table 8-2: Drug Transport Studies Across Cellular Monolayers in the Presence of P(MAA-g-EG)
Investigator

Carrier

Carrier Conc.
(mg/ml)

Size

Drug

Drug Conc.
(mg/ml)

Ca2+ Conc. (mM)
Apical
Basolateral

Papp (cm/s) x 109

Ichikawa et al. [16]
P(MAA-g-EG)

<150 µm

6.67

Insulin
Insulin

0.161
0.161

1.26
1.26

1.26
1.26

11.60
7.70

P(MAA-g-EG)

<150 µm

6.67

Insulin
Insulin

0.161
0.161

0.00
0.00

0.20
0.20

247.80
11.80

Torres-Lugo et al. [25]
Apical to Basolat P(MAA-g-EG)

475 nm

10.00

Calcitonin
Calcitonin

0.080
0.080

0.00
0.00

0.20
0.20

235.20
109.80

Basolat to Apical P(MAA-g-EG)

475 nm

10.00

Calcitonin
Calcitonin

0.080
0.080

0.00
0.00

0.20
0.20

183.50
111.20

250 nm
90-150 µm
250 nm
90-150 µm

5.00
5.00
5.00
5.00

Insulin
Insulin
Insulin
Insulin
Insulin

0.200
0.200
0.200
0.200
0.200

1.26
1.26
1.26
1.26
1.26

1.26
1.26
1.26
1.26
1.26

0.162
0.193
0.194
0.212
0.111

P(MAA-g-EG)
150-212 µm
13.33
Insulin
Insulin-loaded P(MAA-g-EG)
150-212 µm
Insulin
-9
-9
*Originally published as 12,700 x 10 cm/s and 4,690 x 10 cm/s, respectively.
Kavimandan et al. [18]
P(MAA-g-EG)
150-212 µm
5.00
Insulin
Insulin

0.200

1.26
1.26

1.26
1.26

9.82*
3.37*

0.200
0.200

1.26
1.26

1.26
1.26

6.44
1.08

Foss et al. [24]
P(MAA-g-EG)
P(MAA-g-EG)
2 AA : 1 EG P(AA-g-EG)
2 AA : 1 EG P(AA-g-EG)
Lopez et al. [19]

P(MAA-g-EG)

150-212 µm

5.00

Insulin-Transf.
Insulin-Transf.

0.200
0.200

1.26
1.26

1.26
1.26

24.00
16.30

Caco-2 P(MAA-g-EG)
P(MAA-g-EG) WGA

90-150 µm
90-150 µm

1.00
1.00

Insulin
Insulin
Insulin

0.200
0.200
0.200

1.26
1.26
1.26

1.26
1.26
1.26

14.21
15.15
1.61

Caco-2/HT29-MTX P(MAA-g-EG)
P(MAA-g-EG) WGA

90-150 µm
90-150 µm

1.00
1.00

Insulin
Insulin
Insulin

0.200
0.200
0.200

1.26
1.26
1.26

1.26
1.26
1.26

15.01
15.20
2.98

Wood et al.
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CHAPTER 9: IN VIVO STUDIES
9.1

Introduction

Although in vitro studies are powerful screening tools used to determine
potentially successful drug delivery systems, animal studies are often required to
further evaluate the efficacy of these systems.

In this work specifically,

information regarding the mucoadhesive nature of the polymer and the
bioavailability of the delivered drug are helpful in evaluating the success of the
delivery system.

These properties cannot readily be obtained by in vitro

experiments, so the animal model is the next logical step in the evaluation of our
system.
Bioavailability can be defined as the fraction of drug that reaches the systemic
circulation when a drug is administered by a route other than intravenous [1].
This term is of special importance to oral protein delivery because the dose
administered to the patient orally is not the same dose that reaches the
bloodstream. For oral delivery, drugs must be absorbed through the GI tract and
into the bloodstream to exert a physiologic effect. Drug loss by the oral route can
occur in several different places, which is depicted in Figure 9-1.
Drug must first be released from the dosage form and then absorbed by the GI
tract. Drug not uptaken by the GI mucosa is part of the non-bioavailable fraction.
In addition, a drug can travel along one of three routes after absorption by the
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intestinal epithelial layer --- it can be recirculated into the GI tract, be metabolized
by the liver (i.e. first pass effect), or be delivered to the systemic circulation. The
first two routes listed can lead to a reduction in the bioavailability of the orally
administered drug. Therefore, because of all the potential obstacles to oral drug
absorption, bioavailability is important to quantify in order to compare different
dosage forms.
9.2

Materials and Methods

9.2.1 Mucoadhesion Study
P(MAA-g-EG) WGA microparticles with a fluorescent tag were synthesized as
previously described.

Microparticles used in the following experiments were

crushed and sieved to <53 µm.
Male Wistar rats (180-200g) were fasted for 24 hours and allowed free access to
water. Rats were anesthetized lightly by ether and then restrained in a supine
position. A small midline incision was made in the abdomen to expose the small
intestine. Distal to the stomach, the upper small intestine was cannulated with
polypropylene tubing. Next, 10 mg of labeled microparticles were suspended in
0.3 ml PBS and administered via syringe directly to the small intestine. The
syringe was flushed 3 times with PBS to ensure that none of the microparticles
remained in the syringe. After removal of the cannula, the small intestine was
tightly closed to prevent fluid and microparticle loss and returned to the peritoneal
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cavity. The rats were then sutured and allowed to recover in cages. During the
experiment, rats were housed in cages and again allowed free access to water.
Rats were sacrificed at 1, 2, and 4 hours by sodium pentobarbital overdose. The
small intestine was then isolated, removed, and divided into three equal
segments, which were designated upper, middle, and lower small intestine.
Each segment was opened by carefully cutting the intestine lengthwise and
mucus was collected from each segment. Then, 10 ml of PBS was added to
each of the samples, the samples were centrifuged at 3000 rpm for 2 minutes,
and the supernatant was removed. A sample of 5 ml of a 0.01 wt% deoxycholate
solution was then added to each sample to dissolve the mucus and the
centrifugation process was repeated. Samples were added to a 96-well plate
and fluorescence intensity was measured by a spectrophotometer with an
excitation wavelength of 362 nm and an emission wavelength of 407 nm. Blank
mucus solutions were made for the upper, middle, and lower small intestine by
collecting mucus from a rat that was not given microparticles.
9.2.2 Intestinal Loop Absorption Study
P(MAA-g-EG) WGA microparticles were synthesized as previously described.
Microparticles were crushed and sieved to <53 µm.

Insulin loading was

performed as previously described with the substitution of human recombinant
insulin loaded into microparticles.
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Healthy male Wistar rats (180-200g) were fasted for 24 hours and allowed free
access to water. Anesthetization was done by an intraperitioneal injection of
0.25 ml of sodium pentobarbital. After anesthetization, rats were weighed and
the insulin-loaded polymer samples were added to syringes so that each dose
was equivalent to 25 IU/kg. Typically, the amount of polymer administered was
approximately 3 mg.
Rats were then restrained in a supine position on a board that was circulated with
water heated to 37 °C. A small midline incision was made to access the small
intestine and a 6 cm segment of the small intestine was isolated 2 cm distal of
the stomach. The 6 cm segment of the small intestine was then cannulated at
each end with polypropylene tubing. The cannulated segment was then returned
to the peritoneal cavity and washed with PBS, pH 7.4 that was pre-heated to 37
°C. A peristaltic pump was used to circulate 10 ml of PBS at a flow rate of 1
ml/min. Following washing, the rats remained on the heated board for 1 hour to
recover from elevated blood glucose levels due to the surgical procedure.
After 1 hour, the insulin-loaded polymer was suspended in the syringes with 0.2
ml PBS, pH 7.4, warmed to 37 °C. The polymer was administered directly to the
pre-treated small intestinal loop. The syringe was flushed 2 more times with 0.2
ml PBS to ensure that there was no polymer remaining in the syringe. After
administration, the cannula was removed and the isolated loop was tightly closed
to prevent fluid loss.
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During the experiment, 0.2 ml blood aliquots were taken from the jugular vein at
0, 5, 10, 15, 30, 60, 120, 180, and 240 minutes after insulin administration.
Syringes were heparinized prior to sampling to prevent blood clotting after
sampling.

Blood glucose levels were immediately determined using a

HemoCue® B-glucose analyzer (Lake Forest, CA). Blood samples were then
centrifuged at 13,000 rpm for 1 minute and the plasma was collected to
determine insulin concentration. Plasma insulin levels were then determined by
an immuno-chemiluminometric assay for human recombinant insulin (Molecular
Light Technology, Cardiff, UK).
Bioavailability was calculated based on the area under the insulin curve (AUC)
and compared to subcutaneous administration of 1.0 IU/kg of insulin.

The

following equation was use to calculate bioavailability:

F=

AUC poly Dosesc
⋅
⋅ 100
Dose poly AUC sc

where AUC represents the area under the insulin curve for the polymer (poly) or
for subcutaneous injection (sc), Dosepoly was 25 IU/kg, and Dosesc was 1 IU/kg.
Results from the study were compared to data that was previously gathered for
administration of an insulin only solution (control) and insulin-loaded P(MAA-gEG) .
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9.3

Results and Discussion

9.3.1 Mucoadhesion Study
Previous in vitro and in vivo research with P(MAA-g-EG) hydrogels has
demonstrated that the incorporation of PEG tethers improves the mucoadhesive
nature of the polymer [2-5]. Tethered PEG chains are able to diffuse into the
mucus layer and entangle with the mucus gel layer to enhance adhesion.
Studies by Huang et al. [3] demonstrated an increased work of adhesion for
P(MAA-g-EG) at pH 7.4 as opposed to pH 3.2, which was attributed to the PEG
tethers and not hydrogen bonding from the carboxyl groups.
In vivo work with rats has also looked at the role particle size plays in
mucoadhesion. Morishita et al. [4] determined that particles <43 µm had a higher
adhesive capacity to the jejunal and illeal segments of rats than particles sized
between 180 and 230 µm.

In addition, Goto et al. [5] compared the

mucoadhesive characteristics between P(MAA-g-EG), PMAA, and polystyrene
microparticles to the duodenal mucosa of rats. It was concluded that 70% of
P(MAA-g-EG) microparticles remained in the duodenum after perfusion with
PBS, as opposed to 56% of PMAA microparticles and 44% of polystyrene
microparticles.
Our most recent work was to examine the mucoadhesive characteristics of
P(MAA-g-EG) WGA in the small intestine of Wistar rats. Figure 9-2 graphically
displays the fraction of microparticles recovered in three equal length segments
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of small intestine at 1, 2, and 4 hours. As mentioned previously, the goal of
functionalizing the hydrogel carriers with WGA was to create a specific
mucoadhesive interaction that would increase residence time of the carrier at the
intended site of drug absorption. After 1 hour, almost 100% of the P(MAA-g-EG)
WGA microparticles remained in the small intestine, with 81% ± 0.13 still
remaining in the upper segment of the small intestine, Table 9-1. After the 2 and
4 hour time points, 65% and 38% of the total microparticles still remained within
the small intestine, respectively. As expected, there was an overall decrease in
particle retention at the increasing time points.
The 2 hour time point displayed a decrease in the fraction of microparticles
remaining in the upper small intestine from 81% to 26%, but there was an
increase in particle retention in the middle small intestine from 13% to 35%.
Particle retention in the lower small intestine was less than 5% at all time points.
From this study, it might appear that the functionalized microparticles were more
adhesive to the upper small intestine, but it is instead thought that more particles
remained in the upper small intestine simply because this was the site of
microparticle administration.
The appropriate control for this study would have been to administer P(MAA-gEG) to the animals in exactly the same way and compare results, but due to
limitations in the number of animal experiments we could conduct, this was not
possible. Instead, results will be compared to a similar study by Morishita et al.
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that examined P(MAA-g-EG) mucoadhesion to specific segments of rat small
intestine [4]. The studies of this work deviate in two ways from the previous
work. The first deviation is the method of how microparticles were collected. In
the current study, microparticles were collected by gently scraping the mucosal
layer from the small intestine after 1 hour, whereas the study by Morishita et al.
perfused PBS through the small intestine after 1 hour and measured the fraction
of unbound microparticles collected in the perfusate. The second deviation is the
site of administration; as the current study was not specific to one region of the
small intestine as it was in Morishita’s study.

Therefore, for comparison

purposes, only the fraction of microparticles in the upper small intestine (i.e. site
of administration) will be considered.

In both of Morishita’s experiments,

microparticles were administered either directly to the jejunum or the ileum for 1
hour. In the current work, after 1 hour, 81% of P(MAA-g-EG) WGA remained in
the upper small intestine (duodenal segment), whereas only 70% of P(MAA-gEG) remained in the jejunal segment and 63% of P(MAA-g-EG) microparticles
remained in the illeal segment after 1 hour in the study by Morishita et al. While
it is impossible to draw definitive conclusions because of differences between the
two experiments, it does appear that the addition of the WGA did improve the
mucoadhesive nature of the polymer.
Although it is difficult to quantify the improvement in mucoadhesion, it is
important to point out that almost 100% of P(MAA-g-EG) WGA still remained in
the small intestine after 1 hour. This carrier is designed to quickly release insulin
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at the site of absorption and is not designed for sustained release of a drug in the
small intestine. When examining the release profile of insulin from the carrier, it
can be concluded that after 1 hour no more insulin is released from the hydrogel.
Therefore, it is believed that since almost 100% of P(MAA-g-EG) WGA remains
in the small intestine after 1 hour this will provide a sufficient residence time for
the microparticles to release the maximum amount of insulin.
9.3.2 Intestinal Loop Absorption Study
In order to determine bioavailability, initial studies are done using a closed-loop
intestinal absorption study before proceeding to oral administration. A previous
study by Nakamura et al., examined the effects of solvent concentration used in
the synthesis of P(MAA-g-EG) on intestinal insulin absorption [6].

They

determined that increasing the amount of solvent in the monomer mixture
increased the amount of insulin released from the network, which can be
explained by thinking of the added solvent as a porogen.

An increase in

bioavailability was then seen with an increase in the amount of solvent used to
make the different polymer samples. The maximum bioavailability in this study
was 6.2 ± 2.7 for P(MAA-g-EG) made with 78% solvent.
In our study, insulin-loaded P(MAA-g-EG) WGA (<53 µm, 1 mol% crosslinker)
was administered directly to a closed loop within a rat small intestine. Results
are being compared to a similar study done by Morishita et al. [4] for both insulinloaded P(MAA-g-EG) (<43 µm, 0.75 mol% crosslinker) and an insulin PBS
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solution (control). After 1 hour, the functionalized microparticles exhibited a 35%
reduction from initial blood glucose levels (Figure 9-3), whereas blood glucose
levels increased by 20% in the control sample (insulin solution) at the same time
point (Figure 9-4). Both microparticle samples reduced blood glucose levels, but
blood glucose levels for P(MAA-g-EG) reduced by 65% after 1 hour. While there
is a difference in the drop in blood glucose levels, it is encouraging that P(MAAg-EG) and P(MAA-g-EG) WGA both decreased blood glucose levels whereas
there was a substantial increase in blood glucose levels in the control sample.
More importantly, by looking at the plasma insulin levels, one can see that there
is little difference in peak insulin concentrations between P(MAA-g-EG) (411.6 ±
82.0) and P(MAA-g-EG) WGA (369.3 ± 85.5) as shown in Figure 9-5 and Figure
9-6. Peak insulin concentrations are reached at 10 minutes after microparticle
administration.

This result is important because it demonstrates that when

insulin is released into the small intestine it can quickly be absorbed into the
bloodstream.

In contrast, there is little to no absorption of the insulin only

solution.
The relative bioavailability was calculated for each sample by comparing the data
to a subcutaneous insulin injection (1 IU/kg), Table 9-2. There was no significant
difference between the bioavailability of P(MAA-g-EG) (12.8 ± 8.3) and P(MAA-gEG) WGA (11.9 ± 2.3), but there was a significant decrease in bioavailability for
the insulin only solution (0.5 ± 0.1) (p < 0.05).
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Since the peak insulin concentrations were similar for P(MAA-g-EG) and P(MAAg-EG) WGA, there is less concern that P(MAA-g-EG) WGA did not reduce blood
glucose levels as much as the P(MAA-g-EG). The difference in reduction of
blood glucose levels can most likely be explained by differences in the surgical
and sampling techniques. Trauma, such as surgery and blood sampling from the
jugular vein, can cause an increase in blood glucose levels. To alleviate this
effect, animals were rested for 1 hour after surgery. Therefore, the elevated
blood glucose levels for P(MAA-g-EG) WGA could be explained by problems in
the employed techniques, which often led to multiple attempts before a blood
sample was obtained.
Another point of interest is the slight synthesis differences for the P(MAA-g-EG)
and P(MAA-g-EG) WGA samples that were compared.

It was previously

discussed that changes in the monomer:solvent ratio can lead to differences in
the mesh size of the network, which ultimately led to differences in bioavailability.
Therefore, it should be noted that the P(MAA-g-EG) sample used 0.75 mol%
crosslinker and the P(MAA-g-EG) WGA sample used 1 mol% crosslinker. A
decrease in the crosslinking percentage would most likely lead to an increase in
the amount of insulin released. It is possible that if the P(MAA-g-EG) WGA were
synthesized with 0.75 mol% crosslinker, one would see an increase in the
bioavailability of P(MAA-g-EG) WGA as compared to P(MAA-g-EG).
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From these results, we have demonstrated that the presence of the
microparticles greatly enhances the fraction of insulin reaching the bloodstream.
The next step would be to administer insulin-loaded microparticles orally, so
bioavailability results can be compared to other values in the literature. Also, oral
administration adds an additional layer of complexity in that insulin-loaded
microparticles must first travel along the GI tract before arriving at the small
intestine.
Early research by Lowman et al. [7] determined a bioavailability of 3.40% in
healthy rats and 2.44% in diabetic rats when orally administering insulin-loaded
P(MAA-g-EG) at an insulin dose of 25 IU/kg. This was an improvement over an
orally administered insulin solution at the same dose to diabetic rats, where the
bioavailability was only 0.88%. More recent studies, have looked at single and
multiple administrations of P(MAA-g-EG) with improved bioavailability numbers
by using microparticle <53 µm [8]. In a single administration of insulin-loaded
P(MAA-g-EG) at a dose of 25 IU/kg to healthy rats, bioavailability was 7.4%. In
addition, studies were done with a multiple administration of insulin-loaded
microparticles to type 1 and type 2 diabetic rats. After each administration, the
rats were fed for 30 minutes to simulate a meal. The results of this study showed
that P(MAA-g-EG) was able to suppress a postprandial rise in blood glucose
levels and exert hypoglycemic effects after 3 times/day oral administration.
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In vivo studies by Kim et al. [9] looked at WGA functionalized alginate
microparticles as potential insulin delivery systems.

They determined that

insulin-loaded alginate-WGA microparticles more significantly reduced blood
glucose levels in a rat as compared to insulin-loaded alginate microparticles and
to an insulin solution.

While this was an encouraging result, they did not

determine plasma insulin levels to show that more insulin was actually
transported into the bloodstream, so bioavailability was not calculated. Also,
further studies would need to be done to demonstrate that the WGA-alginate
microparticles increased residence time, thus increasing insulin absorption.
These studies do exhibit promise for the ability of WGA functionalized
microparticles to improve insulin delivery.
9.4

Conclusions

While these animal studies provided preliminary results about the functionalized
microparticles, it is clear that more animal studies would need to be done to more
fully evaluate the benefits of P(MAA-g-EG) WGA over P(MAA-g-EG). On the
other hand, several conclusions and encouraging results were seen with these
initial studies.
From the mucoadhesion study, we demonstrated that 99% of the functionalized
microparticles remain in the small intestine after 1 hour. In comparison to the
release profiles of insulin from the P(MAA-g-EG) WGA, 1 hour is a sufficient
amount of residence time for insulin to be released form the carrier. While this
171

study did not allow us to directly compare the mucoadhesive nature of P(MAA-gEG) WGA to P(MAA-g-EG), we did demonstrate in our in vitro experiments that
P(MAA-g-EG) WGA improved mucoadhesion.
Finally, the intestinal loop absorption study verified that insulin-loaded P(MAA-gEG) WGA significantly improves bioavailability of insulin as compared to an
insulin solution without microparticles. As discussed previously, the ability of the
carrier to protect insulin, reduce enzymatic activity, increase residence time, and
enhance permeation is the reason for the increase in the fraction of insulin that
reaches the bloodstream.

While the intestinal loop absorption studies

demonstrated a significant increase in bioavailability for P(MAA-g-EG) WGA over
an insulin solution, further animal studies need to be done to determine
bioavailability by oral administration.
With previous results by other researchers demonstrating improved bioavailability
with insulin-loaded P(MAA-g-EG) [7, 8] and with alginate-WGA microparticles [9],
it is thought that continued animal work with P(MAA-g-EG) WGA will demonstrate
improved insulin absorption.
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9.5

Figures
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Figure 9-1: Oral Drug Absorption
In oral administration, drug must first be released from the dosage form and then
absorbed by the GI mucosa. After uptake, drug can be re-enter the GI tract, be
metabolized by the liver, or enter the systemic circulation. The fraction of drug
reaching the systemic circulation is the bioavailable quantity. Adapted from P.
Macheras, et al. [1].

173

Fraction of Particles
Recovered

1.00
0.80
0.60
0.40
0.20
4.0

0.00
pe
Up

2.0
r

SI
d
Mi

1.0

SI
e
l
d
L

rS
e
ow

Time (h)

I

Figure 9-2: Microparticle Biodistribution in Small Intestine
In each experiment, 10 mg of fluorescently labeled P(MAA-g-EG) microparticles
were administered directly to the small intestine of a rat. The graph represents
the fraction of P(MAA-g-EG) WGA microparticles recovered from the upper,
middle, and lower small intestine of rats sacrificed at 1, 2, and 4 hours. n=3
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Table 9-1: Fraction of Recovered Microparticles from Rat Small Intestine
Microparticles were administered directly to the small intestine of a rat. The
fraction of microparticles recovered from each intestinal segment was determined
by fluorescent intensity. n=3 ± SE
Fraction of Microparticles Recovered (%)
Time (h)

1.0

2.0

4.0

Upper SI

81 ± 13

26 ± 9

29 ± 8

Middle SI

13 ± 1

35 ± 19

08 ± 4

Lower SI

05 ± 3

03 ± 2

01 ± 4

Total

99 ± 10

64 ± 13

38 ± 15
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Figure 9-3: Hypoglycemic Effect of P(MAA-g-EG) WGA
Blood glucose levels in rats after administration of insulin-loaded P(MAA-g-EG)
WGA ( ) at a dose of 25 IU/kg. Microparticles were administered directly to the
small intestine in a closed loop experiment. Blood samples were taken from the
jugular vein and glucose concentration was determined by a HemoCue® Bglucose analyzer. n=3 ± SE
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Figure 9-4: Hypoglycemic Effect of P(MAA-g-EG) and an Insulin Solution
Blood glucose levels in rats after administration of insulin-loaded P(MAA-g-EG)
({) or an insulin solution (z) at a dose of 25 IU/kg. Microparticles were
administered directly to the small intestine in a closed loop experiment. Blood
samples were taken from the jugular vein and glucose concentration was
determined by a HemoCue® B-glucose analyzer. Experiments with insulinloaded P(MAA-g-EG) and an insulin solution were conducted by Morishita et al.
prior to the experiments with insulin-loaded P(MAA-g-EG) WGA [4]. n=3-5 ± SE
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Figure 9-5: Plasma Insulin Levels of P(MAA-g-EG) WGA
Plasma insulin levels in rats after administration of insulin-loaded P(MAA-g-EG)
WGA ( ) at a dose of 25 IU/kg. Microparticles were administered directly to the
small intestine in a closed loop experiment. Blood samples were taken from the
jugular vein. Plasma was separated from the blood sample by centrifugation and
insulin levels were determined by an immuno-chemiluminometric assay for
human recombinant insulin. n=3 ± SE
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Figure 9-6: Plasma Insulin Levels of P(MAA-g-EG) and an Insulin Solution
Plasma insulin levels in rats after administration of insulin-loaded P(MAA-g-EG)
({) or an insulin solution (z) at a dose of 25 IU/kg. Microparticles were
administered directly to the small intestine in a closed loop experiment. Blood
samples were taken from the jugular vein. Plasma was separated from the blood
sample by centrifugation and insulin levels were determined by an immunochemiluminometric assay for human recombinant insulin. Experiments with
insulin-loaded P(MAA-g-EG) and an insulin solution were conducted by Morishita
et al. prior to the experiments with insulin-loaded P(MAA-g-EG) WGA [4]. n=3-5
± SE
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Table 9-2: Pharmacokinetic Analysis
Pharmacokinetic analysis from the intestinal loop absorption study for insulinloaded P(MAA-g-EG), insulin-loaded P(MAA-g-EG) WGA, and an insulin
solution. The dose administered was 25 IU/kg. Results of the P(MAA-g-EG) and
the insulin solution were from previously published data [4]. n=3-5 ± SD
Carrier

Cmax (µIU/mL)

AUC (µIU•h/mL)

F (%)

P(MAA-g-EG) WGA

369.3 ± 85.5

362.2 ± 72.6

11.9 ± 2.3

P(MAA-g-EG)

411.6 ± 82.0

391.4 ± 264

12.8 ± 8.3

3.9 ± 4.4

2.5 ± 3.3

0.5 ± 0.1

Insulin Solution
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CHAPTER 10: CONCLUSIONS
Since the approval of Humulin, a recombinant human insulin, in 1982, the
biopharmaceutical industry has grown significantly [1]. Between 2000 and 2003,
25% of the newly approved drugs in the United States and Europe were
biopharmaceuticals. All of the 64 approved biopharmaceuticals were proteinbased drugs [2].

In 2003 global sales of biopharmaceuticals exceeded $30

billion more than double the $12 billion in global sales of 2000 [3]. It is evident
that protein-based therapeutics is a rapidly growing segment of the
pharmaceutical industry.
While there is a continued increase in the number of therapeutic proteins
available to treat a variety of diseases, it still remains that the most common
route of delivery for these therapeutics is by subcutaneous, intramuscular, or
intravenous injection [4, 5]. These methods of delivery are often painful for the
patient and can lead to low patient compliance. With the oral route being the
preferred delivery method for most patients, there is an evident need to develop
oral formulations for protein drugs [6, 7].
Low bioavailability of orally administered proteins has thus far plagued the oral
route due to multiple physical and enzymatic barriers present in the
gastrointestinal (GI) tract [8, 9].

The sensitive three-dimensional structure

needed for proteins to remain biologically active makes them susceptible to
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degradation from both the acidic environment of the stomach and from proteolytic
enzymes present throughout the GI tract.

In addition, the large, hydrophilic

nature of proteins, as compared to small molecular weight drugs, makes
transport across the intestinal epithelial layer and subsequent absorption into the
bloodstream a challenging process.
Previous research in our lab developed a novel class of environmentally sensitive
complexation hydrogels composed of methacrylic acid (MAA) grafted with
poly(ethylene glycol) (PEG) tethers (P(MAA-g-EG)) [10-13]. The hydrogels were
able to target delivery of a drug to the upper small intestine, by exploiting the pH
shift between the stomach and the small intestine, while at the same time
maintaining the functionality of the protein in the GI tract.
The goal of this research was to increase the bioavailability of orally administered
insulin, by adding wheat germ agglutinin (WGA), a lectin that specifically binds to
carbohydrate moieties in the small intestinal mucosa, to tethered PEG chains. It
was hypothesized that by introducing a specific mucoadhesive interaction, we
could increase the residence time of the carrier at the site of delivery and in turn
increase the amount of insulin entering the bloodstream. While insulin was used
as a model protein, the hydrogel carrier is not specific for insulin and could be
used to deliver a variety of different protein therapeutics.
The first part of this research focused on synthesizing the hydrogel carriers and
functionalizing them with WGA.

P(MAA-g-EG) was functionalized with WGA
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through a biotin-avidin interaction. SEM images confirmed an additional surface
roughness with P(MAA-g-EG) WGA as compared to P(MAA-g-EG), although it
was thought that the additional processing steps due to functionalization caused
the difference in roughness. This was confirmed by examining insulin-loaded
P(MAA-g-EG), which goes through a similar processing method to the WGA
functionalization. It was therefore concluded that additional processing steps
lead to the additional surface roughness and was not of concern since any
functionalized or insulin-loaded microparticles would have similar morphologies.
The next step was to confirm through in vitro experiments the improved
mucoadhesive nature of P(MAA-g-EG) WGA. This was done in two separate
experiments. The first experiment involved coating 96 well plates with pig gastric
mucin (PGM) and incubating P(MAA-g-EG) and P(MAA-g-EG) WGA with the
treated microplates. In a second experiment, microparticles were incubated with
a Caco-2 cellular monolayer. Caco-2 cells possess a glycocalyx that contains
carbohydrate binding sites for WGA. Both experiments demonstrated improved
adhesion of the P(MAA-g-EG) WGA microparticles. In addition, a competitive
carbohydrate was used in the PGM microplate experiments to confirm that the
improved binding of P(MAA-g-EG) WGA was due to the lectin-mucin interaction.
While these experiments were good initial steps to show improved adhesion, a
more ideal set-up would involve a flow through system as opposed to the static
binding experiments that were utilized.
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After functionalizing and testing the carriers, it was necessary to determine if
insulin could be successfully loaded and released from P(MAA-g-EG) WGA.
Insulin was entrapped within the hydrogel network with almost 75% efficiency
after a loading time of 2 hours.

Release studies demonstrated that insulin

release was limited at a low pH, while insulin was rapidly released from the
carrier at a neutral pH. The presence of the WGA did reduce loading efficiency
and insulin release by about 10% in comparison to unfunctionalized
microparticles.

It was concluded that the bulky nature of the avidin-WGA

complex does interfere to a certain extent with both the loading and release
process.
A potential area for future research would involve a change in the actual
molecule tethered to the PEG chain. Adding avidin (68 kDa) and WGA (36 kDa)
to a PEG chain creates a bulky end group, which could be reduced in size by
identifying the active binding site of WGA or by identifying smaller compounds
that bind with similar specificity. Currently, synthetic constructs have not been
identified for WGA, but it may be possible to use combinatorial chemistry
techniques to try and identify synthetic constructs.

Recent work in lectin

mimetics has identified synthetic constructs (<1.5 kDa) through combinatorial
chemistry that bind with similar specificity to Ulex europaeus agglutinin I (UEA I),
a lectin used to target M cells [14, 15].

Using a smaller compound for

functionalization could lead to a variety of improvements for the drug delivery
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system, with the main idea being to eliminate differences in loading and release
characteristics of functionalized carriers.
The next goal of this work was to perform several different cellular studies to
demonstrate the potential of P(MAA-g-EG) WGA as an oral insulin delivery
system. First, it was confirmed that P(MAA-g-EG) and P(MAA-g-EG) WGA were
not toxic to Caco-2 and HT29-MTX cells. This was important for two reasons,
with the first being that we wanted to show that the microparticles did not reduce
cell viability in either cell line, which we would be using later for drug transport
experiments.

Also, since it is expected that the microparticles would be

administered to patients several times a day, it was important to demonstrate that
the presence of the microparticles would not compromise the integrity of the
intestinal epithelial layer.
After completing cytotoxicity studies, drug transport studies were conducted with
two different intestinal epithelial models. Caco-2 cells, a standard cell line for
drug transport studies, and a co-culture of Caco-2 and HT29-MTX cells, a
mucus-secreting cell line, were used in the experiments. The goal of including
the HT29-MTX cell in the co-culture was to create a more accurate in vitro model
by more closely mimicking small intestinal resistance values and by the addition
of a mucus layer lining the cellular monolayer.
By co-culturing the Caco-2 cells with the HT29-MTX cells, resistance of the
cellular monolayer was in fact closer to small intestinal resistance values in vivo.
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A two-fold increase in apparent permeability (Papp) was observed for the insulin
solution in the co-culture, which confirmed differences between the two different
models for molecules transported by the paracellular route.

In addition, the

presence of the mucus layer did not create a significant diffusional barrier.
In evaluating TEER, P(MAA-g-EG) microparticles reversibly reduced initial
resistance values in the Caco-2 culture and there was also a concentration
dependent decrease in TEER values. This reduction in TEER was correlated to
an opening of the tight junctions, which was demonstrated by a 9-fold increase in
Papp for P(MAA-g-EG) as compared to the insulin only solution.
Microparticles did not seem to produce a significant reduction in TEER values in
the Caco-2/HT29-MTX monolayers. It is possible that the presence of the mucus
layer increased the distance of the microparticles from the apical side of the cells,
thus reducing their effect on TEER. Although, in insulin transport experiments,
the presence of microparticles still increased insulin transport 5-fold.

The

decrease in TEER in the presence of the microparticles might be less due to a
lower overall resistance of the co-culture. It was concluded that TEER may not
be the best way to measure modulation of tight junctions in the co-culture.
Future cellular work could be done to further investigate the mechanism by which
microparticles enhance transport in both cellular models. From this research and
previous research, it is believed that the predominant mechanism of transport is
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by the paracellular pathway.

Work using immunofluorescence staining for

proteins involved in the tight junction complex could help support this theory.
Another interesting experiment would be to incubate microparticles that were not
calcium chelators, such as latex microparticles, to confirm that improved
transport was not purely due to the physical presence of the microparticles. A
possible explanation for the greater reduction in TEER with the Caco-2 cells as
compared to the co-cultured cells could purely be due to mechanical disruption.
The presence of the mucus layer in the co-culture would reduce such an affect,
thus a study with another type of microparticle would be a good control study.
Although, it has been proven that the presence of P(MAA-g-EG) and P(MAA-gEG) WGA does improve insulin transport, as apparent permeability was
increased by 5-fold over an insulin control in the co-cultured cells.
The cellular studies showed that a mucus secreting cellular model could be a
beneficial tool for future drug transport studies. While the co-culture does not
have widespread acceptance as a standard for drug transport studies as the
Caco-2 cells have, there are many researchers that are starting to advocate the
importance of a mucus layer in evaluating drug candidates.
The final set of experiments involved animal studies to look at mucoadhesion and
insulin absorption within the small intestine. From the mucoadhesion study, we
demonstrated that 99% of the functionalized microparticles remained in the small
intestine after 1 hour. In comparison to the release profiles of insulin from the
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P(MAA-g-EG) WGA, 1 hour is a sufficient amount of residence time for insulin to
be released form the carrier.
Finally, the intestinal loop absorption study verified that insulin-loaded P(MAA-gEG) WGA significantly improves bioavailability of insulin as compared to an
insulin solution without microparticles. As discussed previously, the ability of the
carrier to protect insulin, reduce enzymatic activity, increase residence time, and
enhance permeation is the reason for the increase in the fraction of insulin that
reaches the bloodstream. This study did not show any significant difference in
insulin bioavailability for P(MAA-g-EG) or P(MAA-g-EG) WGA.
While the intestinal loop absorption studies demonstrated a significant increase
in bioavailability for P(MAA-g-EG) WGA over an insulin solution, further animal
studies need to be done to determine bioavailability by oral administration.
Future animal studies should focus on oral administration of microparticles in
gelatin capsules to diabetic rats in both fed and fasted states.
Overall, the experiments conducted have demonstrated the potential of P(MAAg-EG) WGA as an oral insulin delivery system. It is believed that continued
cellular and animal work will exhibit improved insulin transport and absorption
with P(MAA-g-EG) WGA.

Some of the suggestions for future work are to

improve the P(MAA-g-EG) WGA carrier by reducing the size of the functional
group. It is thought that reduction in the size of the functional group would still
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allow for the improved mucoadhesive characteristics while eliminating any
loading and release differences between P(MAA-g-EG) and P(MAA-g-EG) WGA.
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APPENDIX
A.1 Polymer Formulations
P(MAA-g-EG),1:1
MW

Mole

Wt(g)

86.00

0.04127

3.5495

PEGMMA-1000

1100.00

0.00182

2.0000

TEGDMA - (1 mol%of total monomer)

330.00

0.00043

Irgacure - (1.0 wt %of total monomer)

184.00

MAA

0.1422
0.0555

Water

18.00

2.7747

Ethanol

46.00

2.7747

Total monomer

0.04309

Total weight

5.5495
11.2966

Fluorescently Tagged Polymers
P(MAA-g-EG),1:1
MW

Mole

Wt(g)

86.00

0.04127

3.5495

PEGMMA-1000

1100.00

0.00182

2.0000

TEGDMA - (1 mol%of total monomer)

330.00

0.00043

Irgacure - (1.0 wt %of total monomer)

184.00

PolyFluor 407 (0.1 mol% of total monomer)

276.20

Water

18.00

Ethanol

46.00

MAA

0.1422
0.0555

0.00004

0.0119
2.7747
2.7747

Total monomer

0.04309

Total weight

5.5495
11.2966

PEG-Biotin Polymers
P(MAA-g-EG),1:1
MW

Mole

Wt(g)

86.00

0.04127

3.5495

PEGMMA-1000

1100.00

0.00182

2.0000

ACR-PEG-Biotin, 100nmol

3220.00

MAA

TEGDMA - (1 mol%of total monomer)

330.00

Irgacure - (1.0 wt %of total monomer)

184.00

0.00043

0.0555

0.1422

Water

18.00

2.7747

Ethanol

46.00

2.7747

Total monomer

0.04309

Total weight

5.5495
11.2966
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A.2 Av-B-WGA Functionalization
1. Weigh out 100 mg (500 mg) P(MAA-g-EG) 100 nmol biotin
mg
2. Add 20 ml (100 ml) 1X PBS, pH 7.4 to 50 ml (250 ml) beaker, slowly add
particles while agitating
3. Add 898 µL (4.49 ml) avidin stock solution, take 1x200 µL sample (A) (1:1
PEG-B:Avidin)
4. Let agitate for 30 min, let particles settle, take 1x200 µL sample (B)
5. Collapse particles with 0.350 ml 1 N HCl, take 1x200 µL sample (C)
6. Filter particles and wash with 20 ml (100 ml) H2O and 10 ml 1 X PBS, pH
7.4
7. Resuspend particles in 20 ml (100 ml) 1 X PBS, pH 7.4
8. Add 80 µL of 5 N NaOH
9. Take 1x200 µl samples (D) before adding B-WGA.
10. Add 143 µL (715 µL) B-WGA (c=5 mg/ml), take 1x200 µL sample (E)
11. Let react for one hour, let particles settle, take 1x200 µL sample (F)
12. Add ~0.500 ml (3.5 ml) 1 N HCl, check pH, should be ~3, let particles
settle, take 1x200 µL sample (G)
13. Filter particles and wash with 20 ml (100 ml) H2O
14. Run samples on HPLC using 80%water/20%Acetonitrile gradient
15. Make 1 ml Avidin and B-WGA standards of 50, 25, 12.5, 6.25 µg/ml from
stock solutions.
For avidin, use 50 µL stock solution and 950 µL PBS
For B-WGA, use 10 µL stock solution and 990 µL PBS
Only need one of each, standards should be diluted with PBS.
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A.3 Swelling Experiment Protocol
1. Make polymer film and cut into circular disks of 1 cm diameter. (Will need
3 disks for each time measurement)
2. Wash disks in DI water for 5-7 days to remove unreacted monomer.
3. Dry disks under vacuum overnight.
4. Make dimethylglutaric acid buffers at the desired pH values with constant
ionic strength.

pH
3.2
3.6
4.2
4.8
5.4
5.8
6.2
6.6
7.2
7.6

Composition ml/250ml soln.
3,3-Dimethylglutaric
NaOH
acid 0.1M (16.02 g/L)
0.2N
25.0
3.60
25.0
6.70
25.0
10.08
25.0
12.08
25.0
14.55
25.0
17.18
25.0
19.63
25.0
21.85
25.0
23.73
25.0
24.20

g NaCl (ionic
strength of 0.1M)
1.461
1.461
1.461
1.461
1.461
1.461
1.461
1.461
1.461
1.461

5. Measure weight of dry polymer disks.
6. Place dry disk for X min. in a 50 ml pH 3.2 buffer solution at 37°C. (X will
vary depending on experiment parameters)
7. Gently blot disk and weigh after removing from buffer.
8. Place disk in buffer solution of increasing pH for X min. (pH solutions will
range from 3.2 – 7.6)
9. Repeat steps 6 and 7 until the disk has been placed in all pH solutions.
10. Calculate swollen volume
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A.4 Insulin Loading Protocol
1. Sigmacote 4 beakers ( 3x50ml and 1x150ml) – Let air dry for 15 min. and
put in oven for 15 min.
2. Make insulin stock solution, total of 70ml, c=0.5mg/ml
3. 80% PBS, 10% HCl, 10% NaOH v/v
4. 35mg insulin

56ml 1X PBS, pH 7.4

7ml 0.1N HCl

7ml 0.1NNaOH

mg

ml

ml

ml

5. Dissolve insulin in PBS and HCl, then add NaOH to return to pH 7.4
6. Weigh out 140mg of polymer sample:
7. Sample #1

mg

#2

mg

#3

mg

8. Add 20ml of insulin stock soln . to each beaker. Take 200µl sample
before adding polymer (sample A). Replace with equal volume of PBS.
Filter samples with 0.22µm PVDF syringe filter.
9. Add polymer sample to insulin while beaker is stirring.
a. Slowly add polymer to prevent aggregates.
10. Let samples shake on shaker plate for 2 hours.
11. Let polymer settle and then take 200µl sample (sample B) and filter as
before.
12. Add 10ml 0.1N HCl to collapse particles and let sit for ~5 min. before
filtering, take 200µl sample (sample C).
13. Filter insulin soln. and particles using water aspiration filtration, wash with
20ml DI H20.
14. Put recovered particles in 15ml centrifuge tube and put in -80°C freezer for
30 min.
15. Remove particles and lyophilize for ~24 hrs. – 48 hrs.
16. Store particles in -20°C freezer in dessicator until use.
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17. Run samples A,B,C on HPLC using 70%water/30%Acetonitrile gradient
18. Make 1ml insulin standards of 0.5, 0.25, 0.125, 0.0625 mg/ml from leftover
stock solution. Only need one of each, standards should be diluted with
PBS.
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A.5 Insulin Release Protocol, pH 3.2 to pH 7.0
1. Sigmacote 4 small vessels the night before experiment.
2. Add 50ml of 0.1M DMGA, pH 3.2 to each vessel
For 1000ml 0.1M DMGA, pH 3.2
Add 1.602g DMGA, 14.4ml 0.2N NaOH, and 5.844g NaCl, make up to
1000ml with H2O
g DMGA

ml NaOH

g NaCl

Actual pH:
3. Set Distek to 100rpm and 37°C
4. Weigh out 10mg of sample 3x
Sample name:
#1

mg

#2

mg

#3

mg

5. Take 0.500ml samples at t=0, 5, 10, 15, 30, 60 min. and replace with
0.500ml of appropriate buffer.
6. Add ~160µL of 5N NaOH to raise pH~7
7. Take 0.500ml samples at t=0, 5, 10, 15, 30, 60, 120 and replace with
0.500ml of appropriate buffer.
8. Run samples on HPLC using 70%water/30%Acetonitrile gradient
9. Make 4ml insulin stock soln. (c=0.5mg/ml)
2.00mg Insulin

3.2ml 1X PBS, pH7.4

0.4ml 0.1N HCl

ml

mg

ml

0.4ml 0.1N NaOH
ml
Make 1ml standards of 0.5, 0.25, 0.125, 0.0625 mg/ml
Conc. (mg/ml)
0.5000
0.2500
0.1250
0.0625

Stock Soln. (µL)
500
250
125
62.5
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PBS (µL)
0
250
375
437.5

A.6 Cytotoxicity Protocol
1.

Make 1.5ml of each sample concentration. Suspend in HBSS.

2.

Heat solns. for 15min. at 37°C

3.

Return to laminar flow hood and run UV light for 15 min. to sterilize solns.

4.

Remove 96 well plate and record % confluency
________% confluency

________date medium last changed

________date cells seeded

________passage

5.

Remove growth medium from 96 well plate.

6.

Add 200µL of the desired microsphere conc. to each well.
1
A
B
C
D
E
F
G
H

2

3

4
2.5
2.5
2.5
2.5
2.5
2.5
0
0

5
1.0
1.0
1.0
1.0
1.0
1.0
0
0

6
0.5
0.5
0.5
0.5
0.5
0.5
0
0

7
2.5
2.5
2.5
2.5
2.5
2.5
0
0

8
1.0
1.0
1.0
1.0
1.0
1.0
0
0

9
0.5
0.5
0.5
0.5
0.5
0.5
0
0

10

11 12

Red – P(MAA-g-EG) WGA, 90-150µm
Blue – P(MAA-g-EG), 90-150µm
7.

Incubate 96 well plate with microspheres for 2 hrs.

8.

Remove microsphere mixture from each well.

9.

Rinse 3 times with 200µL HBSS in each well.

10. Dilute 2mL of MTS soln. in 10mL of HBSS (make sure to remove MTS
soln. from freezer so it can thaw)
11. Add 120uL of the assay soln. to each well and incubate for 90min.
12. Scan 96 well plate at 490nm using a plate reader.
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A.7 Cell Seeding Quantities

Caco-2 Cell Seeding Quantities
Culture Area Cell Density Total Cells Seeding Conc.
(cells/ml)
(cm2)
(cells/cm2) (~cells/well)
3
5
4
75.0
3.0 x 10
2.5 x 10
2.5 x 10
4
5
5
9.5
6.0 x 10
2.0 x 10
6.0 x 10
4
5
5
4.0
2.0 x 10
2.0 x 10
5.0 x 10
4
4
4
0.7
1.0 x 10
5.0 x 10
1.4 x 10
4
5
5
4.7
3.0 x 10
2.0 x 10
6.0 x 10
5
5
5
1.0
1.0 x 10
2.0 x 10
1.0 x 10

Total needed (ml)
of 2.0 x 105 cells/ml
1.25 (+ 8.75ml media)
19.0
13.0
5 (+ 15ml media)
10.0
7.0

Total Cells
per plate

Culture Area Cell Density Total Cells Seeding Conc.
(cells/ml)
(cm2)
(cells/cm2) (~cells/well)
4
6
5
75.0
2.0 x 10
1.5 x 10
1.5 x 10
4
5
5
9.5
6.0 x 10
2.0 x 10
6.0 x 10
4
4
5
0.7
2.0 x 10
1.0 x 10
2.8 x 10

Total needed (ml)
of 2.0 x 105 cells/ml
7.5 + 2.5ml media
19.0
10 (+ 10 ml media)

Total Cells
per plate

Total needed (ml)
Well Volume
Total Plate Culture Area Cell Density Total Cells Seeding Conc.
2
2
(cells/ml)*
(ml)
Volume (ml)
(cm )
(cells/cm ) (~cells/well)
of 2.0 x 105 cells/ml
4
5
5
9.5 C2 + 9.5 HT29
6-well
3.0
18.0
9.5
6.0 x 10
2.0 x 10
6.0 x 10
4
5
5
6.5 C2 + 6.5 HT29
1.0
12.0
4.0
12-well
2.0 x 10
2.0 x 10
5.0 x 10
4
5
5
6-transwell
1.5A/2.5B
9.0A/15.0B
4.7
5.0 C2 + 5.0 HT29
3.0 x 10
2.0 x 10
6.0 x 10
5
5
5
12-transwell
0.5A/1.5B
6.0A/18.0B
1.0
3.5 C2 + 3.5 HT29
1.0 x 10
2.0 x 10
1.0 x 10
5
5
5
*Seeding conc. of Caco-2 is 1x10 cells/ml and HT29-MTX is 1x10 cells/ml, so total seeding conc. is 2x10 cells/ml.

Total Cells
per plate

Plate Type
T-75 Flask
6-well
12-well
96-well
6-transwell
12-transwell

Well Volume
(ml)
10.0
3.0
1.0
0.2
1.5A/2.5B
0.5A/1.5B

Total Plate
Volume (ml)
10.0
18.0
12.0
19.2
9.0A/15.0B
6.0A/18.0B

5

2.5 x 10
6
3.8 x 10
6
2.6 x 10
6
1.0 x 10
6
2.0 x 10
6
1.4 x 10

HT29-MTX Cell Seeding Quantities
Plate Type
T-75 Flask
6-well
96-well

Well Volume
(ml)
10.0
3.0
0.2

Total Plate
Volume (ml)
10.0
18.0
19.2

6

1.5 x 10
6
3.8 x 10
6
3.8 x 10

Caco-2/HT29-MTX 1:1 Ratio Cell Seeding Quantities
Plate Type
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6

3.8 x 10
6
2.6 x 10
6
2.0 x 10
6
1.4 x 10

A.8 Insulin ELISA Protocol
(1-2-3 Bovine Insulin ELISA, Alpco Diagnostics, 08-10-1131-01, 96 wells)
S = Standard; A = Apical (t=0,3); B = Basolateral (t=0,.5,1,2,3); A1-0 = Apical
well 1, t=0
1. Bring all components to room temp.
2. Need to prepare 25µL of each sample. Dilute with DI H2O.
•

Apical 25,000x total dilution (100x, 50x, 5x)
i. 100x dilution, 10µL sample and 990µL DI H2O
ii. 50x dilution, 20µL sample and 980µL DI H2O
iii. 5x dilution, 0.2ml sample and 0.8ml DI H2O

•

Basolateral 10x dilution, 50µL sample and 450µL DI H2O

3. Prepare enzyme conjugate. Add 600µL 11x Enzyme Conjugate to 6ml
Enzyme Conjugate Buffer
4. Add 25µL of standard or diluted sample to appropriate well
5. Add 50µL of diluted Enzyme Conjugate to each well (repeater pipette)
6. Incubate on shaker plate for 2 hrs at 18-28°C
7. Prepare Wash Buffer. Add 35ml 21x Wash Buffer to 700ml of DI H2O
8. Aspirate reaction volume and fill each well with wash solution using
squeeze bottle. Discard liquid completely, repeat 5 times. After final
wash, invert and tap plate firmly against absorbent paper.
9. Add 200µL of TMB Substrate Solution (light sensitive solution) into each
well (repeater pipette).
10. Incubate for 15min. at 18-28°C (protect from direct light)
11. Add 50µL of Stop Solution to each well. Mix on plate shaker for 5 sec.
12. Read absorbance at 450nm (must read within 30min), reference
measurement at 650nm.
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A.9 Summary of Drug Transport Studies Across Cellular Monolayers in the Presence of P(MAA-g-EG)
Investigator

Carrier

Size

P(MAA-g-EG)

<150 µm

P(MAA-g-EG)

<150 µm

Carrier Conc.
(mg/ml)

Ca2+ Conc. (mM)
Apical
Basolateral

Drug

Drug Conc.
(mg/ml)

6.67

Insulin
Insulin

0.161
0.161

1.26
1.26

1.26
1.26

11.60
7.70

6.67

Insulin
Insulin

0.161
0.161

0.00
0.00

0.20
0.20

247.80
11.80

Papp (cm/s) x 109

Ichikawa et al.

These values are reliable…insulin control is a little bit higher than what others report. The second expt. used no Ca2+ in the apical chamber and
siginificantly reduced TEER, thus causing a 20-fold increase in insulin transport. Provides evidence of microparticles to chelate calcium and supports
paracellular transport mechanism.
Torres-Lugo et al.
Apical to Basolat P(MAA-g-EG)

475 nm

10.00

Calcitonin
Calcitonin

0.080
0.080

0.00
0.00

0.20
0.20

235.2
109.8

Basolat to Apical P(MAA-g-EG)

475 nm

10.00

Calcitonin
Calcitonin

0.080
0.080

0.00
0.00

0.20
0.20

183.5
111.2

Calcitonin transport doesn't increase as much as insulin transport. All of the experiments were done in the absence of Ca 2+ in the apical chamber, so
would've expected a larger increase between control and microparticles. Possibly due to a low initial conc. of calcitonin in comparison to the initial conc.
of insulin. It's possible that a lot of the calcitonin was being loaded into the microparticles.
Did studies to compare 1 MAA:1 EG and 4 MAA:1 EG...1:1 seemed to enhance transport, but it was concluded that microparticle composition had little
effect on transport.
There is little difference btwn A-B and B-A transport, more evidence to support paracellular transport. Also did a lot of work with other paracellular
markers (FD-4, mannitol) and looked at dependence of transport on temp. Concluded that there was a reduction in peremeability due to temp., but all
paracellular markers had a decrease. Therefore, decrease in permeability was due to a decrease in membrane fluidity. Further evidence to support
paracellular transport mechanism.
There was some suggestion that the presence of PEG chains induced an active transport mechanism for fluorescein sodium salt. It was an
interesting theory, but would still need further investigation.
There seems to be a lot of information in her thesis that can't be found in the published papers.
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Investigator

Carrier

Size

Carrier Conc.
(mg/ml)

Drug

Drug Conc.
(mg/ml)

Insulin
Insulin
Insulin
Insulin
Insulin

0.200
0.200
0.200
0.200
0.200

Ca2+ Conc. (mM)
Apical
Basolateral

Papp (cm/s) x 109

Foss et al.
P(MAA-g-EG)
P(MAA-g-EG)
2 AA: 1 EG P(AA-g-EG)
2 AA: 1 EG P(AA-g-EG)

250 nm
90-150 µm
250 nm
90-150 µm

5.00
5.00
5.00
5.00

1.26
1.26
1.26
1.26
1.26

1.26
1.26
1.26
1.26
1.26

0.162
0.193
0.194
0.212
0.111

Presence of AA decreased TEER more than MAA…more carboxylic groups in the AA. All of the transport values were lower in comparison to the
already published work. Not sure why the microparticles did not enhance transport as significantly as they did for Ichikawa, Kavimandan, etc.
Lopez et al.
P(MAA-g-EG)
150-212 µm
13.33
Insulin
Insulin-loaded P(MAA-g-EG)
150-212 µm
Insulin
-9
-9
*Originally published as 12,700 x 10 cm/s and 4,690 x 10 cm/s, respectively.

0.200

1.26
1.26

1.26
1.26

9.82*
3.37*

Tough to say whether or not the results are reliable, since it doesn't appear that she ran an insulin control. It is the only published work using insulinloaded microparticles and as expected transport was lower b/c of time for insulin to diffuse out of the polymer. I don't know if her calculations took into
account that the conc. in the apical chamber is not constant, but varies with time. It would make a difference in the calculated permeability.
Other work was done to look at effect of PEG chain length and microparticle size. Again, without an insulin control, it's hard to draw significant
conclusions, but it doesn't appear that either played a big factor in insulin transport.

Kavimandan et al.
P(MAA-g-EG)

150-212 µm

5.00

Insulin
Insulin

0.200
0.200

1.26
1.26

1.26
1.26

6.44
1.08

P(MAA-g-EG)

150-212 µm

5.00

Insulin-Transf.
Insulin-Transf.

0.200
0.200

1.26
1.26

1.26
1.26

24.00
16.30

Transport work was good. Values were in good agreement with the previously published results. Does nice work with transferrin to show that there is
transcellular transport taking place with the conjugate. Could also do a transport experiment at a low temp. to confirm that the conjugate is transported
transcellularly, since active transport does not usually occur below 37. Conjugate alone enhances transport over microparticles + insulin...best results
were with conjugate + microparticles. Provides strong evidnce that both para- and transcellular mechanisms should be exploited to improve insulin
transport. Only question that would need to be answered is regarding insulin activity of the conjugate.
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Investigator

Carrier

Size

Carrier Conc.
(mg/ml)

Drug

Drug Conc.
(mg/ml)

Ca2+ Conc. (mM)
Apical
Basolateral

Papp (cm/s) x 109

Wood et al.
Caco-2 P(MAA-g-EG)
90-150 µm
P(MAA-g-EG) WGA 90-150 µm

1.00
1.00

Insulin
Insulin
Insulin

0.200
0.200
0.200

1.26
1.26
1.26

1.26
1.26
1.26

14.21
15.15
1.61

Caco-2/HT29-MTX P(MAA-g-EG)
90-150 µm
P(MAA-g-EG) WGA 90-150 µm

1.00
1.00

Insulin
Insulin
Insulin

0.200
0.200
0.200

1.26
1.26
1.26

1.26
1.26
1.26

15.01
15.20
2.98

Work looks at microparticles functionalized with WGA. Transport experiments do not show any difference btwn functionalized and non-functionalized
microparticles. Did have a higher increase in transport (9-fold) than previously reported…possibly due to these experiments using the lowest
microparticle conc, thus loading of microparticles during the experiment would be less significant.
Also, looked at co-culture of cells. Microparticles enhanced transport less in this cellular model, but still improved transport 5-fold. Co-culture is
promising b/c of the addition of the mucus layer. Experiments with no Ca2+ in the apical chamber and minimal amounts of Ca2+ in the basolateral
chamber might lead to a greater reduction in TEER. This work still supports that paracellular transport is the dominant mechanism of transport, but
further investigation should be done with the co-culture to determine why there is a less significant enhancement in transport with the microparticles.

Blanchette et al.
P(MAA-g-EG)

375 nm

20.00

Bleomycin
Bleomycin

0.2
0.2

1.26
1.26

1.26
1.26

35.7 µg
27.0 µg

P(MAA-g-EG)
P(MAA-g-EG)

375 nm
375 nm

20.00
20.00

Bleomycin
Bleomycin

0.1
0.1

1.26
0

1.26
1.26

5.7 µg
32.8 µg

This work is different in that it looked at a small MW drug. Nanospheres did not significantly enhance transport over control. The conclusion was that
the bleomycin was actually loaded into the nanospheres. Did show transport enhancement in minimal Ca2+ conditions, which supports the loading
theory. There was also work done to show no differences in A-B and B-A transport, thus concluding that the paracellular route was the predominant
mechanism of transport. All transport values were reported as total mass transported and not as permeability values.
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