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Small molecule chemotherapy drugs used in clinical practice are plagued by
dose-limiting side effects due to off-target toxicities. In addition, because of their
low water solubility and poor bioavailability, they must be administered
intravenously, leading to high treatment costs and recurring hospital visits. There is a
significant need for therapies that improve the bioavailability of chemotherapy agents
and enhance specific drug release in the tumor environment.

Dendrimers, a class of highly-branched, nanoscale polymers, share many
characteristics with traditional polymeric carriers, including water solubility, high
capacity of drug loading and improved biodistribution. Poly (amido amine)
(PAMAM) dendrimers have shown promise as oral drug carriers due to their compact

size, high surface charge density and permeation across the intestinal epithelial
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barrier. Attachment of chemotherapy drugs to PAMAM dendrimers has the potential
to make them orally administrable and reduce off-target toxicities.

In this dissertation we investigate the transport mechanisms of PAMAM
dendrimers and their potential in oral drug delivery. We demonstrate that anionic
G3.5 dendrimers are endocytosed by dynamin-dependent mechanisms and their
transport is governed by clathrin-mediated pathways. We show that dendrimer
cellular internalization may be a requisite step for tight junction opening. We also
demonstrate that conjugation of small poly (ethylene glycol) chains to anionic
dendrimers decreases their transport and tight junction opening due to reduction in
surface charge, illustrating that small changes in surface chemistry can significantly
impact transepithelial transport. Knowledge of transport mechanisms and the impact
of surface chemistry will aid in rational design of dendrimer oral drug delivery
systems.

The potential of dendrimers as oral drug delivery carriers is demonstrated by
the evaluation of G3.5 PAMAM dendrimer-SN38 conjugates for oral therapy of
hepatic colorectal cancer metastases, a pathology present in over 50% of colorectal
cancer cases that is responsible for two-thirds of deaths. Conjugation of SN38, a
potent chemotherapy drug with poor solubility and low bioavailability, to PAMAM
dendrimers via a glycine linker increased intestinal permeability, decreased intestinal
toxicity and showed selective release in the presence of liver carboxylesterase,
illustrating that PAMAM dendrimers have the potential to improve the oral

bioavailability of potent anti-cancer therapeutics.
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Chapter 1 : Introduction

1.1 Introduction
1.1.1 Polymer Therapeutics

Carrier-based drug delivery strategies have been used to improve the therapeutic
profile of small molecule drugs by enhancing uptake at the site of action and minimizing
off-target effects. In particular, water-soluble polymer-based drug delivery systems can
improve the efficacy of therapeutically active compounds with intrinsically poor water
solubility and high toxicity [1]. In the field of nanomedicine, carriers such as polymeric
nanoparticles and liposomes have also shown promise in altering the biodistribution of
drugs, improving efficacy and enhancing intracellular accumulation [2]. Importantly,
targeting moieties and imaging agents can be conjugated to delivery vehicles, making
such carriers ideal for multifunctional drug delivery [3].

Chemotherapy drugs are promising candidates for drug delivery strategies
because they are often plagued by poor water solubility and dose-limiting toxicities.
Conjugation of chemotherapeutics to linear water-soluble polymers such as poly
(ethylene glycol) (PEG) and N-(2-hydroxypropyl)methacrylamide (HPMA) copolymers
can improve their therapeutic profile by increasing the drug concentration at the tumor
site due to enhanced permeability and retention in the leaky tumor vasculature [4]. In
addition, targeting moieties can be conjugated to the polymer backbone to further
enhance tumor-specific uptake. Finally, drug linkers can be designed to release the drug

from the polymer in the tumor environment in response to pH changes or specific
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enzymes [5]. Increased tumor accumulation and selective release improve the overall
therapeutic profile compared to the free drug by increasing the concentration of drug at
the site of action and reducing side effects caused by drug accumulation in off-target

tissues [6].

1.1.2 Oral Drug Delivery

Due to their low water solubility and poor bioavailability, chemotherapy agents
are traditionally administered intravenously, requiring recurring hospital visits and
significant direct and indirect costs to the patient [7]. While conjugation to water-soluble
polymers can improve their solubility, the large size of these macromolecular constructs
necessitates intravenous administration. Because of the strong patient preference for oral
therapy and the numerous advantages of polymeric drug delivery systems, there is a
significant need for development of orally administrable polymer-drug conjugates that
can improve the oral bioavailabilty of the drug as well as target the drug to the tumor site.
Advantages of oral chemotherapy include the convenience of at-home administration,
reduction of costs associated with hospital procedures and with transportation to and from
the treatment center, a more flexible dosing regimen and a decreased burden on hospitals
and the healthcare system [8, 9].

Oral delivery is challenging because systems must have appropriate solubility,
stability in the gastrointestinal pH and enzymatic environment, and the ability to
permeate the epithelial barrier of the gut. The mucosa of the intestinal tract is composed
of polarized enterocytes that form a tight barrier to transport, preventing the diffusion of

many molecules based on size, shape and charge [10]. In addition, compounds must have
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some degree of lipophilicity to be transported via passive diffusion, otherwise, they are
relegated to the paracellular pathway which is generally limited to small hydrophilic
molecules of 100-200 Da [11]. Therefore, oral delivery of polymer-drug conjugates

while convenient and beneficial to the patient is also challenging.

1.1.3 Poly (amido amine) Dendrimers

Dendrimers, a class of highly branched polymers, have been shown to be effective
drug delivery vehicles due to their unique physical properties including near
monodispersity and nanoscopic size [12, 13]. With each increase in dendrimer
generation, the diameter increases linearly while the number of surface groups increases
exponentially. This creates a high density of surface groups that can be conjugated to
drug molecules, targeting moieties, and imaging agents, making dendrimers a versatile
drug delivery platform [14]. Dendrimers are more compact than traditional linear
polymers and thus show potential in oral drug delivery. Specifically, poly (amido
amine) or PAMAM dendrimers have shown promise as oral drug delivery carriers due to
their nanoscale size and high surface charge density.

Originally developed by Tomalia in 1979, PAMAM dendrimers have an ethylene
diamine core, an amido amine branching structure and are commercially available as
cationic “full” generations (G1, G2, etc.) with amine-terminated branches, and anionic
“half” generations (G1.5, G2.5, etc.) with carboxylic acid terminated branches. Previous
studies indicate that PAMAM dendrimers in a specified size and charge window can
effectively cross the intestinal epithelial barrier, making them suitable as drug delivery

carriers for poorly water-soluble chemotherapeutics [15-20]. While it has been firmly
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established that generation, charge and surface chemistry influence PAMAM dendrimer
transport across the epithelial barrier, more needs to be done to investigate how surface
modification and drug conjugation impact the degree and mechanism of dendrimer
transport. In addition, chemical linkers that promote stability of the dendrimer-drug
conjugate in the gastrointestinal milieu while favoring release of drug in the tumor

environment must be developed to achieve a functional delivery system.

1.1.4 SN38

Because of its low water solubility and poor bioavailability, SN38 (7-ethyl-10-
hydroxy-camptothecin) is an ideal candidate for polymeric delivery strategies. SN38 is
the active metabolite of Irinotecan, a water-soluble camptothecin analogue that is
commonly used for treatment of metastatic colorectal cancer [21]. With more than
140,000 new cases of colorectal cancer each year and over 51,000 deaths projected in
2010, there is a significant need for novel, targeted therapies for colorectal cancer [22].
The most common site of colorectal cancer metastasis is the liver, with over 20% of
patients presenting liver metastases at the time of diagnosis and 50% in the duration of
the disease [23]. These liver metastases are responsible for two-thirds of all colorectal
cancer deaths, indicating the grave need for novel treatments of this condition. SN38
works by inhibition of topoisomerase-1, and shows 100-1000 fold greater in vitro activity
than Irinotecan. However, it has had limited clinical success due to poor water solubility
and adverse gastrointestinal effects. Therefore a delivery system that improves SN38

water solubility, decreases gastrointestinal toxicity and targets SN38 to liver metastases
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has the potential to significantly improve its therapeutic profile and increase the efficacy

of colorectal cancer treatment.

1.2 Specific Aims

This dissertation seeks to investigate the mechanisms of transepithelial transport
of anionic PAMAM dendrimers and their conjugates with SN38 and PEG, with the long-
term goal of delivering SN38 orally to colorectal cancer metastases in the liver. The
global hypothesis of the dissertation is that anionic PAMAM dendrimers can be used to
improve the oral bioavailability of SN38 for the treatment of colorectal hepatic
metastases and that the degree and mechanism of transepithelial transport of PAMAM
dendrimers will be impacted by surface modification and drug loading. This global
hypothesis was investigated by the following three Specific Aims:

1. To determine the transepithelial transport mechanisms of anionic G3.5
PAMAM dendrimers across Caco-2 monolayers as a model of the intestinal epithelial
barrier.

2. To evaluate the toxicity, transport and uptake of G3.5-SN38 conjugates in
Caco-2 cell monolayers and the stability of the conjugates in simulated gastrointestinal
and liver environments.

3. To investigate the impact of surface modification of anionic PAMAM
dendrimers with PEG on cytotoxicity, uptake, and transepithelial transport in Caco-2

cells.
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These Specific Aims are designed to test the following three hypotheses:

1. Transepithelial transport of anionic PAMAM dendrimers occurs via several
pathways including transcytosis, governed by specific endocytic mechanisms, and
paracellular transport, driven by dendrimer-mediated tight junction opening.

2. Conjugation of SN38 to G3.5 dendrimers via a glycine or -alanine peptide
linker will increase SN38 permeability while reducing intestinal toxicity. The conjugates
will be stable in the gastrointestinal environment and will release SN38 in the presence of
liver carboxylesterase.

3. Conjugation of PEG to anionic dendrimers will influence uptake and transport

across Caco-2 cell monolayers.

1.3 Scope and Organization

Chapter 2 provides background on the benefits and challenges of oral drug
delivery as well as the current strategies used to improve oral bioavailabilty and the
laboratory methods used to predict oral absorption. Chapter 2 also offers background on
dendrimers, a detailed description of PAMAM dendrimers and a literature review of
current knowledge on these polymers in the context of oral drug delivery [24]. In
addition, colorectal cancer and current limitations and delivery strategies for SN38 are
reviewed in this Chapter. Chapter 3 describes the mechanisms of transport, uptake,
intracellular trafficking and tight junction opening of native, anionic G3.5 PAMAM
dendrimers in Caco-2 cells [25]. In particular, Chapter 3 explores the role of endocytosis
in dendrimer tight junction opening. In Chapter 4, G3.5-SN38 conjugates are evaluated

for their potential in oral drug delivery [26]. Specifically, their intestinal toxicity,
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stability in simulated gastrointestinal environment and in the presence of liver
carboxylesterase as well as their cellular uptake and transport across Caco-2 monolayers
and efficacy in HT-29 cells are investigated. Chapter 5 describes the evaluation of PEG
surface modification of G3.5 and G4.5 dendrimers in the context of oral drug delivery,
specifically examining the impact of PEGylation on dendrimer cytotoxicity, uptake,
transport and tight junction modulation in Caco-2 cell monolayers [27]. Finally, Chapter

6 summarizes the major findings of this dissertation and suggests future directions for

this research.
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Chapter 2 : Background

2.1 Introduction

The objective of drug delivery science is to control the spatial and temporal
distribution of a drug molecule in the body in order to improve therapeutic effect and/or
reduce toxicity [28]. Drug delivery technologies can alter a drug’s solubility, absorption,
metabolism, elimination and biodistribution in vivo. One of the most common drug
delivery strategies is to attach therapeutic compounds to “carriers” by physical and
chemical mechanisms, with the overall goal of modifying the drug’s biodistribution and
controlling release from the carrier. Examples of drug delivery carriers include
nanoparticles, micelles, liposomes and water-soluble polymers [29-31]. These advanced
“formulation strategies,” can be modified to yield an optimized delivery system for the
cargo, which can improve the therapeutic index compared to the free drug. In this
dissertation we will explore poly (amido amine) (PAMAM) dendrimers as oral drug
delivery vehicles for anti-cancer therapeutics. This chapter will provide the pertinent
background on the concepts of polymeric drug delivery, oral drug delivery, dendrimers,
colorectal cancer and SN38 as well as a literature review on the current state of

knowledge on poly (amido amine) (PAMAM) dendrimers as oral drug delivery carriers.

2.2 Polymeric Drug Delivery

Polymeric systems are among the most widely used drug carriers. Although

synthetic polymers were used as early as the 1830’s in the field of materials science [32],

www.manaraa.com



water-soluble polymers were not conceptualized for use as targeted drug delivery systems
until 1975 when Ringdsorf first wrote of “pharmacologically active polymers” [33]. In
this concept, a drug molecule is covalently conjugated to a polymeric carrier through a
selectively degradable chemical linker, which releases the drug at the site of action.
Targeting moieties are conjugated to the polymer in order to enhance the accumulation of
the polymer-drug conjugate at the site of action, maximizing efficacy and minimizing
non-specific toxicities. Several properties of the polymer backbone, including chemical
composition, molecular weight and architecture, can be tailored for a given drug delivery
application. In addition, the number of drug molecules, choice of chemical linker and
type of targeting moiety can be modified to create an optimized polymeric drug delivery

system [6]. A schematic of polymer-drug conjugate design is shown in Figure 2.1.

2.2.1 Therapeutic Advantages of Polymer-Drug Conjugates in Chemotherapy

One of the most common applications of polymer-drug conjugates is in the delivery
of anti-cancer therapeutics. Because chemotherapy drugs have high potency but low
selectivity, their use is severely limited by unintended toxic effects to healthy tissues
[34]. Conjugation of chemotherapeutics to polymeric carriers has the capacity to
improve their therapeutic index by enhanced drug accumulation at the tumor site with
fewer off-target effects [35]. One of the most widely studied properties of polymeric
drug delivery systems is the enhanced permeability and retention (EPR) effect. The EPR
effect, coined by Hiroshi Maeda, describes the propensity of macromolecules to

accumulate in solid tumors [36]. Because of the rapid angiogenesis associated with solid
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Figure 2.1. Design and Optimization of Polymer-Drug Conjugates. Several parameters
can be optimized when designing polymer-drug conjugates including polymer backbone
composition, molecular weight and architecture, drug cargo identity and amount, type of

chemical linker and nature of targeting moiety.
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tumor formation, tumors have dense and leaky vasculature. This leaky tumor
vasculature, coupled with the long half-life of macromolecules, leads to higher
accumulation of polymer-drug conjugates in the tumor compared to other tissues that
have lesser fenestrations in endothelial cell layers. Thus, passive targeting by the EPR
effect allows for accumulation of the drug at the tumor site, improving the therapeutic
index compared to the free drug. Moreover, conjugation of antibodies and ligands to the
polymer backbone that target specific receptors over-expressed on tumor cells can
enhance tumor accumulation [37]. The ability of polymers to serve as backbones for the
conjugation of drugs, targeting moieties and imaging agents makes them powerful
multifunctional delivery systems.

In addition to promoting drug localization at the tumor site, polymer-drug
conjugates can also be designed to optimize drug release at the site of action [6]. There
are several chemical linkers that are cleaved by select enzymes. For example, the amino
acid sequence Gly-Phe-Leu-Gly (GFLG) has been shown to be selectively cleaved by
cathepsin B, which is over-expressed in the lysosomes of tumor cells [38]. This linker
can be used to optimize drug release in the tumor environment, thus minimizing side
effects. A commonly used linker in the context of colonic delivery is the azo spacer [39].
Azo spacers are cleaved by azo-reductase enzymes produced by bacteria in the colon,
confining drug release to the colonic environment. Therefore, appropriate drug linker
selection allows for specific release in the target site and further enhances the therapeutic

effect of polymer-drug conjugates.
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2.2.2 Polymer-Drug Conjugates Currently in Clinical Trials

There are several promising polymer-drug conjugates that are currently being
evaluated in clinical trials. Two HPMA (N-(2-hydroxypropyl) methacrylamide)-based
systems are currently in clinical trials for the delivery of Doxorubicin and Platinate [40].
FCE 28068 contains Doxorubicin conjugated to 30 kDa HPMA copolymer via a GFLG
spacer. FCE28068 showed 2-5 fold less toxicity than free Doxorubicin with tumor
responses documented in breast, non-small cell lung cancers and hepatocellular
carcinoma [41, 42]. AP5346 is also in Phase II clinical trials and contains DACH
(diaminocyclohexane) platinum, the active form of the marketed drug Oxaliplatin,
conjugated to 25 kDa HPMA copolymer via a pH sensitive linker. AP5346 showed
promising pre-clinical activity in 11 different tumor models and has shown both safety
and efficacy in ovarian cancer in clinical trials [43]. In addition, poly (ethylene glycol)
(PEQG) is currently being evaluated in clinical trials for the administration of
Camptothecin, SN38, Irinotecan, Docetaxel and Paclitaxel [44].

The most advanced polymer-drug conjugate currently in late stage Phase 11
clinical trials is PG-TXL, a conjugate of poly (L-glutamic acid) and Paclitaxel [45]. While
this polymeric conjugate was originally synthesized to improve the solubility of
Paclitaxel, preclinical studies showed enhanced tumor accumulation of PG-TXL compared
to free Paclitaxel, contributing to its improved efficacy [46]. In addition, cathepsin B,
which is over expressed in tumor cells, was found to proteolytically degrade the PG
backbone, allowing for targeted release of Paclitaxel at the tumor site. Clinical trials in
several different tumor types demonstrated that PG-TXL was as effective as Paclitaxel,

but it did not demonstrate superior efficacy as has been shown in the preclinical studies.

12
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However, PG-TXL had several advantages over Paclitaxel, namely a reduction in the
incidence of hair loss, nausea and hypersensitivity reactions, which are often limiting
factors for chemotherapy. These trials demonstrate the promise for the clinical
application of polymer-drug conjugates, as well as challenges they face in translation to

the clinic.

2.3 Administration of Drugs via the Oral Route

Administration of drugs via the oral route is preferred by patients owing to its
convenience and comfort, generally leading to higher patient compliance compared to
parenteral treatments and self-administration routes such as transdermal and inhalation.
In addition, oral drug administration provides a more flexible dosing regimen and a lower
burden on hospitals and the healthcare system [8, 9]. Finally, in diseases such as cancer,
oral therapy minimizes treatment costs due to hospital procedures as well as indirect costs
associated with lost time at work, transportation to and from the treatment center and
additional childcare [7].

Oral delivery of therapeutics is challenging because drugs must have appropriate
solubility, stability in the gastrointestinal pH and enzyme environment, and the ability to
permeate the epithelial barrier of the gut [47]. Unfortunately, many current
chemotherapy drugs are poorly water soluble with low oral bioavailability, necessitating
administration by the intravenous route, which requires recurring hospital visits and
significant direct and indirect costs to the patient. Because of the strong patient
preference for oral therapy, much research is being done to find alternative orally

administrable chemotherapy drugs that are as effective as traditional intravenous
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therapies and preferably with lower off-target toxicities [48]. This section will provide

the necessary background on oral drug administration.

2.3.1 Physiology of the Gastrointestinal Tract
2.3.1.1 Compartments and Functions

The gastrointestinal tract is composed of several unique sections which each have
a distinct pH, residence time, absorptive area and group of enzymes which must be
considered for oral drug delivery [49]. The gastrointestinal tract begins with the oral
cavity where the drug comes in contact with saliva. With the exception of specially
designed sublingual and buccal formulations, negligible drug absorption occurs in the
oral cavity. After passage down the esophagus, the drug encounters the stomach. The
stomach is lined with approximately 3.5 million gastric pits, which contain cells that
secret mucus and gastric juice. This gastric juice contains hydrochloric acid, which
maintains the acidic pH of the stomach, as well as pepsin. Thus, any drug that enters the
stomach must be resistant to acidic conditions and proteolysis by pepsin to prevent
premature degradation. The contents of the stomach are emptied at regular intervals,
which are dependent on the fasted or fed state of the individual, amongst other factors
including disease state or drug treatment. After these pulsatile waves, the entire content
of the stomach is propulsed into the small intestine [49].

The small intestine serves as the major absorptive site in digestion and contains
three distinct sections: the duodenum, jejunum and ileum. Absorption is favored by a
large surface area due to mucosal folds and villous formation thereby maximizing the

number of intestinal absorptive cells that come into contact with the luminal contents. In
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addition, the large blood flow to the small intestine serves to maintain the concentration
gradient across the intestinal barrier, again, enhancing absorption of nutrients and drug
molecules. Biliary secretion from the gallbladder into the duodenum enhances absorption
of lipids by formation of mixed micelles, and lipid digestion is promoted by lipase
enzymes secreted by the pancreas. In addition, Brunners glands, located in the
duodenum, secrete bicarbonate and neutralize the acidic stomach contents. This neutral
pH promotes enzymatic activity in the small intestine and influences the charged state of
drug molecules, which can enhance absorption. Food can also influence the absorption
of drugs by binding to the drugs or competing for intestinal transporters. Another
potential barrier to absorption is the thick mucus layer that lines the intestinal epithelium,
which creates a formidable barrier to drug diffusion. In order to successfully penetrate
through mucus, drugs must be small enough to avoid encumbrance by the dense mucin
fiber mesh and avoid adhesion to the fibers [50]. Post-epithelial structures include the
intraepithelial lymphocytes, basement membrane and lamina propria mononuclear cells.
These specialized elements of the gut-associated lymphoid tissue contribute to the
mucosal immune response and present antigens to the lymphatic system, but do not
present a significant barrier to transport [51]. Once drugs and nutrients are absorbed in
the small intestine, they are transported through the hepatic portal vein and undergo first-
pass metabolism in the liver before entering systemic circulation [49].

Materials that are not absorbed in the small intestine are transferred to the large
intestine for further processing. The large intestine is populated by a wide range of
bacteria that produce enzymes to further break down foods and drugs. Finally, the

material is cleared from the large intestine and is transferred to the colon. Table 2.1
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Table 2.1. Physiology of the Gastrointestinal Tract

Compartment Absorptive Residence time Fasted pH Enzymes
Area (mz)
Oral cavity - - 7.0 Amylase
Esophagus 0.02 35s 6.0-7.0 -
Stomach 0.1 2-8 h 1.3-2.1 Pepsin, lipase
Small Intestine: 200 Peptidases,
-Duodenum 5 min 5.5-6.5 lipases,
-Jejunum 1-2h 6.1-7.1 amylase
-Ileum 2-3h 7.0-8.0
Large Intestine 0.3 15-48 h - Diverse
bacterial
enzymes
Colon 0.25 - 8.0 -
Rectum - - 7.0 -
(Adapted from [49])
16
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summarizes the major compartments of the gastrointestinal tract as well as the absorptive

area, residence time, pH and enzymatic activity in each compartment [49].

2.3.1.2 Intestinal Epithelial Barrier

The intestinal epithelial barrier is the main site of intestinal absorption of drugs
and nutrients. This barrier forms a boundary between the “external environment” and the
“internal environment” and is designed to allow for the absorption of nutrients while
preventing transport of “undesirable” components such as bacteria or toxins. While
epithelial barriers like the skin are designed to be virtually impermeable, the intestinal
epithelial barrier must be selectively permeable to permit fluid exchange and nutrient
absorption, and is therefore relatively leaky in comparison [52]. The intestinal epithelium
contains a monolayer of columnar absorptive cells, or enterocytes, that are oriented with
the “apical membrane” facing the intestinal lumen and the “basolateral membrane” facing
the serosal side. The apical membrane contains a brush border of microvilli that, together
with mucosal and villous folds, are responsible for the large absorptive surface area of the
small intestine [53]. In addition to the absorptive cells, the intestinal barrier also contains
specialized M-cells (microfold cells) located in Peyer’s patches of the gut-associated
lymphoid tissue. These cells continuously sample antigens in the intestine and present
them to the mucosal lymphoid tissue for initiation of the immune response [54]. M-cells
have been popular targets for viral drug delivery vectors as well as nanoparticles.
Finally, the intestinal epithelium is covered by a mucus layer, which is secreted by the
intestinal goblet cells, and prevents large particles from approaching the epithelial barrier

and especially, protects the sensitive intestinal crypt region. In addition, the mucus
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serves as an unstirred layer, slowing the absorption of nutrients by limiting diffusion to
the intestinal cells. The mucus layer can also enhance absorption of compounds produced
by brush border enzymes by preventing diffusion of these molecules back into the
intestinal lumen [53].

The integrity of the intestinal epithelial barrier is maintained by three types of
cell-to-cell contacts: tight junctions, adherens junctions and desmosomes [53].
Desmosomes and adherens junctions form the cell-to-cell contacts that maintain the
integrity of the barrier and allow for communication between the intestinal cells. Tight
junctions are formed at the apical side of the epithelial barrier and serve to regulate the
passage of hydrophilic molecules between the intestinal cells. The structure of the tight
junctions as well as the mechanism by which they regulate paracellular permeability is
discussed in detail in Section 2.3.1.3. A schematic showing the major proteins involved
in cell-to-cell junctions is shown in Figure 2.2. Genetic mutations that compromise
intestinal barrier function are responsible for the pathology of several intestinal diseases
including Crohn’s disease, ulcerative colitis and Celiac disease [52]. These conditions
illustrate the importance of preserving the integrity of the gastrointestinal barrier to

maintain healthy function.

2.3.1.3 Tight Junction Biology: Structure and Function

Tight junctions regulate the openings between the epithelial cells, allowing for
paracellular transport. Although the function of tight junctions has been known for
decades, the precise protein composition and function of tight junctions was not

discovered until the 1990°s [55]. Occludin, a 65 kDa transmembrane protein, was the
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Figure 2.2. Major Proteins Involved in Tight Junctions, Adherens Junctions and
Desmosomes between the Intestinal Epithelial Cells. In the tight junctions MLCK is

myosin light chain kinase and ZO-1 is zonulla occludens 1. (Adapted from [53].)
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first tight junction protein to be isolated, and was reported by Furuse and colleagues in
1993 [56]. The cytosolic face of occludin is thought to interact with several zonulla
occludens (ZO) as well as actin [57]. Subsequently, the same group reported the
involvement of claudins in tight junctions in 1998 [58, 59]. There have been 18 different
claudins reported with specific claudins being expressed in certain cell and tissue types
[57]. Like occludin, claudins also interact with ZO proteins. Both occludin and claudin
were examined in knockout studies and were found to be critical for tight junction
function. Junction adhesion molecule (JAM) has also been implicated in tight junctions
[60]. Finally, tricellulin, a 64 kDa polypeptide discovered in 2005, is a necessary
component of tight junctions in areas where three cells come into contact [61]. In
addition to these tight junctional components, actin and myosin form a perijunctional
actomyosin ring that plays a role in the contraction of tight junctional proteins upon
stimulation [53].

Tight junction modulation is regulated by several complex signaling pathways
including those controlled by protein kinases, rho kinases, myosin light chain kinase
(MLCK) and mitogen activated protein kinase (MAPK) [62]. These pathways can be
activated in normal physiological conditions and exploited by tight junction modulating
drugs. One of the most common instances of tight junction opening occurs during
nutrient absorption. Apical co-transport of Na” and glucose activates an MLCK-
dependent signaling pathway that causes condensation of the perijunctional actomyosin
ring, leading to opening of the tight junctions [63]. This allows for enhanced water and
nutrient transport through the paracellular route. This example illustrates the

interconnectedness of transcellular and paracellular fluxes. Extracellular calcium ions
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(Ca®") are also critical for tight junction function. Ma and co-workers [64] demonstrated
that the removal of extracellular calcium caused an increase in the paracellular
permeability and a drop in transepithelial electrical resistance (TEER) of Caco-2
monolayers. In addition, they observed a rapid contraction of actin and myosin filaments
and movement of ZO-1 and occludin away from the membrane, which was initiated by
MLCK activation. Addition of Ca*" was found to quickly reverse these effects,
illustrating the critical role of extracellular calcium in the maintenance of tight junction

integrity.

2.3.2 Mechanisms of Transport Across the Intestinal Barrier

There are two major pathways of transport across the intestinal barrier:
paracellular transport, which occurs between cells, and transcellular transport, which
occurs across cells. The following four sections discuss paracellular transport and
transcellular transport, which can occur by passive diffusion, carrier-mediated transport
and endocytosis. Importantly, molecules may follow one or more transport pathways and
these pathways may be interconnected. Figure 2.3 illustrates potential mechanisms of

transport through the intestinal barrier.

2.3.2.1 Paracellular Transport

Paracellular transport occurs when molecules pass between epithelial cells in the
intestinal barrier. This mechanism of transport is driven by the concentration gradient
and is thus both energy-independent and unsaturable. Because molecules permeate

through the restricted tight junctions, they must be water-soluble and small (i.e. MW<200
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Da). Studies of permeability of hydrophilic compounds across Caco-2 monolayers
suggested a tight junction pore size of approximately 4.5-4.8 A [65, 66]. Molecules such
as mannitol, a small sugar alcohol, and lucifer yellow carbohydrazide, a fluorescent dye,
are known to permeate across the intestinal barrier strictly by the paracellular route and
thus can be used to monitor changes in paracellular flux [67, 68]. In general, the
paracellular route is impermeable to macromolecules because they are too large to pass

through the tight junction pores [69].

2.3.2.2 Passive Diffusion

Passive diffusion is the simplest mode of transcellular transport and occurs when
membrane-permeable molecules are transported across the intestinal barrier from a region
of high concentration on the apical side to a region of lower concentration on the
basolateral side of the membrane. This mechanism of transport is energy-independent
and unsaturable. Passive diffusion across the intestinal barrier is governed by Fick’s Law
of Diffusion, which states that flux (J) is directly proportional to the concentration
gradient (dC/dx), the lipid-water partition coefficient (K), the diffusion coefficient (D)
and the area of transport (A):

J = —DAKd—C (Eq. 2.1)
dx

The partition coefficient, a ratio of the compound’s lipid solubility to water solubility, is a
critical component in determining the overall flux since compounds must be able to
diffuse into the lipid-rich cell membrane in order to be transported via the transcellular
route. Thus, more lipophilic molecules have higher rates of passive diffusion across the

intestinal barrier. However, there is an upper limit: highly lipophilic drugs tend to be
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insoluble thus preventing their absorption. Since uncharged molecules are always more
lipid-soluble than charged molecules, the ionization state of a compound at pH of the
intestine is a critical determinant of its passive permeability. Many orally administered
drug compounds are lipophilic, allowing for passive diffusion across the intestinal

barrier.

2.3.2.3 Carrier-Mediated Transport

Carrier-mediated transport plays an important role in intestinal transport of
compounds such as peptides, nucleic acids, monosaccharides, organic cations and
monocarboxylic acids that cannot be transported via the paracellular pathway or passive
diffusion [70]. In carrier-mediated transport, transmembrane proteins move cargo across
the cell membrane. After the cargo has been released, the transporters resume their initial
configuration and are available to transport additional cargo. Importantly, because there
are a limited number of transporters, carrier-mediated transport is a saturable process.
Carrier-mediated transport can occur by facilitated diffusion, which is energy-
independent and occurs down the concentration gradient or by active transport, which
occurs against the concentration gradient and requires and energy source. Active
transport can either be driven directly by ATP (ATP binding cassette [ABC]
transporters), or coupled to transport of ions such as H' or Na" (solute carrier [SLC]
transporters). Examples of types of membrane transport proteins include monocarboxylic
acid transporters, human peptide transports, nucleoside transporters and organic cation

transporters [70].
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In addition to influx transporters, efflux transporters can also influence intestinal
transport. P-glycoprotein (P-gp), a member of the ABC superfamily and the multidrug
resistance subfamily, is one of the most well characterized efflux transporters [70].
Although it is intended to protect the body from harmful toxins, it also causes efflux of
many drugs. Orally administered P-gp substrates often have poor intestinal permeability
because of this efflux and must be co-administered with P-gp inhibitors to overcome this
challenge. Therefore it is important to consider if a drug may be a P-gp substrate when

examining its intestinal permeability [70].

2.3.2.4 Endocytosis

Endocytosis is a generalized term that refers to the active internalization of
specific substrates into the cell by membrane engulfment. Endocytosis is often used to
transport macromolecules that are too large for paracellular transport or carrier-mediated
mechanisms [71]. In the context of the intestinal epithelial barrier, endocytosis
contributes to overall transport when the cargo endocytosed at the apical membrane is
trafficked to the basolateral membrane and exits the cell. Endocytosis can be divided into
phagocytosis, which occurs in particle uptake by macrophages, and pinocytosis, in which
the cell membrane invaginates to enclose extracellular fluid and any molecules bound to
the cell surface. Pinocytosis can be further classified to receptor-mediated endocytosis
(RME), which is either clathrin or non-clathrin-mediated, as well as adsorptive and fluid-
phase endocytosis [71]. Adsorptive and fluid-phase endocytosis are non-specific
mechanisms in which molecules are either physically adsorbed to the cell surface or

engulfed with the extracellular fluid and brought into the cytosol. Because these
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mechanisms are non-specific, they are typically unsaturable and show low substrate
affinity. In contrast, receptor-mediated endocytosis is highly specific, saturable and
shows high affinity for the substrate, making it a much more efficient transport method.
Receptor-mediated endocytosis occurs when ligands bind to specific cell surface
receptors and are internalized into the cell for further trafficking [72]. RME can be
divided into classical clathrin-dependent RME and non-clathrin RME, such as caveolin-
mediated endocytosis (CME). Clathrin-dependent endocytosis occurs when a ligand
binds its receptor and concentrates in a clathrin coated-pit on the plasma membrane
presenting specific adaptor proteins. After ligand binding, the membrane closes around
the ligand-receptor complex and dynamin, a small GTPase, pinches off the vesicle from
the membrane. Upon internalization, hydrogen pumps are recruited to the vesicle,
thereby lowering its pH. Consequently, the vesicle sheds its clathrin coat and matures
into an early endosome. From that point, the vesicle can be recycled to the apical
surface, continue for degradation in the lysosomes or be transcytosed to the basolateral
side of the cell. Transferrin is a classical ligand for clathrin-mediated endocytosis and is
often used as a control to monitor endocytosis and trafficking [71]. Caveolin-mediated
endocytosis occurs by a similar process except instead of trafficking to early endosomes,
the cargo is trafficked to caveosomes and then to the endoplasmic reticulum, thus
eliminating the pH lowering step central to clathrin RME [73]. Avoidance of low pH and
lysosomal enzymes makes the caveolar pathway more suitable for uptake of degradation-
sensitive bioactive agents than clathrin-mediated endocytosis. Cholera Toxin B is a
classical caveolin endocytosis ligand and can be used as a control to monitor caveolin

RME. These two mechanisms of RME are illustrated in Figure 2.4.
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Endosome
Lysosome

Figure 2.4. Clathrin- and Caveolin-Mediated Endocytosis and Transcytosis. A) In
clathrin-mediated endocytosis, ligands are transported to the early endosomes where they
can either be recycled to the apical side, transcytosed to the basolateral side or sent to the
lysosomes for degradation. B) In caveolin-mediated endocytosis, ligands can either be

transcytosed or sent to the endoplasmic reticulum from the caveosomes.
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2.3.3 Physiochemical Properties that Govern Intestinal Absorption
2.3.3.1 The Lipinski Rule of 5

Due to the restricted pathways of intestinal permeation, there are several key

physicochemical properties that govern oral absorption. The “Lipinski Rule of 57,

derived from a large dataset of compounds with favorable or unfavorable permeation
properties, states that compounds likely to have poor intestinal absorption have at least
one of the following: 1) a molecular weight greater than 500 Da, 2) log P greater than 5,
3) more than 5 hydrogen-bond donors, and 4) more than 10 hydrogen-bond acceptors
[74]. These parameters are derived from the requirement for small size and a minimum
amount of lipophilicity for passive diffusion across the intestinal barrier. However,
compounds must also have sufficient aqueous solubility to dissolve in the aqueous
intestinal environment, creating a delicate balance between solubility and lipophilicity
[75]. Importantly, the Lipinski Rule of 5 does not apply to substrates of intestinal

transporters such as antibiotics or vitamins.

2.3.3.2 The Biopharmaceutics Classification System (BCS)

The Biopharmaceutics Classification System was developed in 1995 to
characterize factors that determine the rate and extent of drug absorption in the
gastrointestinal tract. Solubility and permeability were found to be the key parameters
that govern intestinal absorption [76] and compounds are designated as Class [- Class IV
based on these factors (Figure 2.5). The BCS is used by the Food and Drug
Administration and the World Health Organization to set bioavailabilty and

bioequivalence standards for oral drug approval [77]. These classes are used to predict in
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Figure 2.5. The Biopharmaceutics Classification System. Compounds are classified as

BCS Class I-Class IV based on their solubility and permeability. (Adapted from [77])
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vitro/ in vivo correlations of oral drug absorption as well as the rate-limiting step in
absorption. For Class I compounds, since the solubility and permeability are both high,
the rate-limiting step in absorption is defined by gastric emptying. In contrast, for Class II
compounds, dissolution is a rate-limiting step while for Class III compounds, membrane
absorption is rate-limiting. Finally, the gastrointestinal absorption of Class IV drugs is
classified as highly unpredictable, thus these drugs present significant problems for oral

delivery and are often administered intravenously [76].

2.4 Models to Predict Oral Absorption and Oral Bioavailability
There are several experimental models used to predict oral absorption in the human
gastrointestinal tract. This section will describe a series of in silico, in vitro, in vivo, ex

vivo and in situ models as well as discuss the merits and drawbacks of each.

2.4.1 In Silico Models

In silico models are often used to predict the gastrointestinal absorption and oral
bioavailability of compounds in early drug development. Because drug molecules often
fail in later stages of development due to poor oral absorption, creation of efficient and
predictive in silico models is critical for pharmaceutical development. One of the most
commonly used techniques is QSAR/QSPR, or Quantitative Structure Activity/ Property
Relationship, in which datasets of compounds with known absorption properties are
combined with a series of molecular descriptors to predict properties of novel drug
molecules. Molecular descriptors such as molecular weight, number of hydrogen bond

donors, number of hydrogen bond acceptors, octanol-water partitioning coefficient
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(logP), apparent partition coefficient (logD), and intrinsic solubility have all been used to
predict passive absorption [78]. These types of models are highly dependent on the size
and quality of the dataset. While many pharmaceutical companies have large in-house
datasets, this information is often not available to the general public. Recently, Hou and
colleagues published one of the largest intestinal absorption datasets with 647 drugs and
drug like compounds [79], and a corresponding data set for oral bioavailabilty with 768
compounds [80]. These robust datasets have the capability to dramatically improve the
predictive quality of in situ models. Many analysis algorithms have been developed
including multiple linear regression, partial least squares, recursive partitioning and
finally support vector machines, which have shown the highest predictive ability when
used on training and test sets [78].

These in silico methodologies can aid in the prediction of absorptive behavior of
novel compounds. They are efficient as well as economical in early drug screening since
they can be completed prior to compound synthesis. However, as mentioned earlier, they
are severely limited by the training dataset. In addition, while they can reliably predict
gastrointestinal absorption via passive diffusion, they do not account for active transport,
which can be a significant pathway of intestinal transport for certain molecules [78].
Finally, they are very poor at predicting overall bioavailability since first pass

metabolism can have a large impact on bioavailabilty and is difficult to model [80].

2.4.2 Parallel Artificial Membrane Permeability Assay

PAMPA, or the parallel artificial membrane permeability assay, was first

introduced in 1998 by Kansy and co-workers as a rapid permeability assessment tool
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[81]. This cell-free system uses artificial membranes to measure the permeability of
compounds in a 96 well microplate format. There have been several different variations
of PAMPA that differ by the type of membrane, pore size, nature and percentage of lipids
as well as the incubation time of the assay, which can range from 2-15 hours [82]. The
most commonly used membrane material is a hydrophobic poly (vinylidene fluoride)
(PVDF) membrane with 125 um pore size. Traditionally, detection was achieved by a
UV plate reader, but more recently enhanced detection is accomplished by HPLC-UV
and HPLC-MS/MS techniques.

There are several advantages of PAMPA, which have lead to its widespread use.
It is a direct measure of passive permeability and mimics the membrane nature of the
gastrointestinal barrier. In addition, it is amenable to a 96 well plate format, making it a
high-throughput method, which is critical for early pharmaceutical development. It is
simple to manipulate the membrane characteristics to design a system that is suited for a
given application. Finally, the effect of excipients on compound permeability can be
easily studied [82]. Unfortunately, because PAMPA is a cell-free system, it can only
measure passive permeability via the transcellular route and does not account for active
transport or paracellular permeability, which can have significant contributions to the
transport of certain types of compounds [82]. Therefore, while PAMPA is an excellent
screening tool, it does not provide mechanistic insight and only measures one type of

transport.
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2.4.3 Caco-2 Monolayers

The Caco-2 monolayer model, first introduced by Hidalgo and colleagues in 1989
[83], has become one of the most widely used absorption screening technologies in both
academic and industrial laboratories [84, 85]. In this technique, Caco-2 cells grown on
semi-permeable supports are used to mimic the intestinal barrier. Caco-2 cells are
derived from human colonic adenocarcinoma, and spontaneously differentiate into
intestinal enterocytes when grown to confluence on semi-permeable membrane supports.
After differentiation, the Caco-2 cells are polarized, display apical microvilli, form tight
junctions and have apical enzymes and transport systems similar to absorptive
enterocytes [86].

Caco-2 cells are grown on semi-permeable membranes in a Transwell” system,
containing an apical chamber, corresponding to the intestinal lumen, and a basolateral
chamber, corresponding to the blood stream (Figure 2.6). Caco-2 cells are seeded on the
membrane and grown for 21-28 days to produce confluent, differentiated monolayers.
Compounds can be added in either the basolateral or apical chamber to study directional
transport. Apical to basolateral transport corresponds to intestinal absorption while
basolateral to apical transport corresponds to intestinal efflux [87]. Transwell® systems
are available in microplate format from 6 to 96 wells, and can be adapted to work in a
robotic system, allowing for simultaneous screening of many different compounds. The
apparent permeability (P,,p) of compounds in the apical to basolateral direction has been
shown to correlate with human intestinal absorption, making the Caco-2 monolayer
system an excellent high throughput technique to predict absorption properties of novel

compounds [88].
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Figure 2.6. Transwell® System used in the Caco-2 Monolayer Permeability Assay.
Caco-2 cells are seeded on the membrane insert and allowed to grow for 21-28 days to
produce confluent, differentiated monolayers. Compound flux from the apical to

basolateral chamber is used to measure permeability.
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Because differentiated Caco-2 cells have well-defined tight junctions as well as
developed active transport systems, the Caco-2 cell monolayer system can be used to
study not only passive diffusion, but also active transport, paracellular transport and
potential drug efflux. Therefore, the Caco-2 monolayer system can be used as a tool to
study both the amount of transport, which is predictive of human intestinal absorption, as
well as the mechanism of transport of novel compounds [87].

In order to form differentiated monolayers, Caco-2 cells must be grown on
permeable supports for 21-28 days. During this time, the cells achieve confluence and
differentiate, forming tighter junctions and expressing proteins similar to absorptive
enterocytes rather than colonic cells. This transformation can be monitored by
transepithelial electrical resistance (TEER), which quantifies the tightness of the
monolayer. TEER increases over time, and ultimately plateaus between 21 and 28 days
when the cells can be used for experiments [87]. Typical TEER values of competent
differentiated monolayers range from 600-800 ohm-cm”. Measurement of TEER serves
as a control for monolayer integrity before and during a transport assay. Transport of
paracellular markers such as mannitol and lucifer yellow, which should have Py, less
than 1 x 10 cm/s, can also serve as controls for monolayer integrity [87].

There are several advantages to using the Caco-2 monolayer system to predict
intestinal absorption of novel compounds in humans. The system can be performed in
multiwell format, allowing for parallel testing of different compounds using minimal
compound, reagents and assay time. In addition, because Caco-2 cells mimic intestinal
enterocytes, many aspects of intestinal absorption including passive transport, active

transport, paracellular transport and drug efflux can be studied in one assay.
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Unfortunately, there are also several disadvantages to the Caco-2 monolayer
system. Because the cells must be cultured for 21 days, this assay is labor intensive and
requires a significant amount of serum-enriched media, increasing the cost of the assay.
In addition, studies using the monolayer system to measure permeability of compounds in
different laboratories have shown that there is a high degree of variability in the assay,
mostly due to the intrinsic variability in Caco-2 cells [86]. Caco-2 cells contain several
different sub-populations, which can be inadvertently selected for depending on the
culture conditions, causing shifts in the population over time. These shifts can
significantly affect the monolayer formation including the tightness of the tight junctions
as well as protein expression [89]. Many experimental conditions can also affect the
ultimate performance of the monolayers including cell passage number, seeding density,
filter type and pore size, cell culture media, transport buffer and monolayer age.
Therefore it is critical to control these parameters within a given laboratory so that
experiments are comparable. In addition, it is important to run standards of known
permeability as well as measure the TEER to ensure monolayer consistency. Despite
these challenges, the Caco-2 monolayer system continues to be a powerful tool for

studying the extent and mechanism of intestinal absorption.

2.4.4 Fast-Caco-2 Assay

Because the 21-day growth period is both labor-intensive and expensive,
alternative differentiation systems have been developed for faster Caco-2 assays.
Beckton Dickenson (BD) markets the BD Biocoat Caco-2 HTS Assay system, which can

create differentiated Caco-2 monolayers in 3 days instead of 21 days. In this system,
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Caco-2 cells are seeded at high density onto Transwell® filters coated with fibrillar
collagen. After the cells attach to the Transwells on the first day, differentiation medium
containing butyric acid is added for the next two days, causing rapid differentiation of the
cells into intestinal enterocytes [90]. The resulting monolayers are slightly leakier than
traditional Caco-2 monolayers and show poor expression of transporters, but they can
still provide rank order measurements for permeability. Adding fetal bovine serum to the
seeding medium reduces these problems as it facilitates cell attachment, making this
assay system more closely mimic 21-day standard [90]. Therefore, although the
monolayers are not exactly the same as the traditional 21-day Caco-2 monolayer system,
the fast-Caco-2 assay can effectively determine rank order of permeability and provides

significant time and labor savings.

2.4.5 Other Types of Cell-Monolayer Systems

In addition to Caco-2 cells, several other cell types have been used to mimic the
intestinal barrier in the Transwell® system. MDCK cells, derived from the canine kidney,
are useful alternatives to Caco-2 cells as they form differentiated monolayers in 3 days
instead of 21 days. They have looser tight junctions than Caco-2 cells and do not mimic
the protein expression of human enterocytes as well as Caco-2 cells, but they are still
useful as a rapid screening tool for passive permeability and paracellular transport [87,
91]. In addition, MDCK cells can be stably or transiently transfected, which allows
researchers to study the impact of selected transporters, which is not possible in Caco-2
cells. Recently, TC-7 cells, a subclone of Caco-2 cells, have been used to study intestinal

transport [92]. TC-7 cells have higher expression of CYP enzymes, which have very low
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expression in Caco-2 cells. This allows for the simultaneous study of both transport and
metabolism, which is important for compounds that are metabolized in the intestinal
barrier. Finally, co-cultures of mucus secreting HT-29 and MTX cells have been used
[93]. While these show lower active transport than Caco-2 cells, they show higher
paracellular transport and may more accurately predict the paracellular passage of
hydrophilic molecules. Importantly, all of these cell culture monolayer systems are able
to isolate different elements of the intestinal transport process and are useful for studying

a variety of compounds in a high throughput system that mimics the in vivo environment.

2.4.6 Everted Rat Intestinal Sac

Often, it is desirable to use a tissue-based system rather than a cell-based system
to more closely mimic gastrointestinal absorption. The everted rat intestinal sac model,
introduced by Wilson and co-workers in 1954, has been used to study intestinal
absorption in an ex vivo environment [94]. In this method, the intestine is removed from
a sacrificed rat, everted over a glass rod so that the mucosal side is facing outward and
then sectioned into 2-4 cm sacs and filled with oxygenated cell culture medium. The sacs
are then placed in media containing the drug of interest and the amount of drug
transported into the sac (mucosal to serosal direction) is quantified [87]. The assay time
is limited by the viability of the intestinal tissues, which is usually 2 hours. There are
several advantages to the everted rat intestinal sac model compared to cell-based models,
including the presence of a mucosal layer and the ability to study different sections of the
intestine. In addition, transport can be studied in conjunction with intestinal metabolism.

This method is fast and relatively inexpensive compared to other animal studies [87].
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However, the drug must cross the muscle layer in addition to the intestinal barrier, which
can potentially underestimate permeability, and the method is low-throughput compared
to cell-based assays. Despite these drawbacks, the everted rat intestinal sac method is an

effective way to measure intestinal permeability in an ex vivo environment.

2.4.7 Isolated Intestinal Tissue

First conceptualized by Hans Ussing in 1949 [95] and later miniaturized by Grass
and Sweetana in 1988 [96], the Ussing Chamber method uses isolated intestinal tissue to
study transport of compounds across the gastrointestinal barrier. Sections of intestinal
tissue are placed between two chambers and exposed to Krebs Ringer Bicarbonate buffer
gassed with 95:5 CO,:0,. The gassing is used to maintain tissue viability and promote
flow in the chambers. Importantly, similar to the everted sac model, intestinal
metabolism can be studied at the same time as absorption and transport. This system
allows for studying transport across different sections of the intestine as well as in
different species, which can assist in choosing a relevant in vivo model [87]. In addition,
the muscle layer can be removed from the tissue, allowing the study of the epithelial
barrier in isolation. While this method is very useful, there are several disadvantages,
most notably the difficulty of preparation of the intestinal sheets, especially removing the
muscle layer. The viability of the tissue sheet during the experiment is also a significant
concern and can vary dramatically. Finally, this system is significantly lower throughput
than in vitro cell-based models, but can provide more information and is closer to the in

vivo environment [87].
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2.4.8 Rat Intestinal Perfusion

In situ perfusion of the rat intestine most closely mimics in vivo environment
without using the whole animal. In this technique, compounds are added to the lumen of
sections of the intestine in anesthetized rats and the disappearance of the compound is
monitored over time. This system allows the study of the gastrointestinal transport in
isolation without confounding factors such as first pass metabolism, biliary excretion or
enterohepatic circulation [87]. Importantly, most in situ perfusion experiments assume
that disappearance of the compound from the lumen indicates transport across the
intestinal barrier. If there is significant metabolism of the compound or absorption in the
intestinal barrier, this method can significantly overestimate transport. Therefore, the
assay can be amended to sample blood from the mesenteric vein to measure transport,
although this becomes much more technically challenging. In situ perfusion serves as a
bridge between tissue-based models and in vivo models and combines the advantages of

each into a powerful experimental technique.

2.4.9 In Vivo Models

In vivo administration of compounds by the oral route in laboratory animals is a
commonly used method to predict oral bioavailability in humans. Because the epithelial
barrier composition between mouse, rat and human are similar, gastrointestinal transport
should be similar between species. However, differences in gastrointestinal transit time,
expression of transporters and even pH can differ between species, so direct comparison
is often not possible [87]. In oral bioavailability studies, dosing by the oral or

intraduodenal route is compared to intravenous dosing. Plasma samples are taken over
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time and the area under the curve (AUC) of the oral administration methods are
compared to the intravenous route to get the fraction of the dose absorbed which is
represented as the overall percent bioavailability. Administration of the compound
intraduodenally instead of orally eliminates confounding factors from the stomach such
as residence time and gastric absorption. Importantly, measuring bioavailability by
plasma concentration includes the effects of both gastrointestinal absorption as well as
first pass metabolism. Sampling from the portal vein before the liver instead of from the
circulation allows for isolation of intestinal transport and can be useful in determining the
impact of absorption and metabolism on overall bioavailability [87]. Because in vivo
studies have all of the complexity of the human absorption system, they can often provide
the closest estimate to oral absorption in humans. However, there are several
disadvantages of in vivo studies including the use of whole animals, difficult and tedious
plasma sampling and analysis as well as the aforementioned interspecies differences.
Despite these challenges, in vivo studies in laboratory animals are still the closest
approximation to human intestinal absorption and are a good follow up experiment to

evaluate promising candidates from high-throughput techniques.

2.5 Current Strategies for Oral Drug Delivery

Unfortunately, many newly discovered drugs have low solubility and poor
intestinal permeability, which would categorize them as problematic BCS Class IV
compounds. In fact, the bioavailability of novel chemotherapy drugs is often so low that
these drugs must be administered intravenously. There are several current strategies to

improve the bioavailability of poorly water-soluble and poorly permeable therapeutics
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including 1) prodrug approaches, 2) efflux and metabolic inhibitors, 3) tight junction
modulators and 4) novel macromolecules. Each of these approaches will be discussed in

further detail below.

2.5.1 Prodrugs

A prodrug is defined as a drug molecule chemically conjugated to a promoiety
that is used to improve the drug’s physicochemical properties and is cleaved to release
the pharmacologically active, free drug [97]. Common drug delivery obstacles overcome
by prodrug strategies include poor aqueous solubility, low permeability, fast elimination,
off-target effects and premature metabolism [97]. In the context of oral drug delivery,
prodrugs can be used to improve the aqueous solubility of a drug and permeability across
the intestinal barrier. Promoieties are subsequently cleaved by enzymatic mechanisms or
by hydrolysis to yield the free, active drug.

Poor aqueous solubility is becoming an increasingly common problem with 40%
of new chemical entities discovered by pharmaceutical companies in combinatorial
screening now identified as poorly water soluble [98]. In addition, traditional
formulation techniques to improve water solubility such as use of different salt and
crystalline forms or reducing particle size are not always successful, necessitating the use
of new strategies. Examples of prodrug modifications to improve aqueous solubility
include addition of phosphate groups via an ester bond, addition of amino acids via ester
bonds or conjugation to PEG [98]. For example, phosphate prodrugs of Buparvaquone,
used to treat leishmaniasis, increase the aqueous solubility from 0.03 ug/ml to greater

than 4 mg/ml [99]. The prodrug releases free buparvaquone upon metabolism by
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cytochrome P450. Unfortunately, these methods can also potentially decrease membrane
permeability due to the addition of charged groups in the case of phosphates or amino
acids or increased size, in the case of PEG. Therefore, solubility-enhancing prodrug
modifications must be used in delicate balance with maintaining sufficient membrane
permeability [100].

Prodrugs have also been used to overcome permeability limitations in oral drug
administration [101]. Conjugation of lipophilic constituents to polar functional groups on
the parent drug serves to increase the overall lipophilicity of the drug and improve
passive permeability through the intestinal barrier [101]. This is especially important
when the polar groups are ionizable in the pH of the small intestine, as charge can
severely limit intestinal permeability. These groups can be designed to be cleaved during
first-pass metabolism in the liver so that the free drug is liberated prior to reaching the
general circulation. Finally, if passive diffusion across the intestinal barrier is not
possible, prodrugs can be designed to be substrates of gastrointestinal transporters, taking

advantage of carrier-mediated transport pathways [101].

2.5.2 Efflux and Metabolic Inhibitors

In addition to poor solubility and poor passive permeability, drugs can have poor
intestinal absorption due to efflux or metabolism in the intestinal barrier. These problems
are especially prevalent with anti-cancer drugs which are often effluxed by P-
glycoprotein (P-gp) or multidrug resistance proteins (MDR), or metabolized by
Cytochrome P-450 (CYP) enzymes [102]. To address this issue, these drugs are often co-

administered with inhibitors of drug efflux and drug metabolism to decrease these effects.
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For example, Paclitaxel, a taxane anti-cancer drug, shows in vivo bioavailability of only
10%, mostly due to efflux by P-gp. Co-administration of P-gp inhibitors SDZ PSC833, a
cyclosporine D analogue or GF120918, a non-immunosuppressive P-gp blocker, showed
significant improvements in oral Paclitaxel bioavailability [103]. In the case of
Docetaxel, which is a P-gp substrate and metabolized by CYP3A4, co-administration of
Ritonavir, a CYP3A4 inhibitor, led to significant gains in oral bioavailability [103].
Similar improvements in oral bioavailability have been observed by co-administration of
CYP3A4 inhibitors with Irinotecan [104] and HIV-protease inhibitors [105]. These
examples illustrate the potential of co-administration of metabolic and efflux inhibitors to

improve oral bioavailability.

2.5.3 Tight Junction Modulators

For hydrophilic molecules that cannot permeate the intestinal barrier by passive
diffusion, but are too large for the paracellular route, tight junction opening serves as a
novel mechanism to enhance intestinal permeability. Several molecules have been
developed to transiently open the tight junctions in the intestinal barrier. Medium chain
fatty acids such as sodium caprate have been shown to open the tight junctions, as
indicated by increased paracellular flux of markers such as mannitol. These fatty acids
are thought to activate phospholipase C on the plasma membrane, which then causes an
increase in intracellular calcium concentration [106]. This elevated calcium concentration
causes contraction of calmodulin-dependent actin filaments, which subsequently opens
the tight junctions. In vivo studies of sodium caprate have been completed in several

animal models and in humans. Modest increases in oral bioavailabilty of a variety of
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drugs were seen with minimal damage to the intestinal barrier, suggesting the potential of
sodium caprate as a safe absorption enhancer [107].

Similar to sodium caprate, medium chain mono- and di-glycerides and medium-
and long-chain fatty acid esters of carnitine and choline can also open tight junctions, as
evidenced by reduced TEER and increased permeation of low molecular weight
paracellular markers [108]. Nitric oxide donors such as S-nitroso-N-acetyl-DL-
penicillamine (SNAP), have been shown to increase permeability of 4 kDa FITC-dextran
and influence the expression and localization of tight junction proteins, suggesting their
potential as absorption enhancers [62]. While SNAP showed promising results in rabbits
and rats, the mechanism of tight junction modulation is still unknown. Finally, zonnula
occludens toxin (Zot), a protein derived from Vibrio cholerae, has demonstrated tight
junction modulation. Fasano and colleagues report that Zot selectively opens tight
junctions in the small intestine in a dose-dependent and reversible manner [109]. Studies
in rats showed a significant increase in insulin and immunoglobulin bioavailability in rats
treated with Zot. Tight junction modulators can improve delivery of large, water-soluble

drugs via the paracellular route.

2.5.4 Macromolecules

In addition to the above-mentioned permeation enhancers there are several
macromolecular permeation enhancers that are currently being investigated.
Polyacrylates, or synthetic high molecular weight polymers of acrylic acid, have been
shown to be mucoadhesive and to modulate tight junction integrity [110]. Itis

hypothesized that polyacrylates achieve permeation enhancement by binding calcium
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ions that are required for tight junction maintenance. Importantly, studies in rats showed
that long term oral administration of polyacrylates did not cause any significant toxicities
in vivo, suggesting the safety of this strategy [111].

Chitosan and chitosan derivatives have also been shown to modulate tight junction
integrity [107]. Studies on Caco-2 cells showed that treatment with chitosan and chitosan
derivatives caused enhanced paracellular flux of small molecules such as mannitol and
large markers such as FITC-dextran. The precise structure of chitosan can vary both in
molecular weight and in the amount of deacetylation, as well as the addition of methyl
groups for enhanced solubility in basic pH conditions. All of these changes alter the
degree to which chitosan can enhance paracellular transport. It has been shown that
chitosan binds to the intestinal cells, causing redistribution of cytoskeletal F-actin and
Z0-1 tight junctional proteins [112]. The toxicity of chitosan is directly related to its
degree of deacetylation and there exists an optimum amount of deacetylation that causes
tight junction opening with minimal toxicity.

Recently, poly (amdio amine) (PAMAM) dendrimers have been identified as potent
tight junction modulators. Treatment of Caco-2 cells with PAMAM dendrimers of
different sizes and surface functionalities has been shown to increase the paracellular flux
of mannitol, reduce TEER and increase accessibility of actin and occludin proteins [15,
16]. PAMAM dendrimers are transported across the intestinal barrier, making them both
permeation enhancers and potential oral drug delivery carriers [113]. The following three
sections will describe a detailed background on dendrimers, applications of PAMAM
dendrimers in drug delivery and the current knowledge of these constructs as oral drug

delivery carriers.
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2.6 Dendrimers
2.6.1 History of Dendrimer Development

Dendrimers are unique polymeric structures that are highly-branched, nanoscale
in size and have a wide range of applications in the field of nanobiotechnology. The term
dendrimer is derived from the greek “dendra” meaning tree and “meros” meaning part
[114]. Dendrimers were first conceived of in the late 1970’s by the groups of Vogtle,
Denkwalter, Tomalia and Newkome and were first presented to the public by Tomalia in
1983 [14]. Since then, the number of dendrimer-related publications and technologies
has increased rapidly, illustrating the utility of this nanoscale structure [115]. Several
commercial applications of dendrimers have shown promise in the past decade.
Vivagel™, a vaginal topical microbiocide for the prevention of HIV transmission, was
granted fast track status for clinical trials in 2006 [116]. SuperFect®, developed by
Qiagen, uses dendrimer technology to improve transfection in a wide range of cell lines
[117]. Finally, Stratus CS® Acute Care Diagnostic System, uses dendrimers to rapidly
detect myoglobin, a sensitive marker for acute coronary diseases [118].

One of the most promising areas of application of dendrimers is in the field of
nanomedicine. Dendrimers have many unique physical properties including near
monodispersity and nanoscopic size [12, 13]. With each increase in dendrimer
generation, the diameter increases linearly while the number of surface groups increases
exponentially. This creates high density surface groups that can be conjugated to drug
molecules [20, 119-124], targeting moieties [125-128], and imaging agents [129-131], or
complexed with DNA [132, 133], making dendrimers versatile drug delivery platforms

[14]. Figure 2.7 illustrates the multifunctional nature of dendrimers [24].
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Targeted Imaging

Figure 2.7. Dendrimers as Multifunctional Nanocarriers. Targeting moieties can be
attached to the dendrimer surface groups while drugs and imaging agents can be
conjugated to the surface, encapsulated in the dendrimer core or complexed (such as

therapeutic DNA) with the dendrimer structure. (From [24]).
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2.6.2 Dendrimer Synthesis

In the early stages of development, dendrimers were synthesized by the divergent
method, wherein repeating units were progressively added to an initiator core, increasing
the generation number with each reaction step (Figure 2.8) [115]. While straightforward,
this synthetic strategy is somewhat tedious, requires purification after each step and is
difficult to scale-up. Subsequently, dendrimers were produced by convergent synthesis
methods where reactive dendrons are synthesized and then attached to a multifunctional
initiator core to generate the final product (Figure 2.8) [134]. Convergent synthetic
strategies are useful for larger dendrimers as they contain fewer steps than divergent
approaches.

Recent innovations in dendrimer synthesis have facilitated commercial production
of dendrimers, focusing on producing high yields of intermediates and minimizing toxic
byproducts. “Lego chemistry” uses branched monomers, which facilitates production of
dendrimers by minimizing the number of reaction and purification steps. In addition
“click chemistry” has been developed to produce dendrimers with specific surface
chemistries using a copper catalyst. These innovations have allowed several families of
dendrimers to be produced commercially, which has had a significant impact on the use

of dendrimers in biomedical research [13].

2.6.3 Types of Dendrimers
More than 100 different types of dendrimers with more than 1,000 different
surface modifications have been developed to date [13]. These dendrimers differ in the

identity of the initiator core, branching units and surface groups, all of which can have a
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Figure 2.8. Divergent and Convergent Syntheses of Dendrimers. In divergent synthesis,

monomeric branches are repeatedly added to the initiator core, increasing the dendrimer
generation with each addition. In convergent synthesis, reactive dendrons are added to a

multifunctional core. (From [24]).
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profound impact on their biological properties. In addition, the synthetic strategy used to
produce each type of dendrimer is often different. Some of the most common types of
dendrimers, including poly (propylene amine) (PPI), polyether and poly (amido amine)
(PAMAM) dendrimers, are illustrated in Figure 2.9. PPI dendrimers were first produced
by Vogtle and are synthesized by the divergent method (Figure 2.9 A) [135]. They are
commercially available and can be amine or nitrile terminated, which significantly
impacts their biological properties [115]. Polyether dendrimers or “Frechet-type”
dendrimers are synthesized by the convergent method (Figure 2.9 B) and have been used
in applications such as light harvesting and catalysis [115]. PAMAM dendrimers,
commercially available as Starburst® PAMAM dendrimers, have an ethylene diamine
core and amido amine branching units with carboxyl or amine terminal groups (Figure

2.9 C,D). They are described in detail in the following section.

2.7 Poly (amido amine) Dendrimers
2.7.1 Structure of PAMAM Dendrimers

Poly (amido amine) (PAMAM) dendrimers were originally developed by Tomalia
at Dow Laboratories in 1979. PAMAM dendrimers have numerous applications in
nanobiotechnology and are some of the most commonly used since they are both fully
characterized and commercially available [136-138]. Starburst® PAMAM dendrimers
have an ethylene diamine core, an amido amine repeat branching structure and are
available in generations 0.5 through 10. As generation number is increased, the number
of active terminal groups doubles, while the diameter increases by approximately 1 nm,

giving PAMAM dendrimers a diameter range of 1.5 to 14.5 nm [136]. In PAMAM
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Figure 2.9. Chemical Structures of Common Dendrimers. A) G4 PPI dendrimer with a
1,4-diamnobutate core, B) G4 polyether dendrimer, C) G2 PAMAM dendrimer with
amine terminal groups and an ethylenediamine core and D) G1.5 PAMAM dendrimer

with carboxylic acid terminal groups and an ethylenediamine core. (From [24]).
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dendrimers “full” generations (G1, G2, G3, etc.) have amine-terminated branches
whereas “half” generations (G1.5, G2.5, G3.5, etc.) have carboxylic acid terminated
branches (Figure 2.9 C,D). They can also be modified with terminal hydroxyl groups to
neutralize the surface charge. The surface charge and chemistry of PAMAM dendrimers
have a significant impact on their biological properties including toxicity and
biodistribution. Table 2.2 summarizes the physical properties of GO-G5 dendrimers

commercially available from Dendritech.

2.7.2 Biocompatibility and Biodistribution of PAMAM Dendrimers

In order to be suitable for clinical use, polymeric carriers must be non-toxic and
non-immunogenic [139]. In addition, polymeric carriers must display biodistribution
properties that allow for uptake in the target tissue with minimal off-site accumulation
[139]. One of the first tests for biocompatibility is performance in in vitro toxicity
screens against different cell lines. In vitro toxicology studies have shown that dendrimer
cytotoxicity is primarily governed by surface chemistry, although the core identity can
play a role. In general, cationic PAMAM dendrimers show increasing toxicity with
increases in concentration and generation, while anionic dendrimers have been found to
be non-toxic against a large variety of cell lines [139]. This charge-dependent effect is
consistent with PAMAM dendrimer impact on red blood cells. Cationic dendrimers have
been shown to cause changes in red blood cell morphology at lower concentrations and
significant hemolysis at higher concentrations. In contrast, anionic PAMAM dendrimers
of generations 3.5 through 9.5 have been found to show no toxicity against red blood

cells up to 2 mg/ml concentration [139]. These in vitro studies illustrate the significant
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Table 2.2. Physical Properties of PAMAM Dendrimers

Generation Surface Number of Molecular Measured
Functionality | Surface Groups Weight Diameter (A)
-0.5 -COOH 4 436 -
0 -NH» 4 517 15
0.5 -COOH 8 1,269 -
1 -NH» 8 1,430 22
1.5 -COOH 16 2,935 -
2 -NH, 16 3,256 29
2.5 -COOH 32 6,267 -
3 -NH, 32 6,909 36
3.5 -COOH 64 12,931 -
4 -NH» 64 14,215 45
4.5 -COOH 128 26,258 -
5 -NH, 128 28,826 54
Reported by Dendritech, Inc. Midland, MI
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impact of dendrimer surface chemistry on the toxicological properties of these novel
carriers.

Malik and co-workers investigated the biodistribution of '*’I-labeled anionic
(generations 2.5, 3.5, 5.5) and cationic (generations 3,4) PAMAM dendrimers in Wistar
rats after intravenous administration [140]. Cationic dendrimers were cleared rapidly
from the circulation, while anionic dendrimers showed longer retention times in the blood
stream. In addition, both cationic and anionic dendrimers were found to have significant
accumulation in the liver. Passive accumulation of polymeric carriers at the tumor site
due to the enhanced permeability and retention effect is critical for the applicability of
dendrimers as anti-cancer drug delivery carriers. In a separate work, Malik et al. showed
that G3.5 PAMAM dendrimer-Cisplatin conjugates showed significant tumor
accumulation at a 50-fold increase relative to IV administered free drug at the maximum
tolerated dose, suggesting the potential of G3.5 PAMAM dendrimers for tumor delivery
of anti-cancer agents [141]. While there are still many in vivo studies necessary to
characterize the toxicity and biological fate of PAMAM dendrimers, it is clear that

surface charge significantly influences both toxicity and biodistribution.

2.7.3 Applications of PAMAM Dendrimers as Drug Carriers

Because of their high water solubility and large number of ionizable surface
groups, dendrimers can be used to encapsulate drugs with poor aqueous solubility. It has
been well established that dendrimers have a core-shell architecture, allowing for
encapsulation of drug molecules in the voids of the dendrimer core [13]. Encapsulation

of drug cargo in dendrimers allows for improved water solubility and thus preferential

55

www.manaraa.com



presentation of the drug to the biological membrane and subsequent internalization. In
addition, the dendrimer can also protect the encapsulated drug cargo from degradation.
Kannan et al. improved solubility of ibuprofen by encapsulation in G3 dendrimers [142].
Ibuprofen encapsulated in dendrimers showed a much higher rate of cellular
internalization in A549 lung cells compared to free ibuprofen. Drug loading was
approximately 50% for the G3-ibuprofen complexes, indicating the high capacity of
PAMAM dendrimers for incorporation of small molecular weight bioactive agents.

Despite their ease of synthesis, PAMAM dendrimer-drug complexes are plagued
by non-specific drug release, which can lead to unwanted toxicity in vivo, especially in
the case of anti-cancer drugs. Therefore, there has been much research done on PAMAM
dendrimer-drug conjugates where drugs are covalently attached to dendrimer periphery
groups by chemical linkers. These linkers can be designed to maximize drug release at
the site of action. Wiwattanapatapee and colleagues studied PAMAM dendrimer-5-
aminosalisyclic acid conjugates for targeted colonic delivery [122]. The conjugates had
two different azo spacers, which are susceptible to degradation by azoreductase, an
enzyme that is abundant in the colonic environment. The conjugates showed free drug
release in the presence of rat cecal contents, but not in the gastric fluid, indicating the
specificity of the release mechanism. This study illustrates that the choice of the spacer
can have a profound impact on the ability of the dendrimer-drug conjugate to release the
drug in the appropriate environment and time after administration.

Finally, targeting and imaging agents can be attached to dendrimer-drug
conjugates for multifunctional delivery strategies. Majoros and co-workers conjugated

folic acid, a targeting moiety that binds to over-expressed folate receptors on cancer cells,
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Paclitaxel, a chemotherapeutic agent, and FITC, a fluorescent ligand, to G5 PAMAM
dendrimers, creating a tri-functional therapeutic agent [143]. The cytotoxicity and
cellular uptake of this dendrimer system was evaluated in KB cells. The folate-labeled
dendrimers were found to selectively internalize in folate-receptor-expressing KB cells
and those containing Paclitaxel caused cytotoxicity similar to the free drug. In contrast,
folate receptor- negative cells did not internalize the dendrimers, indicating the strong
targeting ability. This work illustrates the potential of using dendrimers as

multifunctional nanodevices for drug delivery.

2.8 PAMAM Dendrimers as Oral Drug Delivery Systems
2.8.1 Transepithelial Transport of PAMAM Dendrimers

The potential of PAMAM dendrimers as oral drug delivery carriers was first
reported in 2000 by Wiwattanapatapee et al [144]. In this study, the tissue uptake and
serosal transfer rates of anionic (G2.5, G3.5 and G5.5) and cationic (G3, G4) PAMAM
dendrimers were measured in in vitro everted rat intestinal sacs. Anionic dendrimers
were found to have high serosal transport rates and minimal tissue uptake, while cationic
dendrimers had lower serosal transport rates and more tissue uptake, most likely due to
nonspecific binding. Importantly, the dendrimer transport rates were higher than what is
typically seen for large macromolecules, suggesting the unique potential of PAMAM
dendrimers as polymeric drug carriers.

This report of dendrimer transepithelial transport was followed by a
comprehensive investigation of the influence of dendrimer size, charge and incubation

time on dendrimer transport across Caco-2 cell monolayers as well as the mechanism of
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dendrimer transport. As described in Section 2.4.3, Caco-2 cell monolayers serve as a
model of the intestinal barrier and can be used to elucidate the degree and mechanisms of
intestinal permeability without the confounding factors associated with in vitro intestinal
sac models. El-Sayed et al. first explored transepithelial transport of cationic dendrimers
across Caco-2 cell monolayers in 2002 [145]. In this study, PAMAM dendrimer
generations G0-G4 were investigated for their potential in oral delivery. Permeability of
the dendrimers was found to increase with concentration and incubation time. GO0-G2
dendrimers were found to be non-toxic with appreciable permeability, suggesting the
potential of these constructs as oral drug carriers. Kitchens et al. studied the
transepithelial transport of cationic (amine-terminated), anionic (carboxylic acid-
terminated) and surface neutral (hydroxyl-terminated) dendrimers across Caco-2 cell
monolayers [15]. When comparing dendrimers of the same size, cationic dendrimers
showed the highest permeability, followed by anionic dendrimers and neutral dendrimers.
Increasing the generation of anionic dendrimers caused an increase in permeability while
increasing the generation of cationic dendrimers lead to decreased permeability and
increased toxicity. These studies indicate that within a specified size, charge and
concentration window, dendrimers can enhance transepithelial transport.

In addition to determining the transport rates of PAMAM dendrimers across
Caco-2 cells, several studies have been performed to elucidate the mechanism of
transport. Studies have shown that dendrimers are transported by a combination of
transcellular and paracellular mechanisms. Tight junction opening can be monitored by
several different methods including a reduction in transepithelial electrical resistance

(TEER), an increase in flux of paracellular markers such as ['*C]-mannitol or Lucifer
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yellow and an increase in exposure of tight junction proteins such as occludin [15]. El-
Sayed et al. reported that G2.5 and G3.5 dendrimers reduced TEER and increased ['*C]-
mannitol flux up to 6 fold compared to the control [146]. In contrast, OH-terminated
dendrimers did not cause a significant change in TEER or mannitol permeability.
Kitchens et al. reported that cationic dendrimers increased ['“C]-mannitol flux and
reduced TEER to a greater extent than anionic dendrimers, indicating a strong charge
dependence of dendrimer tight junction opening ability [16]. In addition, higher
generation dendrimers of both cationic and anionic dendrimers opened the tight junctions
to a greater degree than lower generations. Finally, increasing incubation time from 90 to
210 minutes increased tight junction opening for all dendrimer generations. In a parallel
study, both cationic and anionic dendrimers were found to interact with tight junction
proteins, increasing occludin and actin staining, thus further establishing the ability of
dendrimers to open tight junctions [15]. These studies illustrate that the size and charge
of PAMAM dendrimers have a significant impact on their interaction with differentiated
enterocytes. In addition, there may be an optimal window of size, charge and incubation
time that will lead to the best dendrimer system for a specific oral drug delivery
application.

In addition to opening the tight junctions, dendrimers are also transported across
the intestinal barrier by the transcellular route. In 2003 El-Sayed et al. reported energy-
dependent transport of G2 dendrimers, suggesting the involvement of transcytosis in
addition to transport via the paracellular route [147]. Jevprasephant et al. further
confirmed this phenomenon by investigating internalization of G3 dendrimers into Caco-

2 cells by visualizing the interaction between Caco-2 cells and FITC labeled G3
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dendrimers using flow cytometry and confocal microscopy and gold-labeled G3
dendrimer by transmission electron microscopy (TEM) [19]. These studies showed a
significant amount of dendrimer cellular internalization with minimal non-specific
binding on the cell surface, suggesting transport of G3 dendrimers by the transcellular
route. In addition, Kitchens and colleagues examined the impact of endocytosis
inhibitors on cellular internalization and transepithelial transport of G4 dendrimers in
Caco-2 cells [148]. Inhibitors including brefeldin A, colchicine, filipin, and sucrose all
decreased the uptake and transport of the dendrimers, indicating the involvement of

endocytosis mechanisms in the transport of G4 dendrimers.

2.8.2 Cytotoxicity of PAMAM Dendrimers

In order to be useful as oral drug delivery carriers, it is crucial that dendrimers do
not cause toxicity to intestinal cells during transport. Toxicity of PAMAM dendrimers to
Caco-2 cells has been investigated using cell viability assays. El-Sayed et al. established
cationic dendrimers are significantly more toxic than anionic dendrimers and this toxicity
increases with dendrimer generation and incubation time [146]. In contrast, anionic
dendrimers are much less toxic and only displayed slight increases in LDH release when
cells were treated with 10 mM concentrations of G3.5 and G4.5 dendrimers for a 90
minute incubation time [146]. Since anionic dendrimers are much less toxic they c