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ABSTRACT 

Title of Document: MECHANISMS OF DENDRIMER-MEDIATED 

ORAL DRUG DELIVERY 

  

 Brittany Avaritt, Ph.D. 2014 

  

Directed By: Peter Swaan, Ph.D. 

Associate Dean for Research and Graduate Education 

Director of the Center for Nanobiotechnology 

Department of Pharmaceutical Sciences 

School of Pharmacy 

University of Maryland, Baltimore, MD, USA 

 

Oral administration of chemotherapeutics remains a challenge despite the benefits 

for both the patient and health care system. To overcome the poor solubility and low oral 

bioavailability of anti-cancer drugs, polymeric delivery systems have been investigated. 

Dendrimers, a class of highly branched polymers, have proven useful for drug delivery 

because of their compact, nanoscopic size. Specifically, poly(amidoamine) (PAMAM) 

dendrimers have been shown to permeate the intestinal epithelium indicating potential as 

oral drug delivery carriers. While studies in our laboratory have determined the effects of 

surface modification on dendrimer transport and uptake, a large gap in knowledge exists 

in the transport and cytotoxicity mechanisms of PAMAM dendrimers. Additionally, 

alternatives to PAMAM dendrimers such as biodegradable poly-L-lysine (PLL) 

dendrimers have yet to be investigated for use in oral delivery.  

In this work we report the mechanisms of tight junction modulation by PAMAM 

dendrimers. While anionic dendrimers modulated tight junction proteins, cationic 

dendrimers opened tight junctions through phospholipase C-mediated calcium signaling 

allowing for paracellular small molecule transport. In comparison, cationic PLL 

dendrimers also allowed for small molecule transport with similar decreases in 

transepithelial electrical resistance. Small generation PAMAM and PLL dendrimers (16 



 
 

and 32 surface amines) activated Caspase-3 and -7 resulting in apoptosis. In contrast, 

PLL dendrimers showed less long term toxicity compared to PAMAM dendrimers 

illustrating the benefits of dendrimer biodegradability.  

We also investigated the mechanisms of PLL dendrimer internalization and 

subcellular trafficking and the impact conjugation had on these mechanisms. The pH and 

enzymes present vary within different intracellular vesicles. Knowledge of the 

environment a drug delivery system will encounter is crucial for proper drug release. 

While PLL dendrimers were internalized via cholesterol- and dynamin-mediated 

endocytosis and macropinocytosis, conjugation site impacted uptake and localization. By 

conjugating a model compound to either the dendrimer core or surface, the uptake and 

transport properties of the delivery system were modified. Core-conjugated dendrimers 

had higher uptake and localized to the lysosomes and nucleus while surface conjugation 

resulted in higher transport and less accumulation in lysosomes. This research provides 

important knowledge for designing an effective dendrimer-based oral drug delivery 

system. 
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Chapter 1 Introduction 

1.1 Introduction 

1.1.1 Polymer Therapeutics 

Polymers can be utilized as drug delivery vehicles to enhance the uptake of a drug 

at the site of action while limiting off-target adverse effects. Specifically, water-soluble 

polymer-based delivery systems can improve the solubility and therapeutic efficacy of 

drugs with dose-limiting toxicities (1). The field of nanomedicine has experienced 

exponential growth over the past several decades resulting in significant diversity in the 

types of polymers utilized for drug delivery. These polymers can generally be categorized 

into one of four different macromolecular architectures: linear, cross-linked, branched, or 

dendritic. The dendritic architecture can then be further divided into hyperbranched, 

dendrigrafts, dendrons, and dendrimers, with each possessing unique physicochemical 

properties (2). 

Successful polymeric drug delivery exploits the properties that differentiate 

polymers from small molecule drugs. For example, linear polymers such as HPMA can 

improve chemotherapeutic accumulation at the tumor site by taking advantage of the 

leaky vasculature surrounding the tumor as well as the poorly formed lymphatic drainage 

within the tumor (3). Hydrogels composed of cross-linked polymers can provide 

controlled release of drugs over an extended period of time (4). Dendrimers can 

solubilize insoluble drugs to increase cellular internalization (5). For all of these 

polymers, drugs can either be complexed with or conjugated to the polymer (6). In 

addition to drugs, targeting moieties can be attached to the polymer to further enhance 
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site-specific drug delivery (7). Imaging agents may also be included in polymer-drug 

delivery systems to create theranostics capable of both diagnosing and treating disease in 

one platform (8).  

Developing polymer-based delivery strategies is especially propitious for 

chemotherapeutic drugs. These drugs typically have poor water solubility and dose-

limiting adverse reactions. By conjugating chemotherapeutics to water-soluble, 

biocompatible polymers the therapeutic effect of the drug is enhanced by increasing drug 

solubility, passively and actively targeting the drug to the tumor, enhancing accumulation 

of the drug within the tumor, decreasing potential drug resistance, and decreasing damage 

to healthy tissues (1).   

1.1.2 Oral Drug Delivery 

Chemotherapeutic agents are traditionally administered intravenously due to poor 

solubility, permeability, or both, resulting in poor bioavailability. Intravenous 

administration of chemotherapeutics requires recurring hospital visits which accrue 

significant costs for both the patient and healthcare system (9). Oral administration is 

preferred by patients and improves medication compliance especially among people with 

a fear of needles (10). In addition to lower direct and indirect costs, oral chemotherapy 

also allows for a more flexible dosing regimen and decreases the facility and staffing 

burdens of hospitals (11, 12).  

Although oral delivery is the preferred administration route, several challenges 

must be overcome for successful therapeutic outcomes. Drugs or delivery systems must 

have appropriate solubility and stability within the many environments present within the 

gastrointestinal tract, and once the site of absorption is reached, the ability to permeate 
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the intestinal epithelium (13). The epithelium of the gut provides a selectively permeable 

barrier between the external and internal environments in the body to allow for nutrient 

absorption while providing protection from toxins, bacteria, and other undesirable 

products (14). This barrier can be overcome by either passive or active transport 

mechanisms. 

Passive diffusion of a compound across epithelial cells is governed by a set of 

physicochemical properties collectively titled the Lipinski Rule of 5. These rules state 

that for successful oral absorption, a compound must not violate more than one of the 

following conditions: 1) molecular weight lower than 500 Da, 2) logP less than 5, 3) 5 or 

less hydrogen bond donors, and 4) 10 or less hydrogen bond acceptors (15). These rules 

do not apply to compounds that are actively transported or transcytosed across the 

intestinal barrier. Compounds can also permeate via the paracellular route, but this 

pathway is generally relegated to small hydrophilic molecules (16). While polymeric 

drug delivery systems can significantly improve the therapeutic profile of chemotherapy 

drugs, polymers generally do not meet the stringent requirements necessary for successful 

oral drug delivery. Therefore, there is a strong unmet need to develop orally administered 

polymer-drug conjugates for enhanced oral bioavailability of chemotherapeutics with 

targeted tumor accumulation. 

1.1.3 Dendrimers 

Dendrimers are a class of highly branched polymers with unique physical 

properties making them amenable for drug delivery. These properties include a high 

density of surface groups, near monodispersity, and nanoscopic size (17). The abundant 

number of surface groups allows for the attachment of drugs, targeting moieties, and 
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imaging agents to create multifunctional drug delivery platforms (18). Because of their 

compact structure and charge density, dendrimers have shown promise as oral drug 

delivery vehicles.  

Specifically, poly(amidoamine) or PAMAM dendrimers have been extensively 

investigated for use in oral drug delivery applications. Previous studies indicated that 

within a specific size and charge window PAMAM dendrimers can cross the intestinal 

epithelium and improve the permeability of poorly water-soluble chemotherapeutics (19-

24). While promising, PAMAM dendrimers are not biodegradable, and their potential use 

in applications requiring multiple dosing may be limited by toxicity. 

Dendrimers with similar physicochemical properties as PAMAM dendrimers have 

been developed to provide a biodegradable alternative for biomedical applications. 

Namely, poly-L-lysine (PLL) dendrimers have shown improved chemotherapeutic drug 

delivery compared to free drug when administered intravenously (25-28). While these 

dendrimers have not yet been applied to oral administration, they possess many of the 

same properties as PAMAM dendrimers. Therefore, more work is needed to establish 

PLL dendrimers as safe and efficacious orally administrable drug delivery carriers.  

1.2 Specific Aims        

 The research presented within this dissertation seeks to elucidate the underlying 

mechanisms of transepithelial transport and internalization of PAMAM and PLL 

dendrimers while establishing mechanisms of dendrimer toxicity with the eventual goal 

of utilizing these dendrimers to improve the oral bioavailability of chemotherapeutics. To 

achieve this goal the following Specific Aims were developed: 
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1. To elucidate the detailed mechanisms of cationic and anionic PAMAM 

dendrimer-mediated tight junction modulation in differentiated Caco-2 

monolayers as a model of the intestinal epithelial barrier. 

2. To establish PLL dendrimers as potential oral drug delivery vehicles and 

compare their mechanisms of cytotoxicity to PAMAM dendrimers in Caco-2 

cells. 

3. To investigate the mechanisms of internalization and subcellular trafficking of 

PLL dendrimers and the impact of conjugation on these mechanisms in 

polarized cells.  

These Specific Aims are designed to test the following hypotheses:  

1. PAMAM dendrimers modulate tight junctions through intracellular 

mechanisms unique to the dendrimer surface charge allowing for paracellular 

transport of the dendrimer and small molecules. 

2. PLL dendrimers have comparable permeation enhancement to PAMAM 

dendrimers while being less cytotoxic to Caco-2 cells. 

3. PLL dendrimers will be internalized by multiple endocytosis pathways that 

will correlate with the intracellular trafficking. The site of conjugation to the 

dendrimer will impact the uptake and transport properties of the dendrimer. 

1.3 Scope and Organization 

Chapter 2 of this dissertation provides background on the history and structural 

characteristics of dendrimers as well as an overview of the various types of dendrimers. 

A detailed literature review details the current biomedical applications of dendrimers 

with an emphasis on disease states and novel administration routes. Chapter 3 describes 
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the mechanisms of dendrimer-mediated tight junction modulation in differentiated Caco-

2 monolayers while emphasizing the differences between anionic and cationic dendrimers 

(29). In particular, Chapter 3 explores the role of calcium in dendrimer-induced tight 

junction opening. In Chapter 4, PLL dendrimers are assessed for their potential use as 

oral drug delivery vehicles. Additionally, the mechanisms of cytotoxicity of PLL and 

PAMAM dendrimers are evaluated. Chapter 5 explores the mechanisms of uptake and 

subcellular trafficking of PLL dendrimers conjugated to a model compound. Specifically, 

the impact of dendrimer conjugation on cytotoxicity, uptake, transport and trafficking of 

the dendrimer in Caco-2 monolayers is examined. Finally, Chapter 6 summarizes the 

major findings presented in this dissertation and provides suggestions for the future 

directions of this research. 
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Chapter 2 Dendrimers: Origins, Architectures, and Applications
1
 

2.1 Introduction 

Dendrimers are highly branched, nanoscopic polymers. The term dendrimer is 

derived from the Greek “dendra” meaning tree. The tree-like structure results in unique 

properties that are distinctly different from traditional linear polymers, many of which 

can be exploited for biomedical applications. The controlled synthesis of dendrimers 

allows for the size, surface chemistry, and topology to be manipulated to suit myriad 

applications.  

In this review we provide an overview of the history and properties of dendrimers. 

The synthetic approaches and different types of dendrimer are also described. Finally, the 

therapeutic and diagnostic applications of untargeted and targeted dendrimers are 

illustrated with recent results both in vitro and in vivo and an emphasis on emerging 

administration routes. 

2.2 History 

Although the theory of branched polymers was conceived by Flory in the 1940s 

(30-32), the first published reports of dendrimers did not appear until 1978 as multiple 

groups independently worked to develop new synthetic strategies to obtain monodisperse 

macromolecules. Fritz Vögtle at the University of Bonn in Germany published the first 

report of the divergent synthesis of poly(propyleneimine) (PPI) dendrimers (33). Quickly 

after, the synthesis of an asymmetrical lysine dendrimer was patented by Robert 

Denkewalter (34). Within seven years two more types of dendrimers, poly(amidoamine) 

                                                
1Reproduced in part with permission from J Control Release. 2014. Submitted for publication. 
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(PAMAM) and arborols,  had been developed by Donald Tomalia at Dow Chemical 

Company and George Newkome at Louisiana State University, respectively (35, 36). 

While Vögtle’s original cascade synthesis suffered from low yields and purity, the 

synthetic scheme developed in the Dow laboratories overcame these challenges and is 

still the preferred methodology used for commercially available PAMAM dendrimers 

today. In 1993 two groups, one at Freiburg University and the other at the Dutch 

company DSM, enhanced Vögtle’s original synthesis to create a viable commercial route 

for synthesizing PPI dendrimers (37, 38).  

Until 1990 all reported dendrimer syntheses utilized a divergent approach. While 

this type of synthesis works well for PAMAM dendrimers, many other types of 

dendrimers synthesized in this manner suffer from stunted growth or structural defects. In 

an effort to design a more controlled synthetic scheme, the laboratory of Jean Fréchet at 

Cornell University developed a convergent method for synthesizing dendrimers (39-41). 

By growing dendrimers through building blocks called dendrons that were later attached 

to a single reactive focal point, the number of novel architectures that could now be 

achieved was enormous. The first dendrimers utilizing convergent synthesis were 

polyethers derived from 3,5-dihydroxybenzyl alcohol (41). 

When first introduced to the scientific community, dendrimer research was met 

with much criticism. Tomalia reported that many scientists believed dendrimers would 

crosslink and behave similarly to microgels or latex with no unique properties and that 

dendrimers were not discrete chemical structures but should be classified as materials 

(42). Publications were often delayed because reviewers could not believe such precise 

molecular control could be achieved by the syntheses described. Advancements in 
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characterization technologies, particularly the development of matrix-assisted laser 

desorption/ionization (MALDI) mass spectrometry, verified the structural precision of 

dendrimers and led to the eventual acceptance of this new class of polymers (43-48). 

Since then, the number of dendrimer publications has grown exponentially. Today 

PAMAM, PPI, and phosphorus dendrimers (phenoxymethyl(methylhydrazono), PMMH), 

as well as polyester dendrons (2,2-bis(methylol)propionic acid, bis-MPA), are 

commercially available, and a number of products containing dendrimer technology are 

on the market. 

2.3 Structure and Properties 

Dendrimers, unlike other polymers, have a well-defined, controllable structure 

consisting of three main sections: the core, branching groups emanating from the core, 

and terminal groups presenting at the surface (49). The core, also known as the initiator, 

can affect the eventual size and shape of the dendrimer. The branches, or dendrons, are a 

region of amplification that can form internal cavities, and each new level of branch 

points within a dendron defines the dendrimer generation. The dendrimer periphery 

consists of reactive terminal groups to which new branches or targeting, imaging, or 

therapeutics moieties can be added. Core (Nc) and branch (Nb) multiplicities determine 

the number of terminal groups (Z) as a function of generation (G) through the equation 

Z=NcNb
G
, allowing the surface group amplification to be predicted mathematically. As 

the generation increases, the number of terminal groups increases exponentially while the 

mass and radius increases linearly. Dendrimers can be synthesized in discrete units 

resulting in monodisperse structures (50).   
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The molecular shape of dendrimers is generation-dependent. As the generation 

increases, dendrimers go from a flat and floppy conformation to ellipsoidal to nearly 

spherical (43, 51-54). The generations at which these shape changes occur are related to 

the core multiplicity. For example, PAMAM dendrimers with Nc=3 achieve molecular 

morphogenesis a generation later than PAMAM dendrimers with Nc=4 (55). These 

morphogeneses are the result of de Gennes dense packing that occurs as terminal groups 

increase exponentially while the radius only increases linearly (56). Once reached, the 

dense-packed state can hinder further synthesis resulting in defects in dendrimers 

synthesized by divergent methods and decreased yields for dendrimers synthesized 

convergently (57).  

In addition to precise and predictable structural control, dendrimers possess 

properties that are distinctly different from linear and branched polymers. Compared to 

linear polymers, dendrimers have a lower glass temperature, solubility that increases with 

increased molecular weight, lower viscosities that exhibit a maximum, no shear 

sensitivity, and no reptation (45, 58-63). Dendrimers also have unique container-like 

properties (64). As the dendrimer generation increases an accessible interior is formed 

between the core and surface groups. Once de Gennes dense packing is reached, the 

interior becomes inaccessible allowing for encapsulation of guest molecules. These 

unique properties along with the nanoscale dimensions similar to many biological entities 

has led to much interest in utilizing dendrimers in various biological and diagnostic 

applications, many of which will be reviewed in subsequent sections.  
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2.4 Dendrimer Synthesis 

Dendrimers are synthesized primarily through two different routes: divergent or 

convergent; however, both methods require an iterative approach. Unlike traditional 

polymers that are polydispersed because of statistical chain growth, dendrimers’ stepwise 

growth results in theoretically monodispersed polymers (50, 65). This monodispersity 

limits synthetic and experimental variability making dendrimers ideal for a variety of 

applications. Commonly used synthetic methods are described in more detail in the 

following sections.  

2.4.1 Divergent 

The earliest dendrimer syntheses utilized a divergent approach. In this method, 

dendrimers are constructed from the inside out where branches are attached to an initiator 

core, and each new propagation of branches results in a new generation. Examples of 

dendrimers synthesized via divergent synthesis include Vögtle’s original cascade 

molecules (33), Newkome’s arborol structures (35), and the PAMAM dendrimers 

developed at Dow Chemical (36). The divergent synthesis strategy provided the first 

commercial route to dendrimers and possesses several synthetic advantages. The first 

advantage is that direct growth from the core allows for a wide range of compounds and 

materials to be used as cores, and a separate anchoring step, which can be sterically 

hindered at larger generations, is not required. Second, divergently synthesized 

dendrimers are amenable to scale-up in the multi-kilogram range using low-cost, readily 

available monomers such as acrylates, acrylonitriles, and alkyleneamines. Finally, this 

method can be used to prepare high generation dendrimers that exceed the de Gennes 

dense-packed state (42). While larger dendrimers can be synthesized, defects, or 
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incomplete conjugations, are obtained once generations begin to approach and exceed the 

dense-packed state. Divergent approaches are, however, limited in the types of 

dendrimers that can be successfully synthesized. 

2.4.2 Convergent 

Convergent approaches to dendrimer synthesis have provided a useful alternative 

to the original divergent method. Convergent synthesis is an outside in approach that 

involves the synthesis of reactive dendrons which are then attached to the core. First 

introduced by Hawker and Fréchet (39, 41), polyether dendrimers were the first type of 

dendrimers to be synthesized via the convergent route. Since then the convergent method 

has been used to prepare a wide variety of dendrimers with many different functionalities. 

Convergent methods have several advantages over divergent approaches. Unlike the 

exponential number of coupling steps required for each iteration of a divergent synthesis, 

convergent growth only involves the coupling of two dendrons to a monomer, limiting 

the amount of excess reagent needed and simplifying purification (41). Dendrimers with 

multiple functionalities can be synthesized by attaching different dendrons to a single 

focal point, allowing for a versatility not afforded by the divergent method (40). This 

method is also more amenable to creating dendrimer hybrids in which dendrons are 

combined with other types of polymers or scaffolds (66-68). While convergent 

approaches allow for more versatility in the types of dendrimers that can be synthesized, 

these dendrimers are limited in size due to steric hinderance at the dendron attachment 

focal point. 
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2.4.3 Mixed Methods 

Traditional divergent and convergent dendrimer synthesis methods both require 

multiple steps to achieve a single generation increase; therefore, several other methods 

have been developed in an effort to accelerate dendrimer synthesis. The double stage 

convergent, or hypercore, method involves attaching dendrons to a core to create a 

hypercore which is then reacted with the dendrons again to obtain a higher generation 

dendrimer. This method was used by Fréchet et al. to obtain G7 dendrimers with different 

internal and external branching groups creating a layer-block construction (69). Using 

this method overcomes the typical steric hindrance encountered in traditional convergent 

synthesis, but no improvement in synthesis time is achieved. A similar approach utilizing 

hypermonomers, or monomers with a higher than conventional number of functional 

groups, has been used to create dendrimers with the same number of surface groups in 

half the number of synthetic steps as traditional synthesis; using these monomers, a new 

generation is created in each step (70). Unfortunately, hypermonomers are typically 

lower generation dendrons thereby eliminating any reduction in synthetic steps. Another 

method utilizing an orthogonally-protected monomer, known as the double-exponential 

method, has been used to synthesis a wide variety of dendrimers (71-76). This method 

requires three synthetic steps for each doubling of dendron generation which leads to a 

reduced number of overall steps. While this reduction is minimal for smaller generations, 

the result can be significant for larger dendrimers, and this method can be used to 

synthesize classical and asymmetrical dendrimers. The orthogonal coupling method 

combines two different monomers with chemoselective functional groups such that the 

focal group on each monomer will react with the peripheral groups on the other monomer 
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(77, 78). By eliminating the need for deprotection steps, dendrimer synthesis is reduced 

by half. This method typically creates a layer-block assembly because of the two different 

monomers; however, Yu et al. created homogeneous dendrons using orthogonal synthesis 

(79). A unique method combining the orthogonal approach with hyperbranched 

monomers termed ‘lego’ chemistry has been used to synthesize phosphorus dendrimers in 

a one-pot synthesis (80-82). Through this method, dendrimers were grown from 48 to 

250 terminal groups in a single reaction with by-products of only nitrogen and water. 

Although the orthogonal approach greatly reduces the synthetic steps, the complex 

synthetic requirements and limited number of surface functionalities that can be 

incorporated are a limiting factor in the use of this method.  

Another approach utilizing click chemistry, a concept first introduced by 

Sharpless et al. in 2001, has found many application in dendrimer synthesis (83). Several 

types of click chemistries have been used in dendrimer synthesis: Cu(I)-catalyzed alkyne 

cycloaddition (CuAAC) (84), Diels-Alder cycloaddition (DA) (85, 86), thiol-ene and 

thiol-yne coupling (TEC and TYC, respectively) (87, 88), and Michael addition. 

Combining convergent strategies with CuAAC, triazole-based dendrimers were 

successfully synthesized in aqueous conditions with only NaCl as the major by-product, 

and up to generation 3 was isolated without chromatographic separation in the first use of 

click chemistry for dendrimer synthesis (89). This approach was also used to obtain 

Fréchet-type dendrimers via a divergent strategy (90). CuAAC has been used to 

synthesize a wide range of dendrimers including bis-MPA (91), PAMAM (92), and 

poly(benzylether) (92), as well as to functionalize dendrimers with a variety of peptides, 

carbohydrates, targeting moieties, and imaging agents (93-96). Although CuAAC 
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reactions are extremely useful for obtaining unsymmetrical and bifunctional dendrimers 

that would be difficult to synthesize by other means (97), the removal of the copper 

catalyst is extremely difficult. Traces of the cytotoxic copper limit the use of these 

dendrimers in biomedical applications. To overcome this limitation, strain-promoted 

azide-alkyne cycloaddition (SPAAC) has been investigated as a synthetic approach (98). 

While CuAAC has been the most researched click chemistry method applied to 

dendrimers, additional strategies have been investigated. DA is useful in the synthesis of 

thermoresponsive dendrimers because of the reversible nature of the reaction (99, 100). 

Thiol-based reactions have gained interest for their potential to provide a greener 

synthesis. TEC has been used to synthesize poly(thioester) and bis-MPA dendrimers in 

half the number of steps compared to traditional synthesis (101, 102). TYC has also been 

used to synthesize G3 dendrimers with 192 terminal hydroxyl groups in six steps (103). 

Synthesis of G4 polyester dendrimers has been demonstrated utilizing Michael addition 

combined with chemoselective monomers (104). New approaches combining multiple 

types of click chemistry such as CuAAC-DA (105, 106), CuAAC-TEC (107), and TYC-

Michael addition (108), can further accelerate dendrimer synthesis. One-pot and one-step 

syntheses are the ideal synthetic strategy, and several recent examples of these reactions 

applied to dendrimer synthesis have achieved this goal. Peptide-peptoidic dendrimers and 

tri-block dendrimers with 1,3-propanediol dendrons have been successfully synthesized 

utilizing a multicomponent approach (109, 110). Although many techniques for 

synthesizing dendrimers already exist (111), the field of dendrimer chemistry will 

continue to grow as the applications for dendrimers become more advanced. 
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2.5 Types of Dendrimers 

With advances in dendrimer chemistry, the types of dendrimers have grown 

exponentially. We will briefly review commonly used dendrimers (Figure 2.1) and 

notable dendrimer hybrids. Biological applications of these dendrimers will be reviewed 

in-depth in later sections.  

2.5.1 Poly(propyleneimine) (PPI) 

First developed by Vögtle in 1978 (33), PPI dendrimers had little success until 

researchers at Freiberg University and DSM modified the original approach to obtain 

higher generations in large quantities (37, 38). PPI dendrimers are synthesized by a two-

step iterative approach in which Michael addition of acrylonitrile is followed by 

heterogeneous hydrogenation of the terminal nitrile groups resulting in an amine-

terminated dendrimer. Typically, 1,4-diaminobutane is used as the core. These 

dendrimers are marketed as DAB-AM and sold up to generation 5 with 64 terminal 

amines. Because the surface groups are primary amines, PPI dendrimers are water 

soluble, basic compounds with properties similar to PAMAM dendrimer (112). PPI 

dendrimers have been used in a variety of applications including as drug and gene 

delivery vehicles as well as antimicrobial agents (113).  

2.5.2 Poly(amidoamine) (PAMAM) 

PAMAM dendrimers were first developed by Tomalia et al. at Dow Chemical in 

1984 and have become the most widely used dendrimers today (36). Using a divergent 

approach, PAMAM dendrimers have been synthesized up to generation 12. Similar to 

PPI dendrimers, PAMAM dendrimers are synthesized in a two-step iterative process 

involving alkylation with methylacrylate followed by amidation with ethylenediamine.  
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Figure 2.1. Types of dendrimers. Dendrimers can be synthesized with a variety of 

chemistries for use in myriad biological applications. Structures of G2 

poly(propyleneimine) (PPI) (A.). G2 poly(amidoamine) (B.), G2 polyester (C.), G2 

poly(benzylether) (D.), G2 poly-L-lysine (E.), G1.5 phenoxymethyl(methylhydrazono) 

(PMMH) (F.), and G1.5 carbosilane (G.) dendrimers are shown.  
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Stopping the synthesis after the alkylation produces ester-terminated dendrimers termed 

half generations. PAMAM dendrimers can be synthesized with a variety of cores but are 

traditionally alkyl diamines of various lengths. Commercially produced by Dendritech as 

Starburst® dendrimers, PAMAM dendrimers are available with five different cores and 

ten different surface functionalities in generations 0-10. Amine-terminated PAMAM 

dendrimers have similar properties as PPI dendrimers, and, therefore, can be used in 

similar applications (113). Additional surface functionalities have made PAMAM 

dendrimers a versatile polymer for both biological and physical applications (114-116). 

2.5.3 Polyether and Polyester 

Introduced in 1989, polyether, or Fréchet-type, dendrimers were the first 

dendrimers to be synthesized using a convergent approach (41). The original polyether 

dendrimers were synthesized by creating dendrons based on 3,5-dihydroxybenzyl alcohol 

using an activation/coupling iteration. Once the dendrons were synthesized, the same 

coupling method, Williamson ether synthesis, was used to attach the dendrons to a 

polyfunctional core to obtain polyether dendrimers up to G6. Polyester dendrimers, 

developed by Ihre et al. are based on bis-MPA and synthesized via double stage 

convergence in which the acetonide-protected fourth generation dendrons are coupled to 

a core, deprotected, and coupled to various acid chlorides to obtain dendrimers (117). 

Bis-MPA dendrons are commercially available up to generation 5 with a variety of focal 

group functionalities. Polyether and polyester dendrimers have different properties 

making them useful for different applications. The chemical stability of polyether 

dendrimers makes them more applicable for use in nanodevices (64), whereas the readily 
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hydrolyzed polyester dendrimers are more biocompatible with potential use in medical 

applications (118). 

2.5.4 Heteroatom (Si and P)  

   Heteroatom-based dendrimers offer unique properties when compared to their 

traditional organic counterparts. Silicon-based dendrimers were the first heteroatom-

containing dendrimers synthesized. These dendrimers can have siloxane, carbosilane, or 

silane groups at branching points with the carbosilane dendrimers being the most utilized 

silicon dendrimer (119). These dendrimers are synthesized by alternating alkenylation 

with Grignard reagents and hydrosilylation producing high yields (120). Silicon 

dendrimers have primarily been used for catalysis (121) but are finding more uses in 

biological applications (122, 123). Phosphorus dendrimers were first reported by Rengan 

and Engal in 1990 (124) using phosphonium ions as branching points and popularized by 

Majoral and Caminade (119). The most common synthesis involves nucleophilic 

substitution of Cl with 4-hydroxybenzaldehyde followed by condensation with a 

phosphohydrazide. This process is repeated until the desired generation is obtained, and 

phosphorus dendrimers have been synthesized up to generation 12. Commercially 

available, PMMH have either thiophosphoryl chloride or hexachlorocyclotriphosphazene 

cores with aldyhyde or dichlorophosphinothioyl surface groups. With high thermal 

stability and large dipole moments, phosphorus dendrimers are finding use in chemical, 

biological, and materials science applications (125). 

2.5.5 Peptide 

While PPI and PAMAM dendrimers are commonly decorated with proteins and 

peptides, these moieties, along with the amino acid building blocks, can also be used to 
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form dendrimers. Peptide dendrimers can be divided into three main architectures. The 

first are branching polyamino acids. Denkewalter first patented what are now known as 

poly-L-lysine dendrimers in 1979 (34). Although poly-L-lysine dendrimers are 

asymetrically branched, molecular dynamics simulations suggest that all the terminal 

groups are still accessible by water and the general structural characteristics of traditional 

symmetric dendrimers are still retained (126). In addition to poly-L-lysine dendrimers, 

lysine can be used as a branching core decorated with other amino acids (127). 

Polyamide dendrimers are typically the smallest of the peptide dendrimers. The other two 

types of peptide-based dendrimers are grafted and peptide dendrimers. Grafted peptide 

dendrimers contain an organic core, such as a PAMAM dendrimer, conjugated at the 

surface with amino acids (128), peptides (129), or sugars (130). True peptide dendrimers 

contain an amino acid core with peptidyl chains at the surface such as multiple antigen 

peptides (MAPs) (131). In addition to traditional divergent and convergent synthetic 

approaches, peptide dendrimers can also be synthesized through solid phase synthesis. 

Both methods utilize protected amino acids; therefore, each generation requires 

conjugation and deprotection. Peptide dendrimers have many applications and are used as 

transfection reagents, in immunoassays, as protein/DNA mimetics, and as vaccines (132). 

2.5.6 Notable Dendrimer Hybrids 

In addition to the types of dendrimers described above, many different dendrimer 

hybrids have been investigated for biological uses. Dendritic-dendritic block copolymers 

can be composed of dendrons of either different generations or different functionalities. 

Bow-tie dendrimers utilizing polyester or polyether dendrons of different generations 

have been investigated for chemotherapeutic applications (133). By orthogonally 
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protecting the dendrons, one side can be selectively PEGylated, and altering the 

generation of the dendron to be PEGylated affects the number of PEG groups that can be 

attached (134). Using dendrons with different functionalities results in Janus dendrimers, 

which provide even more options for functionalization (135). Amphiphilic Janus 

dendrimers can self-assemble into dendrimersomes with uniform size as well as other 

complex architectures (136). These dendrimers can be used to mimic biological 

membranes. In addition to combining different types of dendrons, dendrons can also be 

combined with different types of polymers. Dendronized polymers consist of a linear 

polymer backbone with dendrons attached at every monomer repeat, creating a rigid-rod 

architecture. As the dendron generation increases, the rigidity of the structure also 

increases (137). Dendronized polymers investigated for drug delivery have shown that 

adding dendrons to the linear polymer increased the drug loading capacity while 

maintaining a long circulation time (138). Dendrimers can also be attached to other 

dendrimers to create tecto-dendrimers. By attaching smaller generation dendrimers to the 

periphery of a larger generation dendrimer the synthetic drawbacks of high generation 

dendrimers can be overcome (139). Like the other dendrimer hybrids, tecto-dendrimers 

are finding use in biological applications (140). Dendrimers and dendrons can also be 

used to encapsulate or coat inorganic nanoparticles such as gold and superparamagnetic 

iron oxide which improves the stability, biocompatibility, and cellular delivery of the 

nanoparticles (141, 142). Dendrimer-nanoparticle hybrids are capable of further 

increasing the therapeutic applications of dendrimers. 
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2.6 Applications 

Dendrimers have been extensively investigated for a wide variety of biomedical 

applications (143). This review will focus primarily on the use of dendrimers in 

therapeutic applications illustrated in Figure 2.2 and the emerging administration routes 

for which dendrimers are being investigated. We will also provide a brief overview of the 

current clinical uses of dendrimers as diagnostic tools for disease. While dendrimers can 

have therapeutic activity on their own, they are commonly used in conjunction with other 

therapeutic agents (17). Drugs can be encapsulated, complexed, or conjugated to  

dendrimers (6). Additionally, targeting moieties (144) and imaging agents (145) can also 

be incorporated. Each of these dendrimer constructs will be addressed for each 

therapeutic and diagnostic application where applicable. 

2.6.1 Therapeutic 

2.6.1.1 Antimicrobial 

The multivalency of dendrimers makes them ideal candidates for the treatment of 

infectious diseases. Dendrimers have been shown to have both antibacterial and antiviral 

properties. For the treatment of bacterial infections, dendrimers can serve as antibacterial 

agents, bacteriophobic coatings, or as antibacterial drug delivery systems (146). Cationic 

dendrimers act as antibacterial agents by disrupting and permeating bacterial cell 

membranes (147). Quaternized PPI dendrimers have shown potency against E. coli, with 

activity dependent on dendrimer generation and the length of a single hydrophobic chain 

conjugated to the dendrimer (148). G5 PAMAM dendrimers with and without 

polyethylene glycol (PEG) chains were investigated for antibacterial activity against 

laboratory and clinical strains of P. aeruginosa (149). Optimization of G3 PAMAM  
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Figure 2.2. Therapeutic applications of dendrimers. 
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dendrimers with 6% PEG led to more potent activity against P. aeruginosa with minimal 

cytotoxicity against other cells (150). An in vivo guinea pig model of chorioamnionitis 

was used to illustrate the ability of hydroxyl-terminated G4 PAMAM dendrimers to 

prevent E. coli contamination of the amniotic fluid (151). Cytokine levels in the animals 

were shown to be similar between the dendrimer-treated and infection-free control 

animals indicating that the dendrimers did not cause an immune response. A recent study 

also displayed the effectiveness of low generation cationic PAMAM dendrimers against 

Gram-negative and Gram-positive bacteria including drug resistant strains (152). G2 

PAMAM dendrimers were effective antibacterial agents without inducing drug resistance 

or causing toxicity. While anionic dendrimers have shown activity comparable to 

gentamycin in Gram-positive and Gram-negative bacteria, cationic dendrimers were more 

potent against both bacteria (153). Additionally, viologen-conjugated phosphorus 

dendrimers have shown promising preliminary results against S. aureus, E. coli, and P. 

vulgaris (154). 

Dendrimers decorated with carbohydrates have shown exceptional antibacterial 

properties through either blocking uptake of bacterial toxins into eukaryotic cells or 

preventing bacterial cells from binding to human erythrocytes (146). Bacterial cells attach 

to eukaryotic cells via carbohydrate-protein interactions, and bacterial toxins are 

internalized though the same interactions (155). Glycodendrimers can have sugar groups 

specific to either the bacterium or the toxin, preventing binding and uptake. Both PPI and 

PAMAM dendrimers with a specific ganglioside attached have been used to inhibit 

cholera toxin B and heat-labile enterotoxin from binding to cells (156). Because of 

multivalency, toxins bind to the dendrimers at over a 1000-fold lower concentration than 
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is needed for binding to the free glycoprotein. To prevent the binding of bacterial cells to 

human erythrocytes, glycodendrimers containing galabiose were designed to inhibit the 

meningitis-causing S. sues (157). Octavalent dendrimers were able to achieve minimum 

inhibitory concentrations in the nano- and picomolar range. Therefore, glycodendrimers 

have the potential to serve as antibacterial agents with high specificity. 

Another type of dendrimer designed for antibacterial activity is a peptide 

dendrimer. Dendrimers are decorated with peptides that mimic antimicrobial peptides 

that participate in innate immune response (158). Tam et al. attached tetra- or 

octapeptides to the surface of small PLL dendrimers and evaluated the antimicrobial 

activity of the constructs (159). The peptide dendrimers had broad-spectrum activity 

comparable to the linear peptide but with better solubility and stability and less toxicity to 

human cells. Other PLL dendrimers with tetrapeptides have been shown to display 

activity against multidrug resistant strains of E. coli and S. aureus eliciting lower levels 

of resistance compared to traditional antibiotics like ciprofloxacin and gentamicin (160).  

In addition to serving as antibacterial agents, dendrimers can also act as delivery 

vehicles for other antibacterial drugs. G4 PAMAM dendrimers have been used to 

solubilize nadifloxacin and prulifloxacin, poorly soluble quinolones, to improve the 

potency against E. coli (161). PAMAM dendrimers with anionic termini can complex 

silver ions and form silver nanoparticles resulting in complexes with potency comparable 

to silver nitrate against S. aureus, P. aeruginosa, and E. coli (162). These complexes also 

had improved solubility and stability compared to silver nitrate. Mannosylated PAMAM 

dendrimers and PEGylated PPI dendrimers both containing rifampicin were investigated 
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for the treatment of tuberculosis (163, 164). Studies found that dendrimer encapsulation 

improved biocompatibility and resulted in controlled drug release. 

Dendrimers can also be used to treat and prevent biofilms, a group of bacterial 

cells often resistant to antibiotics. Glycodendrimers with fucose groups, a ligand for LecB 

on P. aeruginosa, displayed complete inhibition of biofilm formation and complete 

dispersion of established biofilms (165). Altering the dendrimer to have D-amino acids 

instead of the original L-amino acids resulted in retained inhibition of biofilm formation 

with higher stability against proteolysis (166). A tetravalent peptide dendrimer has also 

shown promise in treating biofilms by killing E. coli persister cells that are tolerant to 

antibiotic stress (167). Dendrimers can also be used to coat metal implants to prevent 

biofilm formation. PLL dendrimers were appended with titanium-binding peptides and a 

single PEG chain and used to coat titanium beads (168). Coated beads had a 90% 

reduction in S. aureus biofilm formation compared to uncoated beads, indicating the 

potential of dendrimers to inhibit infections from orthopedic implants. 

  In addition to potent antibacterial potential, dendrimers also possess antiviral 

activity. While cationic dendrimers are more potent for antibacterial activity, anionic 

surface groups are more effective against viruses. Dendrimers interact with the virus 

preventing binding to the target cell (169). Dendrimers have been investigated for use 

against influenza (170), respiratory syncytial virus (171), and herpes simplex virus (HSV) 

(172); however, activity against human immunodeficiency virus (HIV) has been the most 

reported. Dendrimers that have been evaluated for HIV prevention include anionic 

dendrimers, glycodendrimers, and targeted dendrimer-drug complexes (173). The first 

dendrimer product to enter clinical trials was SPL7013, or VivaGel®, a G4 PLL 
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dendrimer with terminal naphthalene sulfonic acid groups designed for vaginal delivery. 

SPL7013 had broad spectrum antiviral activity against HIV, HSV, and human 

papillomavirus (172). After showing efficacy and safety in preclinical studies (174), 

Phase I clinical trials were performed to establish the tolerability of VivaGel® in women 

(175), and studies found that SPL7013 does not enter systemic circulation (176). Phase II 

studies also displayed the effectiveness of SPL7013 in the prevention of HIV and HSV-2 

transmission (177). Although Phase III clinical trials with VivaGel® for the treatment of 

bacterial vaginosis failed to meet the clinical cure endpoint, the success of SPL7013 as an 

antiviral led to the approval of VivaGel®-coated condoms in Japan and Australia (178).  

Glycodendrimers can also possess antiviral properties. Mannose-conjugated 

dendrimers inhibited the interaction of HIV with dendritic cells (179), and PPI 

dendrimers with sulfated galactose terminal groups also prevented HIV infection (180). 

G3 PLL dendrimers have been decorated with sulfated cellobiose and shown similar 

potency as a nucleosidereverse transcriptase inhibitor (181). Carbosilane dendrimers with 

anionic sulfonate groups have also been investigated for HIV inhibition ability (123).  

While native and glycodendrimers have shown the most success in antiviral 

treatment, dendrimers have also been used as vehicles for the encapsulation of 

antiretroviral agents. PPI dendrimers loaded with efavirenz and targeted to macrophages 

by conjugating tuftsin to the dendrimer surface exhibited enhanced uptake in phagocytic 

cells with anti-HIV activity (182). The same group also used mannose-capped PPI 

dendrimers to deliver lamivudine with increased macrophage uptake and antiretroviral 

activity and decreased cytotoxicity compared to the free drug (183). With extensive 
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research explicating potent antimicrobial activity, dendrimers are posed to make a 

significant impact in the treatment of infectious diseases.   

2.6.1.2 Neurodegenerative 

The cationic nature of dendrimers can be exploited for the prevention and 

treatment of neurodegenerative diseases. Many neurodegenerative diseases are the result 

of protein aggregation. In prion diseases, conformational changes in the prion protein 

(PrP
C
) can result in an aggregation-prone, protease-resistant scrapie protein (PrP

Sc
) that 

causes spongiform encephalopathy (184). While prion diseases affect several different 

species, the human form is called Cruetzfeldt-Jakob disease. The ability of dendrimers to 

treat prion-infected cells was serendipitously discovered by Supattapone et al. after 

attempting to transfect scrapie-infected ScN2a neuroblastoma cells with Superfect™, a 

PAMAM dendrimer-based transfection agent (185). After transfection, the cells were 

cleared of all PrP
Sc

 proteins. Other cationic dendrimers such as PPI and 

poly(ethyleneimine) (PEI) have also been shown to clear scrapie-infected cells without 

being cytotoxic (186, 187). Typical treatments for prion diseases only stop the conversion 

of PrP
C
 to PrP

Sc
; however, dendrimers are the first compounds to result in the removal of 

previously formed PrP
Sc

, which cannot be efficiently removed by endogenous 

mechanisms (185). Phosphorous dendrimers have also been investigated for use against 

prion diseases and displayed the ability to clear PrP
Sc

 from the spleen of mice injected 

with the protein (188). Interestingly, the spectrum of prion strains susceptible to PPI or 

phosphorus dendrimers is unique for each dendrimer (187, 188). Guanidino- and urea-

modified G2 PPI dendrimers were investigated for prion clearing ability also, and while 

the charged dendrimers were more potent, the neutral urea-modified dendrimers were still 
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able to clear the infection while causing less cytotoxicity (189). With the ability to treat 

prion diseases by both preventing PrP
C
 conversion and solubilizing preexisting PrP

Sc
 

aggregates, dendrimers are promising candidates for the treatment of prion diseases (190, 

191). 

The ability of dendrimers to disaggregate PrP
Sc

 by interrupting the protein β-

sheets has led to the investigation of their use in another neurodegenerative disease 

caused by protein aggregation, Alzheimer’s disease (192, 193). The development and 

onset of Alzheimer’s disease is believed to be related to the aggregation of β-amyloid 

(Aβ) peptides as described in the amyloid cascade hypothesis (194). The Aβ peptides first 

form soluble, neurotoxic oligomers before forming insoluble, nontoxic fibrils that lead to 

plaques. Therefore, treatments can prevent Aβ from aggregating, break up the already 

formed aggregates, or accelerate formation of the nontoxic fibrils. Early work showed 

that G3 PAMAM dendrimers were capable of modulating Aβ 1-28 peptide aggregation: 

low concentrations affected the fibril nucleation rate increasing nontoxic fibril formation 

and high concentrations affected the elongation rate of fibrils preventing aggregate 

formation (193). Phosphorus and gallic acid-triethylene glycol dendrimers conjugated to 

morpholine as well as lysine dendrimers also reduced the toxicity of Aβ 1-28 by 

modifying peptide aggregation in a similar manner while decreasing the cytotoxicity 

caused by the peptide (195-197). In a study utilizing electron paramagnetic resonance to 

investigate dendrimer-peptide interactions, researchers found that the dipolar interactions 

between the dendrimer and the Alzheimer’s peptide Aβ 1-28 were stronger than the 

hydrophilic-hydrophobic interactions between the dendrimer and the prion peptide PrP 

185-208 (198). PAMAM dendrimers also showed a stronger interaction than both PPI 
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and phosphorus dendrimers and are, therefore, suspected to have better peptide-

aggregation scavenging abilities. The ability of PAMAM dendrimers to influence 

amyloid aggregation is generation dependent, with G5 PAMAM dendrimers showing a 

larger degree of aggregation inhibition and more effective disruption of preexisting fibrils 

than G3 and G4 (199). G2-4 PAMAM dendrimers decorated with sialic acid, a molecule 

on cell surface glycoproteins with which Aβ binds to exert cellular toxicity, were found 

to attenuate Aβ toxicity at much lower concentrations than free sialic acid (200); 

however, the mechanisms of this attenuation could not be conclusively defined (201). 

More recent studies utilizing maltose-conjugated PPI dendrimers have shown promise in 

the amelioration of Aβ toxicity as these dendrimers also caused amyloid fibrils to clump 

and become nontoxic (202). In vivo studies conducted in a transgenic mouse model of 

Alzheimer’s disease showed that neutral G4 PPI-maltose dendrimers were capable of 

reaching the brain and increasing the Aβ fibrillar content after intranasal delivery (203). 

Unfortunately these dendrimers did not improve the memory impairment of the mice, 

emphasizing the difficulty of translating molecular events to clinically meaningful 

outcomes. PPI dendrimers with maltotriose have also been shown to modestly cross the 

blood brain barrier after intraperitoneal administration, taking dendrimers one step closer 

to realizing their potential in neurodegenerative diseases (204).    

In addition to impacting Aβ fibrillation, dendrimers have also been investigated 

for the ability to inhibit the aggregation of α-synuclein. As the primary component of 

Lewy bodies, α-synuclein fibril formation and aggregation is implicated in several 

neurodegenerative diseases such as Parkinson’s disease (205). Initial studies conducted 

with G3-5 PAMAM dendrimers indicated the ability of these dendrimers to both inhibit 
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fibril formation and disassociate preexisting fibrils in a concentration- and generation-

dependent manner (206). The effects of cationic and anionic PAMAM dendrimers on α-

synuclein aggregation have also been compared (207). While G4 PAMAM dendrimers 

directly interacted with the protein to prevent fibrillation, the anionic dendrimer had no 

interaction or effect on aggregation. Fibril formation was also shown to be inhibited by 

low concentrations of native and viologen-conjugated phosphorus dendrimers (208, 209). 

Taken together, studies on the ability of dendrimers to impact protein aggregation, an 

important process in neurodegenerative diseases, exemplify the unique ways in which 

dendrimers may impact the treatment of a multitude of diseases. 

2.6.1.3 Inflammatory 

Inflammation underlies many chronic conditions including arthritis, asthma, 

retinal degeneration, and neurodegenerative disorders. While dendrimers have shown use 

in the solubilization, and in some cases improved the permeability, of several anti-

inflammatory drugs, dendrimers also have intrinsic anti-inflammatory properties (210). 

Testing the anti-inflammatory properties of PAMAM dendrimer-indomethacin 

conjugates in an arthritic rat model, Chen et al. discovered that although the conjugates 

preferentially accumulated within the inflamed regions to a greater extent than free drug, 

the dendrimer alone also exhibited an anti-inflammatory effect (211). Therefore, the 

researchers investigated the use of PAMAM dendrimers with different surface charge 

(G4, G4OH, G4.5) in multiple models of inflammation in rats. After intraperitoneal 

injection, the dendrimers displayed higher activity than indomethacin, with G4 exhibiting 

the highest activity (212). The anti-inflammatory activity of G4 and G4OH PAMAM 

dendrimers was determined to be through the selective inhibition of cyclooxygenase-2 
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(COX-2). Other enzyme inhibitor and molecular modeling studies have also indicated 

that smaller hydroxyl-terminated dendrimers are also capable of interacting with and 

inhibiting COX-2 and inducible nitric oxide synthase (213). To specifically act upon 

arthritis-associated inflammation, targeting dendrimers to monocytes, activation of which 

is responsible for inflammation and eventual bone erosion, is one potential therapeutic 

strategy (214). Phosphorus dendrimers capped with azabisphosphonate were shown to 

target monocytes and direct them towards an anti-inflammatory response (215). In a 

rheumatoid arthritis mouse model the dendrimers reduced inflammatory cytokines and 

prevented cartilage damage and bone erosion after intravenous administration. The anti-

osteoclastic activity of the phosphorus dendrimers was further corroborated by in vitro 

results. Building upon the intrinsic anti-inflammatory properties of dendrimers, folate-

targeted, methotrexate-conjugated dendrimers were used to target macrophages to 

successfully reduce arthritis-induced parameters of inflammation in a collagen-induced 

arthritis rat model (216). Arthritis can also be caused by infection, and PAMAM G4-folic 

acid (FA) conjugates were again capable of targeting inflammatory sites in Chlamydia-

induced reactive arthritis in mice (217). 

Pulmonary inflammation has been another area of interest for dendrimer-targeted 

delivery. G4OH PAMAM-methylprednisolone conjugates have been shown to decrease 

the number of eosinophils in the lung to a greater extent than free methylprednisolone 

after transnasal delivery in a mouse model of inhaled ovalbumin-induced pulmonary 

inflammation (218). The improved treatment compared to free drug was due to the 

increased residence time of the dendrimer-drug conjugate in the lungs. Additionally, 

mannose-grafted poly(phosphorhydrazone) dendrimers were tested in a 
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lipopolysaccharide (LPS) inhalation-induced murine inflammation model (219). 

Dendrimer treatment was discovered to reduce neutrophil influx to the lungs after LPS 

inhalation, and proinflammatory cytokine activation was shown to be prevented in vitro.  

In another in vitro study, G4OH PAMAM dendrimers complexed with celastrol, a 

potent anti-inflammatory compound, improved the solubility of the drug and suppressed 

the LPS-mediated release of proinflammatory mediators without decreasing viability in 

microglial cells (220). G4OH PAMAM dendrimers conjugated to fluocinalone acetonide 

was shown to accumulate in retinal microglia after intravitreal injection in two different 

rat models of retinal degeneration but not in healthy control rats (221). Dendrimer-drug 

conjugates were able to arrest the retinal degeneration and preserve photoreceptor outer 

nuclear cell counts thereby showing promise in the treatment of retinal degeneration. 

Hydroxyl-terminated PAMAM dendrimers were also shown to diffuse through 

the brain after subarachnoid administration and localize in the cells responsible for 

neuroinflammation, activated microglia and astrocytes, in a cerebral palsy rabbit model 

(222). This study highlighted the intrinsic ability of dendrimers to target inflammatory 

cells. Additional studies have shown similar results for G4 PAMAM dendrimers after 

intracereboventricular administration in mice (223). To further investigate the 

applications of dendrimers in neuroinflammatory diseases, G4OH PAMAM dendrimers 

were conjugated to N-acetyl-L-cysteine (NAC) for the postnatal treatment of cerebral 

palsy (224). In a rabbit model, kits were administered dendrimer-NAC conjugates 

intravenously on day one of life. The conjugates were shown to target the activated 

microglia and astrocytes, and treated kits developed normally with no differences in 

neuron counts or inflammation compared to healthy kits. Treatment with NAC alone did 
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not provide the same rescue function. More recently, NAC conjugates have been 

coadministered with valproic acid conjugates for the treatment of hypothermic circulatory 

arrest-induced brain injury (225). After intravenous administration in a canine model, 

dendrimer conjugates localized to the injured neurons and microglia in the brain resulting 

in improved neurological deficit scores. The conjugates also significantly reduced 

adverse side effects that were seen with free drug treatment. The ability of dendrimers to 

specifically target damaged areas of the brain is encouraging for the future treatment of 

neuroinflammatory diseases. 

2.6.1.4 Tissue Repair and Wound Healing 

Collagen is an integral component of fibrous tissues, and an important scaffold for 

tissue engineering. Unfortunately the weak mechanical properties and rapid 

biodegradation limit the use of natural collagen. Therefore, dendrimers have been 

investigated for use as collagen mimetics. Small anionic PAMAM dendrimers conjugated 

to peptides have been shown to achieve a triple helical structure similar to collagen but 

with better mechanical properties (226). By adding additional peptides to mediate cell 

adhesion and enzymatic crosslinking, PAMAM dendrimer collagen mimetics could form 

focal adhesions with cells comparable to natural collagen (227). In the body, collagen 

triple helices are crosslinked to form tissues. For tissue engineering collagen is 

commonly crosslinked with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) or 

glutaraldehyde (GTA); however, the gels formed do not have sufficient crosslinking to 

provide proper mechanical strength and residual crosslinking agent can be toxic limiting 

biocompatibility (228). Both PAMAM and PPI dendrimers have been investigated as 

collagen crosslinkers. Cholecyst-derived extracellular matrix crosslinked with G1 
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PAMAM dendrimers had improved mechanical and degradation properties compared to 

traditionally crosslinked matrices (229). Using G2 PAMAM dendrimers in conjunction 

with EDC or GTA crosslinking resulted in more biologically stable gels compared to the 

crosslinking agents alone, and inclusion of dendrimer with EDC resulted in a significant 

increase in fibroblast proliferation (228). G2 and G3 PPI dendrimers both successfully 

crosslinked collagen to provide more stable gels as a result of a higher amount of 

crosslinking compared to EDC and GTA (230). G2 PPI dendrimer-crosslinked collagen 

was further studied as a corneal tissue engineering scaffold (231). The gel was found to 

have better optical transparency and glucose permeability than traditional collagen 

scaffolds with no toxicity, and scaffolds supported human corneal epithelial cell adhesion 

and growth. Utilizing the excess amines present from dendrimer crosslinking, Duan et al. 

conjugated a cell adhesion peptide to the scaffold (232). The stable scaffold promoted 

human corneal epithelial cell adhesion and proliferation as well as neurite extension from 

dorsal root ganglia. 

In addition to dendrimers as collagen mimetics and crosslinking agents, linear-

dendritic block copolymers have found use as sealants in corneal tissue repair. 

Poly(glycerol succinic acid) (PGLSA) functionalized with methacrylate (MA) groups 

attached to a PEG core form a photocrosslinkable polymer containing polyester-ether 

bonds with properties amenable to ocular applications (233). Grinstaff et al. have shown 

that (PGLSA-MA)2-PEG dendrimers can seal corneal lacerations with higher leaking 

pressures compared to sutures (234, 235). Additionally, the gel formed has a smoother 

texture than currently used adhesives, and may be better at preventing postoperative 

infections compared to sutures because the wound is completely sealed (236). In a 
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chicken model, corneal lacerations were repaired with either the polymer adhesive or 

sutures (237). Comparing the two methods, the adhesive was five times faster to apply 

than sutures, and, after 28 days of healing, adhesive use resulted in less inflammation and 

scarring. While the dendrimer-based adhesive showed promising results, the argon laser 

needed to cure the gel prompted researchers to develop a self-curing gel to make 

application easier. Replacing the PGLSA dendrons with lysine dendrons capped with 

cysteine resulted in a self-gelling polymer when mixed with PEG functionalized with 

dialdehyde (238). The polymer formed a hydrogel within minutes and was capable of 

increasing the leaking pressure that could be withstood with sutures (239). Used in 

conjunction with sutures, the adhesive could reduce the number of sutures required for 

corneal transplant while still meeting the demands of intraocular pressure. In enucleated 

human eyes, the lysine-based adhesive showed wound sealing sufficient to prevent 

leakage both out of and into the corneal wound (240). By modifying the PEG functional 

groups, Oelker et al. created an adhesive able to secure ex vivo rabbit corneal wounds and 

withstand greater intraocular pressure than sutures (241). The preclinical success of 

dendrimer-based sealants for corneal wounds has translated to OcuSeal®, a PEI-PEG-

based liquid ocular bandage marketed in Europe. In patients, use of OcuSeal® resulted in 

lower rates of surgical-induced astigmatism and foreign-body sensation compared to 

sutures while promoting wound closure better than unsutured incisions (242). The same 

platform has been used to create the dural sealant Adherus® which provides a watertight 

closure with antibacterial properties and no neurotoxicity (243). Marketed in Europe, 

Adherus® recently completed a Phase III clinical trial in the U.S. to test safety and 

effectiveness. 
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PGLSA dendrimer-based hydrogels have also been investigated for use as a 

scaffold for cartilage repair (244). The hydrogel was capable of filling irregularly-shaped 

defects, and after photocrosslinking the hydrogel was mechanically stable and well-

hydrated without swelling. The scaffold supported chondrocytes and chondrogenesis. In 

vitro, chondrocyte encapsulation within the scaffold resulted in significant synthesis of 

neocartilaginous material. By replacing the succinic acid with β-alanine in the dendrons, 

more hydrolytically stable carbamate bonds could be formed. The (PGLBA-MA)2-PEG 

polymers were used to treat osteochondrial defects in rabbits (245). The dendrimer-based 

hydrogel had good attachment at the application site and supported the production of 

collagen II and glycosaminoglycan within the defect to promote healing; therefore, in situ 

photocrosslinked dendrimer-based hydrogels may serve as a potential treatment for 

osteoarthritis.      

2.6.1.5 Cancer 

Dendrimers are well established as drug delivery carriers for the treatment of 

cancer, and the use of dendrimer-drug conjugates and complexes has been previously 

reviewed (246). Recently Starpharma’s DEP™ drug delivery platform has entered 

clinical trials in Australia (starpharma.com). Conjugated to docetaxel, preclinical studies 

have indicated significantly improved efficacy compared to the currently marketed 

docetaxel formulation. In addition to successful drug delivery, dendrimers have also been 

studied as anticancer vaccines (247). By creating glycopeptide dendrimers presenting 

tumor-associated peptides and an immune stimulating T cell epitope, the immune system 

can be activated to detect and destroy tumor cells. In this review we will primarily focus 

on the use of dendrimers in novel therapeutic strategies. 
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2.6.1.5.1 Boron Neutron Capture Therapy 

Boron neutron capture therapy (BNCT) is a highly selective form of radiation 

therapy utilizing epithermal neutrons to irradiate boron-10 to yield high energy α 

particles and lithium-7 (248). The ionization energy produced from the reaction occurs in 

an area approximately equal to the diameter of a single cell; therefore, therapy only 

damages cells containing boron. BNCT has completed clinical trials for the treatment of 

high grade gliomas and recurrent head and neck tumors resistant to conventional therapy 

(249-251). For BNCT to be effective, a boron-containing agent must preferentially 

localize in tumor tissue. To deliver the boron, boronophenylalanine (BPA) and sodium 

borocaptate (BSH) are currently used. Unfortunately neither of these compounds 

achieves sufficient targeting to realize the full potential of BNCT. Dendrimers have been 

investigated as boron delivery vehicles to decrease the normal tissue:tumor ratio. 

Boronated dendrimers conjugated to a monoclonal antibody targeted to melanoma have 

shown promising tumor accumulation but also accumulated in the liver and spleen (252). 

Utilizing anti-EGFR (epidermal growth factor receptor), boronated G5 PAMAM 

dendrimers have been used to target glioblastomas (253). When used in combination with 

BPA or with a mixture of monoclonal antibodies towards wild-type EGFR and mutant 

EGFRvIII, a significant increase in mean survival time was achieved compared to 

traditional radiation therapy in a rat glioma model (254). Vascular endothelial growth 

factor (VEGF)-containing boronated dendrimers have also been investigated for targeting 

the tumor neovasculature of solid tumors (255).  In addition to PAMAM dendrimers, bis-

MPA dendrons have been investigated for use in BNCT. Conjugating galactose groups to 

the dendron focal point resulted in improved cellular uptake and killing in HepG2 human 

liver carcinoma cells compared to BSH (256). While BNCT has shown promising results 
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for the treatment of unresectable malignancies with no other effective treatment, the 

limited number of facilities with an appropriate neutron source is both location and cost 

prohibitive. 

2.6.1.5.2 Photodynamic Therapy 

Photodynamic therapy (PDT) is another potentially selective therapy for the 

treatment of cancer. PDT uses a photosensitizer that, when exposed to a specific 

wavelength of light, produces a highly reactive singlet oxygen and induces cell death 

(257). By illuminating a tumor in which a photosensitizer has accumulated, the damage 

to healthy cells can be minimized. Currently, porfimer sodium (Photofrin®) is FDA 

approved for the treatment of esophageal and non-small cell lung cancers. Because the 

wavelength of light needed for currently used photosensitizers can only penetrate less 

than 1 cm through tissue, PDT is limited to small tumors near the surface of the skin such 

as melanoma or accessible by endoscopy such as lung cancer (258). To advance PDT as 

an effective treatment option, tumor-targeted photosensitizers activated by light capable 

of deeper penetration must be developed. Dendrimers have been used as carriers of 

photosensitizers to achieve one or both of these goals. The first dendrimer constructed for 

PDT contained 5-aminolevulinic acid (5-ALA), a commonly used precursor of 

protoporphyrin IX (PpIX) (259). Dendritic 5-ALA displayed improved uptake in 

keratinocytes and epidermoid carcinoma cells and had more efficient porphyrin synthesis 

compared to free 5-ALA (260). In a mouse mammary adenocarcinoma xenograft, 

attaching 5-ALA to the dendrimer prolonged porphyrin production in the tumor which 

could eventually allow for low level, extended irradiation and apoptosis of target cells 

instead of necrosis (261). In addition to 5-ALA-containing dendrimers, PEGylated 
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PAMAM and PPI dendrimers have both been used to encapsulate other photosensitizers. 

PpIX and rose bengal (RB) were encapsulated in either PEGylated PAMAM or PPI 

dendrimers (262). While fewer PpIX molecules were encapsulated than RB, the PpIX-

containing dendrimers were more stable, and both PPI dendrimers were more stable than 

the PAMAM dendrimers. PPI-PpIX dendrimers were shown to have more efficient 

toxicity after irradiation than both free PpIX and PAMAM-PpIX in vitro.  

Poly(benzylether) dendrimers have also been extensively studied for use in PDT. 

Zinc porphyrin-core dendrimers were encapsulated in PEG-aspartic acid (263) or PEG-

PLL (264) block copolymers to form micellar polyion complexes (PICs). Incorporation 

of the porphyrin into the dendrimer prevented aggregation and inactivation and increased 

uptake into cells while exhibiting no dark toxicity. These dendrimer porphyrin micelles 

were then used to successfully treat corneal neovascularization caused by suturing in 

mice with minimal recanalization two months after treatment (265). Although dendrimer-

porphyrin micelles were effective, the wavelength for activation was 430 nm, limiting 

their use in PDT. Replacing the porphyrin with zinc phthalocyanine, a PIC activated by 

650 nm light was obtained (266). In vivo, the PIC had significantly higher efficacy than 

Photofrin® while eliminating the phototoxicity exhibited by the control compound (267). 

The use of these complexes for PDT has previously been reviewed more in depth (268). 

More recently, introducing disulfide crosslinking into the micellar core of the PIC has 

been shown to decrease photobleaching of the photosensitizer and increase reactive 

oxygen species production creating more efficient toxicity (269). Phthalocyanine 

dendrimer-micelles have also been used in combination with doxorubicin (DOX) to elicit 

photochemical internalization (PCI) of the drug in drug resistant cells (270). By 
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administering the PIC and irradiating with light first, DOX was delivered to the cell 

nucleus overcoming drug resistance. In a murine drug resistant MCF-7 xenograft, the 

combination treatment was more effective than either PICs or DOX alone. In addition to 

overcoming drug resistance, the use of PCIs also overcame the tumor penetration 

problem inherent in PDT. 

Dendrimers have also been explored in applications combining PDT and imaging. 

Phthalocyanine was encapsulated in PEGylated G4 PPI dendrimers functionalized with 

luteinizing hormone-releasing hormone (LHRH) for targeted tumor delivery (271). The 

complex showed minimal dark toxicity with efficient cell death after photoirradiation. 

The complex was then used for fluorescence imaging in an ovarian carcinoma xenograft 

in mice using the phtalocyanine fluorescence to verify tumor targeting. Porphyrin-core 

poly(benzylether) dendrimers have also been used in conjunction with superparamagnetic 

iron oxide nanoparticles (SPION) for magnetic resonance imaging (MRI) and PDT (272). 

Coating the SPION with dendrimers and PEG-PLL chains resulted in a biocompatible 

photosensitizer detectible by MRI but still capable of ROS generation and toxicity after 

light irradiation. Both of these constructs show promise for image guided PDT.  

Recently, dendrimers have been combined with other nanomaterials to create 

targeted photosensitizers with long wavelength activation. Modifying 5-ALA containing-

multi-walled carbon nanotubes with PAMAM dendrimers allowed for a significant 

increase in 5-ALA tumor accumulation (273). PAMAM-grafted porous hollow silica 

nanoparticles loaded with a phthalocyanine-based photosensitizer could be activated with 

670 nm light and displayed better light toxicity than free photosensitizer (274). Folic 

acid-conjugated hydroxyl PAMAM dendrimers bound to graphene oxide were activated 
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by 780 nm and showed minimal dark toxicity with ROS generation after near infrared 

(NIR) irradiation (275). Additionally, Zhang et al. have created self-activating polymer 

dots for targeted PDT and imaging (276). The polymer dots consisted of a photosensitizer 

with a fluorescent, semiconducting polymer coated by Janus dendrimers conjugated to 

FA and horseradish peroxidase. The polymer dots were shown to preferentially 

accumulate in cancerous cell lines with minimal uptake in a noncancerous cell line, and 

toxicity was observed after photoirradiation. Interestingly, in the presence of 

chemiluminescence substrates the photosensitizer can be activated through both 

chemiluminescence resonance energy transfer (CRET) directly and fluorescence 

resonance energy transfer (FRET) initiated by CRET. Therefore, no light source is 

needed to initiate photodamage. This platform has the potential to overcome the 

limitations inherent with needing an external light source while simultaneously allowing 

for tumor imaging.         

2.6.1.5.3 Photothermal Therapy 

Photothermal therapy (PTT) involves heating a tumor to temperatures greater than 

45°C to kill cells directly or to 39-42°C in combination with other therapeutic strategies 

(277). PTT is traditionally an invasive technique with nonuniform results. The advent of 

inorganic nanomaterials efficient at converting an extrinsic energy source into heat has 

made PTT a more viable therapeutic option. Various nanomaterials are capable of using 

magnetic, light, radiofrequency, microwave, or other energy sources to generate heat. In 

combination with tumor targeting and cellular internalization, these nanomaterials are 

capable of inducing hyperthermia from within the tumor to provide more a targeted 

therapy. Dendrimers combined with gold nanoparticles (AuNPs) for PTT are a recent 
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addition to the anti-cancer arsenal. AuNPs have been entrapped in PAMAM dendrimers 

conjugated to FA and fluorescein isothiocyanate (FITC) (278). The constructs were water 

soluble, stable, biocompatible, and exhibited specific binding and internalization in cells 

that overexpressed the FA receptor. Comparing acetylated FA- and FITC-conjugated 

dendrimers with and without AuNP entrapped, Shi et al. discovered that the AuNPs had 

no effect on the targeting and internalization kinetics of the conjugates (279). By adding 

PEG groups to the dendrimer, colloidal stability and solubility were improved, especially 

after freeze-drying (280). After irradiation with visible light, the complexes generated 

heat comparable to AuNPs alone. RGD, a peptide used to target the overexpressed 

integrin on tumor neovasculature, has also been studied as a targeting moiety for 

dendrimer-AuNP complexes. RGD-conjugated PAMAM dendrimers containing AuNPs 

were shown to only bind and internalize in integrin-expressing endothelial cells (281). 

The peptide has also been used as a targeting moiety for PAMAM dendrimer-coated gold 

nanorods (AuNRs) (282). The conjugates had significant tumor accumulation in a mouse 

model of melanoma, and after NIR irradiation tumor growth was significantly slowed. 

RGD-targeting improved the efficacy of the conjugates, and researchers saw complete 

tumor regression in 4 out of 10 mice. PAMAM-AuNR complexes have also been 

conjugated to DOX via an acid-labile linker for combined thermo-chemotherapy (283). In 

vitro, the conjugates showed DOX release within the cell lysosomes. In vivo, significant 

tumor accumulation occurred in mouse colon carcinoma xenografts, and the conjugates 

were more potent than either DOX or PAMAM-AuNRs alone. More recently efforts have 

been made to synthesize PAMAM-PEG AuNR complexes with the AuNRs within the 

dendrimer core (284). The complexes had no cytotoxicity in HeLa cells and displayed 
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excellent heat generation after NIR irradiation. Advances in dendrimer-AuNP constructs 

show promise in the noninvasive thermal treatment of cancer.  

2.6.1.5.4 Gene Silencing 

Dendrimers have already been established as efficient transfection agents in vitro, 

with a marketed product (Superfect®). While efficient in vivo gene delivery is 

challenging to accomplish, recent works have achieved promising results in the treatment 

of cancer in animal models. One of the challenges of dendrimer gene delivery is the 

accumulation in organs of the reticuloendothelial system such as the liver; therefore, one 

of the first successful dendrimer-nucleic acid complexes, or dendriplexes, was targeted to 

the liver by attaching galactose residues to PPI dendrimers (285). Liver targeting was 

confirmed by dose-dependent decreases in liver luciferase expression after a ligand for 

the glycoprotein was also injected in mice. More recently, the preferential liver 

accumulation of dendriplexes has been exploited to deliver short-activating RNAs for the 

enhancement of albumin production in cirrhotic rat livers while reducing hepatocellular 

carcinoma tumor growth (286). Lactose-bearing PAMAM dendrimers with α-

cyclodextrin have also been shown to induce high gene transfer activity within the liver 

with lower splenic activity than non-targeted dendrimer (287). By attaching mannose to 

the PAMAM-α-cyclodextrin constructs, targeting was shifted to the kidneys (288).  

Targeting strategies have also been developed for gene delivery across the blood-

brain barrier. PAMAM-PEG dendriplexes have shown successful brain targeting with 

both transferrin (289) and rabies virus glycoprotein (RVG29) conjugates (290). In both 

cases, targeting ligands provided for more efficient gene delivery compared to untargeted 

dendriplexes. Angiopep-conjugated PAMAM-PEG dendriplexes have also been shown to 
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successfully cross the blood-brain barrier. The conjugates showed parenchymal 

accumulation and high efficiency gene expression in mice brains (291).  

Dendriplexes can also be used in combination with chemotherapeutic drugs to 

achieve greater reduction in tumor burden. PAMAM-PEG dendrimers have been used to 

co-deliver a gene for human tumor necrosis factor-related apoptosis-inducing ligand and 

DOX (292). Dendriplex-drug conjugates displayed efficient tumor accumulation in a 

liver cancer xenograft with a significant reduction in tumor volume. PPI dendriplexes 

with paclitaxel have been investigated for the treatment of ovarian cancer (293). By 

targeting the conjugates with a LHRH peptide analog, siRNA for CD44 and paclitaxel 

were successfully delivered to human ovarian carcinoma xenografts in mice resulting in 

suppression of CD44 expression and decreased tumor volume. Triethanolamine cored-

PAMAM dendrimers have also been studied for the treatment of ovarian cancer (294). In 

conjunction with paclitaxel, Akt siRNA was delivered to ovarian cancer xenografts and 

was capable of reducing the tumor volume better than dendrimer-drug conjugates or 

dendriplexes alone. 

2.6.2 Emerging Administration Routes 

In addition to traditional intravenous administration, dendrimers have been 

extensively investigated for their ability to traverse barriers that drugs alone cannot cross. 

In this review we will focus on the use of dendrimers in ocular, oral, pulmonary, and 

transdermal delivery (Figure 2.3). 

2.6.2.1 Ocular  

Delivery of drugs to the posterior segment of the eye is challenging but necessary 

for the treatment of ocular diseases such as glaucoma. Dendrimers have been used in  
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Figure 2.3. Emerging routes of dendrimer-drug administration. 
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combination with drugs for the treatment of glaucoma. Encapsulating pilocarpine and 

tropicamide resulted in sustained drug release at the site of action and improved miotic 

and mydriatic activity in rabbits after administration via eye drops (295). Conjugating 

glucosamine and glucosamine 6-sulfate to G3.5 PAMAM dendrimers prevented 

inflammation and neoangiogenesis in rabbits after glaucoma filtration surgery (296). 

Subconjunctival injection of the dendrimer conjugates also prevented scar tissue 

formation. Carteolol-complexes with phosphorus dendrimers for the treatment of 

glaucoma were shown to release the anti-hypertensive drug into the aqueous humor of 

rabbits in concentrations greater than those achieved with free drug while causing no 

irritation (297). Incorporation of antiglaucoma drugs in dendrimer-based hydrogels 

allowed for increased drug uptake and transport (298). Additionally the hydrogel 

formulation was capable of achieving a sustained reduction in intraocular pressure in 

rabbits (299). 

2.6.2.2 Oral 

First studied by Wiwattanapatapee et al., PAMAM dendrimers were shown to 

translocate across inverted rat intestinal sacs showing potential as oral drug delivery 

carriers (300). Since then, PAMAM dendrimers have been extensively investigated for 

their ability to traverse the gut epithelium. Propranolol-PAMAM conjugates increased the 

flux of the drug across Caco-2 monolayers and successfully prevented P-glycoprotein 

efflux of propranolol (5). Naproxen-PAMAM conjugates also displayed a significant 

enhancement in solubility and permeability compared to free drug (301). Dendrimer-

chemotherapy conjugates have also been studied for their ability to improve the transport 

of poorly soluble drugs with low bioavailability. PAMAM-SN38 complexes (23) and 
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conjugates (24) have both been shown to increase the solubility, transport, and uptake of 

the drug regardless of dendrimer surface charge. PAMAM-DOX complexes exhibited 

significantly improved oral bioavailability in rat intestinal sections compared to free 

DOX (302), further suggesting the potential of dendrimers as oral drug delivery carriers. 

More recently dendrimers have been investigated in vivo for the ability to increase 

drug oral bioavailability. Complexation of silybin with G2 PAMAM dendrimers 

increased the bioavailability of the drug 2-fold after oral gavage in rats (303). Both 

anionic and cationic PAMAM dendrimers have also been shown to increase the oral 

absorption of camptothecin 2-3 fold when co-administered in mice (304). As more in vivo 

studies are conducted, dendrimer-drug constructs can be optimized to achieve improved 

oral bioavailability.  

2.6.2.3 Pulmonary 

In addition to the pulmonary delivery for inflammation previously discussed, 

dendrimers can also be utilized for other pulmonary applications. For example, PAMAM 

dendrimer-enoxaparin complexes were shown to be effective at preventing deep vein 

thrombosis in the lungs of rats after pulmonary administration (305). Dendrimers have 

also shown promise for the delivery of a poorly soluble asthma drug via nebulization 

(306). PEGylated PLL dendrimers have been investigated for use in both local delivery to 

the lungs and systemic delivery. The size of PLL-PEG conjugates impacted absorption 

from the lungs with larger conjugates being retained in the lungs and smaller conjugates 

being absorbed into systemic circulation (307). DOX was conjugated to PEGylated PLL 

dendrimers for the treatment of breast cancer metastases in the lung (28). In a mouse 

model, dendrimer-DOX conjugates were administered via intratracheal instillation or 
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intravenously. Pulmonary administration of the conjugates significantly reduced lung 

tumor burden compared to conjugates administered intravenously, and free drug caused 

extensive toxicity. Therefore, dendrimers have the potential to provide both local and 

systemic delivery of drugs for the noninvasive treatment of cancer and other diseases. 

2.6.2.4 Transdermal 

Skin, being the largest organ in the human body, is an attractive route for drug 

delivery due to increased accessibility, ability to bypass first-pass metabolism, and ease 

of therapy termination (308). For transdermal delivery systems, dendrimers provide 

extensive benefits including improved drug solubilization and controlled drug release, 

properties that can increase the permeation and bioavailability of drugs delivered 

transdermally (309). Dendrimers have demonstrated usefulness for the topical delivery of 

non-steroidal anti-inflammatory drugs. Ketoprofen and diflunisal have both shown 

improved transdermal permeation when coadminstered with PAMAM dendrimers 

compared to formulations without PAMAM dendrimers (310). In vivo studies in mice 

have shown that dendrimer-drug complexes have prolonged anti-nociceptive properties 

after transdermal administration with improved permeation and higher bioavailability 

than free drug in suspension. Another study utilizing PAMAM dendrimer-indomethacin 

complexes has shown improved transport through intact skin in vitro and increased 

inhibition of carrageenan-induced rat paw edema in vivo compared to free drug (311). 

The bioavailability of indomethacin was highest when formulated with cationic G4 

PAMAM dendrimers. Molecular diffusion through intact skin is difficult and highly 

dependent on the molecular weight, solubility and lipophilicity of compounds (309); 
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therefore, more work is needed to determine appropriate dendrimer chemistries for 

improved transdermal delivery. 

2.6.3 Diagnostic 

In addition to many therapeutic applications dendrimers also provide an 

opportunity to create improved disease diagnostic tools. Dendrimers have been 

investigated for use in immunoassays, as contrast agents, and as molecular probes. The 

first marketed dendrimer-based product, Stratus® CS, is a solid phase immunoassay used 

to diagnose myocardial ischemia (312). G5 PAMAM dendrimers are used as a linking 

agent between a glass fiber matrix and antibodies that detect several key analytes, 

including troponin I, used for the diagnosis of cardiac disorders. Stratus® CS is currently 

used in emergency medical settings to rapidly diagnose adverse cardiovascular events 

such as heart attacks. Dendrimers have also been tested in clinical studies as blood pool 

agents for magnetic resonance angiography (MRA). Current MRI agents quickly 

extravasate due to their low molecular weights resulting in rapid clearance and decreased 

utility in time-dependent applications such as angiography (313). Larger doses must also 

be used to achieve sufficient signal resulting in toxicity concerns (314). Gadomer, a 

lysine-based dendrimer with 24 gadolinium chelates, has been shown to improve the 

detection of coronary artery disease and collateral arteries at doses lower than traditional 

gadolinium contrast agents (315, 316). In addition to applications in immunoassays and 

MRI, dendrimers can also be used as molecular probes to diagnose diseases in vivo. 

Recently, a lysine-core peptide dendrimer decorated with a peptide targeted to activated 

macrophages and a 
64

Cu chelator was used for the detection of atherosclerotic plaques by 

positron emission tomography (317). Preferential accumulation in plaque-containing 
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areas was demonstrated, suggesting that this platform may aid in the early detection of 

atherosclerosis, a process that can result in several different cardiovascular diseases. 

2.7 Future Directions and Conclusions 

Dendrimers have shown great promise in the treatment of many disease states. 

With advances in dendrimer chemistry, more dendrimer architectures can be achieved 

with shorter synthesis times. Within a relatively short time, dendrimers have emerged in 

marketed products for clinical applications as a wound sealant as well as for disease 

diagnosis and detection. Dendrimers are also moving forward in the clinic as Starpharma 

conducts clinical trials for the prevention of bacterial vaginosis and the treatment of solid 

tumors. To improve upon the already diverse dendrimer applications, researchers can 

continue to search for unmet clinical needs in which dendrimers may create a new 

therapy or improve upon existing therapies. The application of dendrimers to non-

invasive routes of administration is one such way dendrimers can improve upon the 

current therapies for many diseases, but especially cancer. As more in vivo studies are 

conducted, mechanistic studies still remain critical to establishing the impact of 

dendrimer design on safety and efficacy. With the scientific foundation already laid, 

dendrimers are poised to make a significant impact on human health. 
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Chapter 3 Intracellular Ca
2+

 Release Mediates Cationic but Not Anionic 

Poly(amidoamine) Dendrimer-Induced Tight Junction Modulation
2
 

3.1 Introduction 

Poly(amidoamine) (PAMAM) dendrimers have been extensively investigated as 

potential drug delivery vehicles because they possess unique properties when compared 

to traditional polymers. Many of these properties result from the controlled synthesis of 

dendrimers leading to well-defined sizes, near monodispersity, and a controllable number 

of surface groups (114). The surface groups can be conjugated to drugs, imaging agents, 

and targeting moieties to create multifunctional nanocarriers (18, 318). In addition to 

intravenous administration, several reports have suggested that PAMAM dendrimers can 

cross Caco-2 monolayers, a model of the intestinal epithelium (19, 20, 319, 320). 

Conjugation or complexation of drugs with poor bioavailability to PAMAM dendrimers 

has successfully improved the permeability of these drugs in vitro (23, 24, 304, 321); 

thus, PAMAM dendrimers show potential for oral drug delivery, which has many 

benefits over intravenous administration including a more flexible dosing regimen, 

increased convenience, better patient compliance, and lowered costs (10).  

Mechanistically, dendrimers are transported across the epithelial barrier by both 

transcellular and paracellular pathways. We have previously shown that transport is 

energy dependent and reduced in the presence of both clathrin- and caveolin-mediated 

endocytosis inhibitors (322, 323). Additionally, we showed that PAMAM dendrimers 

colocalize with markers for clathrin, early endosomes, and lysosomes, further 

                                                
2 Reproduced with permission from Avaritt BR and Swaan PW. Pharm Res. 2014;31(9):2429-2438. 
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establishing the mechanisms of dendrimer internalization and transcytosis (322, 324). 

Dendrimers have also been shown to alter tight junction immunofluorescence and cause 

transient decreases in transepithelial electrical resistance (TEER) leading to suspected 

paracellular transport (20, 322, 325). While mechanisms of internalization are well 

established, the mechanisms leading to tight junction modulation are largely unknown. 

To elucidate possible mechanisms of tight junction modulation by dendrimers we 

can contrast their effects to the established permeation enhancers sodium caprate (C10) 

and ethylene glycol tetraacetic acid (EGTA), each with distinct mechanisms. C10 is a 

medium-chain fatty acid capable of increasing permeability through the phospholipase C 

(PLC)-dependent signaling pathway (326-328). In this pathway, phosphatidyl inositol 

(4,5)-bisphosphate (PIP2) is cleaved by PLC into inositol 1,4,5-triphosphate (IP3) and 

diacylglycerol (DAG) (329, 330). IP3 then causes calcium release from the endoplasmic 

reticulum, and the resulting increase in intracellular calcium activates protein kinase C 

(PKC) and calcium/calmodulin protein kinase II (CaMPKII) (331, 332). Once activated, 

the protein kinases alter the activity of myosin light chain kinase (MLCK) leading to the 

phosphorylation of myosin light chain (MLC) (333). Incubation in calcium-free solutions 

with EGTA, a calcium chelator, also leads to increased MLCK activity (334). Changes in 

phosphorylation result in contraction of the perijunctional actomyosin ring and alteration 

of tight junction permeability (335).  

For this study, we investigated the impact of both cationic and anionic PAMAM 

dendrimers on tight junctional assembly and function as well as the transport of the small 

paracellular permeability marker mannitol in fully differentiated Caco-2 monolayers. 

Additionally, a panel of inhibitors of the PLC-dependent signaling pathway was utilized 
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in conjunction with calcium and MLC imaging to determine if dendrimers directly impact 

the pathway resulting in tight junction modulation. The results of this work will enhance 

the knowledge required for selecting dendrimers with appropriate charge and size for 

enhancing oral drug delivery.   

3.2 Experimental Section 

3.2.1 Materials 

G3.5 and G4 PAMAM dendrimers, C10, EGTA, ML7, U73122, W7, and 

dynasore were purchased from Sigma Aldrich (St. Louis, MO). KN62, BAPTA-AM, and 

dioctanoylglycerol (diC8) were purchased from EMD Millipore (Billerica, MA). All cell 

culture supplies and antibodies were obtained from Life Technologies (Grand Island, 

NY) unless otherwise noted. 

3.2.2 Cell Culture 

The human colorectal adenocarcinoma cell line Caco-2 was obtained from the 

American Type Culture Collection (Manassas, VA). Cells (passages 20-40) were grown 

at 37°C with 5% CO2 and 95% relative humidity. Cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 1% non-

essential amino acids, 100 U/mL penicillin, and 10,000 µg/mL streptomycin. Media was 

changed every other day, and cells were passaged at 80-90% confluency using 0.25% 

trypsin/ethylene diamine tetraacetic acid (EDTA). For experiments, cells were seeded at 

80,000 cells/well in 12-well polycarbonate Corning Transwell inserts with a 0.4 µm mean 

pore size (Corning, NY) and used after 21-28 days of growth. TEER was measured using 
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a voltohmmeter (World Precision Instruments, Sarasota, FL) to assure proper monolayer 

formation, and monolayers with TEER > 500 Ω·cm
2
 were used for experiments. 

3.2.3 Tight Junction Immunofluorescence 

Caco-2 monolayers were treated with Hank’s balanced salt solution (HBSS) 

buffered with 10 mM 4-(2-Hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES), 

0.01 or 0.1 mM G3.5, or 0.01 mM G4, since we have previously shown these 

concentrations to be non-cytotoxic (20, 323). C10 and EGTA were also used at charge 

equivalent concentrations (0.64 mM and 0.16 mM, respectively) for comparison. 

Monolayers were treated for 2 h (30 min for EGTA). After treatment, the monolayers 

were washed twice in ice-cold HBSS, fixed for 30 min at 4°C with ethanol, and 

permeabilized with either 0.2% v/v Triton X-100 for 20 min at room temperature (actin, 

claudin-1, and ZO-1) or acetone for 1 min at -20°C (occludin). After blocking for 30 min 

at room temperature in 3% w/v bovine serum albumin (BSA) in Dulbecco’s phosphate 

buffered saline (DPBS), monolayers were incubated with either rabbit anti-claudin-1 (8 

µg/mL), rabbit anti-ZO-1 (2.5 µg/mL), or mouse anti-occludin (3 µg/mL) overnight at 

4°C. The next morning, cells were washed with BSA solution and blocked for 30 min at 

room temperature. Alexa Fluor 568 goat anti-rabbit or anti-mouse IgG (1:400) was added 

to the monolayers for 1 h at room temperature. Monolayers stained for actin were 

incubated with rhodamine phalloidin for 20 min at room temperature. Once staining was 

complete, cells were washed with DPBS, and membranes were excised from the insert 

support. Membranes were mounted on glass slides with ProLong
®
 Gold mounting 

medium containing DAPI. After curing at room temperature for 24 h, slides were sealed 

with clear nail polish and stored at 4°C until visualization.  
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Images were acquired using a Nikon A1 laser scanning confocal microscope. 

DAPI and AF568 were excited with 404 nm and 561 nm lasers, respectively, and 450/50 

and 595/50 filter blocks were used for detection. Four z-stacks were acquired for each 

monolayer using the following parameters: Plan apo VC 60X oil objective, 33.33 µM 

pinhole, 4.6 µs pixel dwell, 2x line average, 2x optical zoom, 0.5 µM z-step size, and 512 

x 512 image size. Images were then processed in Volocity 3D Image Analysis software 

v6.3 (PerkinElmer, Waltham, MA). Red voxels, corresponding to tight junction staining, 

were quantified by thresholding the signal intensity between 20% and 100%. The number 

of red voxels for each treatment is compared to the HBSS control, and results are 

reported as the percentage increase in red voxels ± standard deviation (SD). Statistical 

significance was determined by using one-way analysis of variance (ANOVA) with 

Dunnett’s test for multiple comparisons.  

3.2.4 Tight Junction Protein Expression 

Western blotting was used to measure claudin-1, occludin, and ZO-1 expression 

in Caco-2 monolayers after treatment for 1 or 2 h with 0.01 mM G4 and 0.01 mM, 0.1 

mM, or 1 mM G3.5. After dendrimer treatment cells were washed twice with ice-cold 

HBSS buffer and lysed in RIPA buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1.0% NP-40, 

0.5% sodium deoxycholate, 0.1% SDS, 5 mM EDTA, 1 mM EGTA, 1 mM PMSF, 

protease inhibitor cocktail [Roche Applied Sciences, Indianapolis, IN]) for 30 min with 

gentle shaking at 4°C. Lysates were transferred to microcentrifuge tubes and cell debris 

was pelleted by centrifugation at 4°C for 2 min at 10,000xg. Total protein content of the 

supernatant was quantified by Bradford assay. Samples were prepared in Laemmli buffer 

(4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, and 125 



57 
 

mM Tris HCl) to be 2 mg/mL total protein, and boiled for 5 min prior to separation by 

SDS-PAGE. Protein was loaded at 20 µg per well and separated using a 4-15% Tris-HCl 

gel (Bio-Rad, Hercules, CA) followed by overnight transfer to an Immobilon-FL 

membrane (EMD Millipore). After transfer, the membrane was blocked with 2% non-fat 

dry milk in Tris-buffered saline (TBS) for 1 h at 4°C. Membranes were then rinsed with  

TBS and incubated at 4°C overnight with primary antibody (1 µg/mL rabbit anti-claudin-

1, 3 µg/mL rabbit anti-occludin, 3 µg/mL rabbit anti-ZO-1, 1 µg/mL mouse anti-

calnexin)  in TBS with 0.1% Tween-20 (TBST). Membranes were washed four times for 

5 min each with TBST prior to incubation with secondary antibody (1:10,000 goat anti-

rabbit IgG Dylight 800 and goat anti-mouse IgG Dylight 680 [KPL, Gaithersburg, MD]) 

in TBST for 45 min at room temperature. After incubation, the membrane was washed 

twice with TBST, followed by two TBS washes. Blots were imaged using an Odyssey 

infrared imaging system (Licor, Lincoln, NE), and densitometry analyses were performed 

using the Licor Image Studio software.  

3.2.5 Dendrimer-Induced [
14

C]-Mannitol Permeability  

Transepithelial transport of [
14

C]-mannitol was monitored in the apical to 

basolateral direction in differentiated Caco-2 monolayers in the presence or absence of 

0.01 mM or 0.1 mM G3.5, 0.01 mM G4, 0.64 mM C10, or 0.16 mM EGTA. Cells were 

washed with HBSS supplemented with 10 mM HEPES, followed by treatment with 

dendrimers or permeation enhancers. Samples were taken at 1 and 2 h during treatment, 

and 1 and 2 h after treatment removal (3 and 4 h, respectively) from both the apical and 

basolateral compartments. At each time point, inserts were transferred to new wells 

containing fresh HBSS. Transport was quantified by scintillation counting. Mannitol 
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permeability was measured again for 2 h without dendrimers 24 h after the initial 

treatment to monitor recovery. 

3.2.6 Inhibition of Dendrimer-Mediated Tight Junction Modulation 

Dendrimer-induced mannitol transport was again monitored in the apical to 

basolateral direction in differentiated Caco-2 monolayers with or without PLC signaling 

pathway inhibitors. [
14

C]-mannitol permeability induced by either 1 mM G3.5 or 0.05 

mM G4 was monitored in the presence of 10µM U73122, 10 µM BAPTA-AM, 500 µM 

diC8, 40µM W7, 10 µM KN62, 50 µM ML7, or 80µM dynasore. Cells were pretreated 

with the inhibitors for 20 min at 37°C prior to the experiment. Samples were taken after a 

2-h co-treatment of inhibitors and dendrimers. Mannitol permeability was also monitored 

with the inhibitors alone or with C10 as a positive control to insure the inhibitors did not 

interfere with marker permeability and were effective. Cytotoxicity studies were also 

performed using the WST-1 assay to ensure the inhibitors were nontoxic at the 

concentrations used. Permeability was determined by scintillation counting, and 

permeability in the presence of inhibitors was compared to standard dendrimer treatment 

controls. Results were analyzed using ANOVA with Dunnett’s test for multiple 

comparisons. 

3.2.7 Intracellular Calcium Release 

Caco-2 cells were seeded onto collagen-coated chambered cover glass slides and 

grown for 21 days to form monolayers. Prior to treatment, cells were washed twice with 

HBSS buffer and incubated for 1 h at 37°C with dye loading buffer (2 µM Fluo-4 AM, 

2.5 mM probenecid, and 20 mM HEPES in HBSS).  After dye loading, cells were washed 

twice with wash solution (2.5 mM probenecid and 20 mM HEPES in HBSS) and then 
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incubated at room temperature with either wash solution or wash solution containing 10 

µM U73122 for 30 min. Dendrimer (0.01 mM G4; 0.01 mM, 0.1 mM, 1 mM G3.5) or 

calcium ionophore A23187 (2µM) was added to cells during imaging. Live cells were 

imaged using a Nikon A1 confocal microscope fitted with an Okolab (Ottaviano, NA, 

Italy) Top Stage Incubator to maintain temperature and air/CO2 ratio. Images were 

acquired using a 488 nm argon laser and a 525/50 filter with a 20X objective every 3 

seconds for 10 min with a pixel dwell of 1 frame/s, a 22.8 µM pinhole, and a 512x512 

image size. The Nikon Perfect Focus System was used to compensate for focus drift. 

Fluorescence intensities for each time point were normalized to the baseline intensity 

obtained for each well before treatment addition and plotted versus time for comparison 

between treatments. 

3.2.8 Phospho-Myosin Light Chain Immunofluorescence 

Caco-2 monolayers were treated with either HBSS, 0.01 mM G4, 0.01 mM G3.5, 

or 0.1 mM G3.5 for 2 h or 1 mM EGTA for 15 min. After treatment, the monolayers were 

washed twice in ice-cold HBSS, fixed for 20 min at room temperature with 4% 

paraformaldehyde/4% sucrose in DPBS, washed twice with 25 mM glycine in DPBS, 

washed once with DBPS, and permeabilized with 0.2% v/v Triton X-100 for 20 min at 

room temperature. After rinsing three times with DBPS, cells were blocked for 30 min at 

room temperature in 3% BSA in DPBS. Monolayers were then incubated with 1:50 rabbit 

anti-phospho-myosin light chain 2 (Ser19) (Cell Signaling, Danvers, MA) overnight at 

4°C. The next morning, cells were washed with the BSA solution and blocked for 30 min 

at room temperature. Alexa Fluor 488 goat anti-rabbit (1:500) was added to the 

monolayers for 1 h at room temperature. After washing three times with DBPS, 
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monolayers were stained with rhodamine phalloidin (1:40) for 20 min at room 

temperature. Once staining was complete, cells were washed with DPBS, and membranes 

were excised from the insert support. Membranes were mounted on glass slides with 

ProLong Gold® mounting medium containing DAPI. After curing at room temperature 

for 24 h, slides were sealed with clear nail polish and stored at 4°C until visualization.  

Images were acquired similarly as described above for tight junction 

immunofluorescence. DAPI, AF488, and rhodamine were excited with 404 nm, 488 nm, 

and 561 nm lasers, respectively, and 450/50, 525/50 and 595/50 filter blocks were used 

for detection. Four z-stacks were acquired for each monolayer using the following 

parameters: Plan apo VC 60X oil objective, 33.33 µM pinhole, 4.6 µs pixel dwell, 2x line 

average, 3.5x optical zoom, 0.5 µM z-step size, and 512 x 512 image size. 

3.3 Results 

3.3.1 Dendrimer-Induced Tight Junction Modulation 

While the effect on actin and occludin staining in Caco-2 monolayers has been 

previously investigated for PAMAM dendrimers (20, 322), we aimed to establish a 

comprehensive representation of tight junctional assembly by complementing these data 

with claudin-1 and ZO-1 staining; therefore, we assessed all four tight junction proteins 

upon treatment with dendrimers or absorption enhancers and compared the 

immunofluorescence to untreated cells (Figure 3.1). For G4, no difference in staining 

occurred for actin, claudin-1, or occludin compared to the control; however, a slight 

increase was seen for ZO-1 staining indicating that tight junction modulation may have 

occurred. G3.5 also caused minimal differences in staining compared to control, with 
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Figure 3.1. Actin, claudin-1, occludin, and ZO-1 immunofluorescence in differentiated 

Caco-2 monolayers. Protein staining was visualized after a 2-h treatment (30 min for 

EGTA) with HBSS (A), 0.01 mM G4 (B), 0.01 mM G3.5 (C), 0.1 mM G3.5 (D), 0.16 

mM EGTA (E), or 0.64 mM C10 (F). Quantification of tight junction staining is overlaid. 

Results are reported as the percentage of red voxels per region as compared to the 

untreated control ± standard deviation (SD) (n=3). *, **, and *** denote a statistically 

significant increase in voxel count relative to the HBSS control with p<0.05, p<0.01, and 

p<0.001, respectively. Scale bar=10 µM.  
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actin staining slightly decreased. In contrast, the higher concentration of G3.5 

significantly increased staining of all proteins investigated. This effect has previously 

been associated with tight junction opening (20, 322, 325). For comparison, EGTA 

significantly increased staining and caused obvious retraction and redistribution of the 

tight junction proteins whereas C10 displayed no effect on the tight junctions at the 

concentration used.  

To determine if the changes in tight junction staining with the dendrimers was 

caused by changes in protein expression, we used western blotting to quantify the 

proteins. Figure 3.2 shows the total expression of ZO-1, occludin, and claudin-1 during 

the same time frame in which the immunofluorescence study was conducted. Upon 

quantification and normalization to the calnexin loading control, no changes in protein 

expression were seen (data not shown). These results suggested that the increase in tight 

junction staining after dendrimer treatment was indeed a result of tight junction 

modulation and not changes in protein expression. 

Since increased tight junction staining has been associated with tight junction 

opening and increased paracellular permeability (20), we examined mannitol transport in 

the presence of the dendrimers and absorption enhancers. Mannitol transport is a well-

established method for monitoring changes in monolayer permeability (336). We 

measured [
14

C]-mannitol permeability at 1 and 2 h during dendrimer and absorption 

enhancer treatment, removed the treatment, and continued to measure permeability for an 

additional 2 h (Figure 3.3). At the concentrations used, neither G3.5 nor C10 increased 

mannitol permeability. For G4, an increase in permeability occurred gradually over the 

first two h, and the increased permeability continued for an h after the dendrimer was 
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Figure 3.2. Tight junction protein expression after treatment with HBSS only, 0.01 mM 

G4, 0.1 mM G3.5, and 1 mM G3.5 after 1 and 2 h. Calnexin was used as a loading 

control.  
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Figure 3.3. Apparent permeability of [
14

C]-mannitol during and immediately following 

treatment of Caco-2 monolayers with dendrimers or absorption enhancers. Mean ± SD. 

(n=3). 
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removed before recovery began. EGTA displayed the largest increase in mannitol 

permeability, and, unlike G4, recovery began as soon as the EGTA was removed and 

calcium was reintroduced to the monolayers. After the initial treatments, the monolayers 

were maintained in cell culture medium for 24 h. Mannitol permeability was repeated 

after the monolayer recovery period, and the G4- and EGTA-induced permeability 

increase was shown to be completely reversible. 

3.3.2 Inhibition of Dendrimer-Mediated Tight Junction Modulation 

Because G3.5 and G4 displayed divergent results in tight junction staining and 

mannitol permeability, we aimed to establish possible mechanisms for dendrimer-induced 

tight junction modulation by investigating the effects of dendrimers on the PLC signaling 

pathway. A panel of biochemical inhibitors and known pathway modulators were co-

incubated with either G3.5 or G4 to determine changes in dendrimer-induced mannitol 

permeability. For clarity, Figure 3.4 illustrates specific points in the pathway where each 

individual inhibitor/modulator used in these studies exerts an effect. U73122, a PLC 

inhibitor that prevents the hydrolysis of PIP2 into IP3 and DAG (337), caused no change 

in permeability induced by G3.5 and G4. The calcium chelator BAPTA, which reduces 

intracellular calcium, also had no effect on the activity of the dendrimers. For the IP3 

pathway inhibitors, varying results were seen. W7, a calcium/calmodulin antagonist 

(338), did not have an effect on dendrimer-induced permeability. The CaMPKII inhibitor 

KN62 (339) significantly decreased dendrimer-induced permeability for G3.5 but not G4. 

For ML7, a MLCK inhibitor that prevents the phosphorylation of MLC(340), the 

dendrimers exhibited different effects; G3.5 had no change in [
14

C]-mannitol  
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A. 

 

B. 

 

Figure 3.4. PLC-dependent signaling pathway regulating changes in tight junction 

permeability (A), and investigated sites of inhibition (B). 
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permeability while G4 imparted a significant permeability increase. The apparent 

increase in G4-induced permeability was not, however, a result of tight junction opening 

but of synergistic toxicity that occurred when ML7 and G4 were co-administered. 

Inclusion of the DAG analog diC8 (341) had no effect on dendrimer permeability. Taken 

together, these results shown in Figure 3.5 suggest that dendrimer-induced tight junction 

modulation is not entirely mediated through PLC-dependent mechanisms. The 

endocytosis inhibitor dynasore, which inhibits dynamin 1 and dynamin 2 GTPases 

responsible for vesicle scission (342), was also included in the study because previous 

research demonstrated the importance of endocytosis for G3.5-mediated tight junction 

modulation (322). As expected, a significant decrease in G3.5-induced mannitol 

permeability occurred; however, dynasore had no influence on G4-induced permeability. 

Therefore, surface charge impacts the tight junction modulating ability of PAMAM 

dendrimers, and endocytosis plays an important role in tight junction modulation for 

anionic but not cationic dendrimers. 

3.3.3 Intracellular Calcium Release during Dendrimer Treatment 

 To further investigate the role of calcium in dendrimer-induced tight junction 

modulation, the calcium sensitive fluorophore Fluo-4 AM was used to monitor calcium 

release upon dendrimer treatment. Addition of G3.5 up to 1 mM had no effect on 

intracellular calcium (Figure 3.6A). G4, however, caused an immediate release of 

calcium and increase in fluorescence intensity. Figure 3.6B shows an initial calcium 

release followed by a period of calcium puffs. The response continued during the 

timeframe of cell imaging (10 min). To determine if the calcium release was associated 

with the PLC pathway, U73122 was used to inhibit the pathway. After incubation with  
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Figure 3.5. Percent of apparent permeability of [
14

C]-mannitol compared to uninhibited 

control for G3.5 (white bars) or G4 (black bars) treatment in Caco-2 monolayers. Mean ± 

SD (n=6). * and *** denote a statistically significant change in Papp compared to no 

inhibitor with p<0.05 and p<0.001, respectively. 
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A. 

 

B. 

 
 

Figure 3.6. Relative Fluo-4 fluorescence intensity upon dendrimer and control treatment 

(A), and time lapsed images during G4 treatment (B). Images were obtained every 3 s for 

10 min, and the fluorescence intensity was normalized to the untreated control. Scale 

bar=21 µm. 
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this inhibitor, G4-induced calcium release was eliminated, indicating that the initial 

response was associated with the PLC pathway.  The calcium ionophore A23187 was 

used as a positive control, and the effect of the ionophore was not altered by U73122 

treatment.  

3.3.4 Myosin Light Chain Phosphorylation 

MLC plays an important role in tight junction modulation, and phosphorylation of 

MLC leads to the contraction of the perijunctional actomyosin ring (335). Since the 

MLCK inhibitor ML7 displayed varying results between G3.5 and G4, we aimed to 

further explore the potential role of MLC in dendrimer-induced tight junction changes by 

examining immunofluorescence of phospho-MLC. Neither G3.5 nor G4 showed any 

increase in phospho-MLC compared to the untreated control (Figure 3.7), indicating that 

MLC phosphorylation was not likely responsible for dendrimer-induced tight junction 

modulation. EGTA was used as a positive control and displayed a significant increase in 

MLC phosphorylation.  

3.4 Discussion 

Previous studies have shown that PAMAM dendrimers hold promise as oral drug 

delivery vehicles for poorly bioavailable drugs as evidenced by the ability of dendrimer-

drug conjugates to traverse the gut epithelium (23, 24, 304, 321). Dendrimer-induced 

tight junction modulation has been the speculative cause of increased permeability to this 

point, and both anionic and cationic PAMAM dendrimers are thought to be capable of 

modulating tight junctions (19). In this work we have elucidated potential mechanisms  
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Figure 3.7. Phospho-MLC immunofluorescence in Caco-2 monolayers. Staining was 

visualized after a 2-h treatment with HBSS, 0.01 mM G4, 0.01 mM G3.5, 0.1 mM G3.5, 

or 1 mM EGTA (30 min treatment). Green = phospho-MLC, red = actin. Scale bar=5.9 

µM. 
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for PAMAM dendrimer-mediated tight junction modulation. For our studies, we focused 

on comparing dendrimers of similar size with opposite surface charge. We also compared 

these dendrimers to known absorption enhancers to ascertain that PAMAM dendrimers 

act as potent tight junction modulators. The medium-chain fatty acid C10 and the calcium 

chelator EGTA were used because both have well established tight junction modulation 

mechanisms (326, 334). 

We compared tight junction protein staining and mannitol transport in Caco-2 

monolayers treated with either dendrimers or permeation enhancers. Charge equivalent 

concentrations were chosen for comparison because the dendrimers’ transport properties 

are largely imparted by their relative charge density. By visualizing tight junction 

proteins, we recorded the direct effect dendrimers had on supramolecular junctional 

assembly. For G4, only ZO-1 displayed increased staining. G3.5 showed decreased actin 

staining for the lower concentration but significant staining for all tight junction proteins 

at the higher (non-cytotoxic) concentration tested in this study, suggesting tight junction 

modulation. Tight junction visualization, however, was contradictory to the mannitol 

permeability results in which G4 but not G3.5 allowed for increased transport. Increased 

tight junction staining has been assumed to indicate enhanced tight junction protein 

accessibility and opening (20, 322, 325). Our results indicated that the increased 

fluorescence did not correlate with the ability to allow for small molecule paracellular 

transport and suggested that this method was not an appropriate indicator of tight junction 

opening. In fact, the observed increase in immunofluorescence was more likely a result of 

tight junction protein redistribution rather than tight junction opening. Increased ZO-1 

staining in the case of G4 may be indicative of recruitment of the protein to the tight 
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junctions. ZO-1 serves several roles within the cell in addition to supporting the tight 

junction scaffolding (343, 344), and recruitment of ZO-1 to the tight junctions may allow 

for tight junction opening induced by G4 treatment (345, 346). The decrease in actin 

staining for 0.01 mM G3.5 may be a result of dendrimer-induced depolymerization of the 

actin before restructuring of the tight junctions. At the higher concentration, the G3.5-

induced restructuring occurred quicker, and the result was an increased amount of tight 

junction proteins at the cell-cell interface at the time of staining. Similar results were seen 

for capsaicin, which opened tight junctions through mechanisms independent of MLCK 

(347).  

To further delineate the mechanism behind dendrimer-mediated tight junction 

modulation, we used a panel of inhibitors and modulators of the PLC-dependent 

signaling pathway. Of the compounds used, only KN62 and ML7 affected dendrimer-

induced mannitol transport. For G3.5, KN62 decreased transport. KN62 is a CaMPKII 

inhibitor that blocks the phosphorylation of MLCK by interacting with the calmodulin-

binding site of CaMPKII (339). G4-induced transport increased with co-incubation of 

ML7. The increase in transport caused by inhibiting MLC phosphorylation was not the 

result of dendrimer-induced tight junction opening but of increased cell death that 

occurred. Individually, neither ML7 nor G4 were cytotoxic at the concentrations used; 

however, when combined a significant decrease in cell viability occurred. Because MLC 

is responsible for shuttling proteins to their cellular destinations (348), using ML7 may 

result in changes to the normal milieu of cell membrane components making the 

membrane more susceptible to the large positive charge of the cationic dendrimer which 

is known to interact with cells electrostatically (349). MLC is also responsible for 
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membrane turnover to recover cell volume after osmotic stress, which the cell would not 

be able to overcome when ML7 is present (350). More studies are required to determine 

the cause of the synergistic toxicity induced by G4 and ML7. 

In addition to PLC pathway inhibitors, dynasore was used to determine the effect 

of endocytosis on dendrimer-mediated tight junction modulation. Previous work showed 

that internalization of G3.5 was necessary for increased tight junction staining (322). In 

our study, dynasore treatment significantly decreased G3.5-induced mannitol transport, 

further supporting the requirement of internalization prior to tight junction modulation. 

G4-induced mannitol transport, however, was not affected by dynasore; therefore, 

dynamin-mediated endocytosis was not required for tight junction modulation. Cationic 

dendrimers may still internalize through other mechanisms such as macropinocytosis 

(351); thus, internal interactions leading to tight junction modulation cannot be ruled out. 

Our observation that KN62 decreased G3.5-induced mannitol transport combined 

with previous reports hypothesizing that PAMAM dendrimers may behave like calcium 

chelators to open tight junctions (19, 20) prompted us to investigate intracellular calcium 

release and MLC phosphorylation. Up to 1 mM G3.5 had no effect on intracellular 

calcium; however, G4 caused immediate calcium release (Figure 3.6). After the initial 

release, calcium puffs continued for up to 10 min. In comparison, the calcium ionophore 

A23187 caused a sustained increase in calcium release (Figure 3.6). Preincubation with 

U73122 eliminated G4-induced calcium release but not calcium release resulting from 

ionophore treatment, suggesting that G4 calcium modulation was associated with the 

PLC-dependent signaling pathway. Although this result appears contradictory to 

inhibition studies in which neither U73122 nor BAPTA affected G4-induced mannitol 
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transport (Figure 3.5), it should be noted that mannitol transport was investigated after a 

2-h incubation whereas calcium release was visualized instantaneously. Future studies 

with shorter incubation periods and higher BAPTA concentrations to buffer the effect of 

G4-stimulated calcium release may be required to possibly demonstrate a potential 

association with the PLC pathway. We further investigated MLC phosphorylation to 

determine whether PAMAM dendrimers modulate tight junctions through alterations in 

MLC activity similar to EGTA; however, neither G3.5 nor G4 elicited any effect on MLC 

phosphorylation (Figure 3.7). 

Our results demonstrate that significant differences exist between anionic and 

cationic dendrimers’ ability to modulate tight junctions. Anionic dendrimers show litt le 

effect on tight junctions or the pathway(s) associated with their regulated opening and 

closing; however, cationic dendrimers open tight junctions for small molecule transport 

by releasing intracellular calcium stores and increasing calcium signaling. The high 

uptake and transport properties previously seen for G3.5 (19) were likely due to the 

efficient endocytosis mechanisms by which the dendrimer is internalized (322) and not a 

result of paracellular transport of the dendrimer itself. G4 is more likely to be transported 

both by transcellular and paracellular mechanisms because of the effect on calcium 

signaling and nonspecific cell membrane association. Additional studies are warranted to 

further explore the molecular mechanisms behind the observed G4-mediated epithelial 

permeation enhancement.  

3.5 Conclusion 

In this work we reported a possible mechanism of paracellular transport and tight 

junction modulation by PAMAM dendrimers in differentiated Caco-2 monolayers. We 
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found that despite previous reports (19, 20, 319, 325), G3.5 did not open tight junctions, 

whereas G4 modulated tight junctions to allow for paracellular transport of mannitol. The 

mechanism by which G4 modulates tight junctions was in part associated with the PLC-

dependent signaling pathway; however, the charge density of the dendrimer likely allows 

for additional intracellular interactions that have yet to be unraveled. To fully harness the 

potential of dendrimers as oral drug delivery vehicles we must first understand the 

underlying mechanisms of dendrimer transport properties. The current study provides 

new insights in dendrimer-mediated tight junction modulation and may aid in the 

selection of dendrimers with tailored properties amenable to drug-specific oral delivery.  
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Chapter 4 Poly-L-Lysine Dendrimers Enhance Permeability with Less 

Long-Term Cytotoxicity than Poly(amidoamine) Dendrimers
3
 

4.1 Introduction 

Dendrimers are tree-like polymers composed of branching subunits. Unique 

properties, specifically charge density, make dendrimers promising drug delivery 

vehicles. The well-controlled synthesis of dendrimers results in near monodispersity and 

a defined number of surface groups (114). Dendrimers can be functionalized with a 

variety of compounds such as drugs, targeting moieties, and imaging agents to create 

multifunctional drug delivery vehicles tunable to many different applications (18, 143). 

In addition to traditional intravenous administration, dendrimers have been investigated 

for use in oral drug delivery (19, 20, 319, 320). Specifically, we have shown that 

poly(amidoamine) (PAMAM) dendrimers traverse the intestinal epithelium and improve 

the oral bioavailability of poorly water soluble drugs in vitro (23, 24, 304, 321). While 

results with PAMAM dendrimers are promising, their hydrolytic and enzymatic 

resistance poses toxicity concerns (352). 

In an effort to overcome the potential toxicity associated with PAMAM 

dendrimers, we investigated poly-L-lysine (PLL) dendrimers as potential oral drug 

delivery vehicles. PLL dendrimers have shown success in intravenous administration of 

chemotherapeutics in vivo; however, to date no studies have investigated these 

dendrimers for oral delivery (25, 27, 353). PLL dendrimers are similar in size and charge 

to cationic PAMAM dendrimers which we have shown to be potent tight junction 

                                                
3Reproduced with permission from Toxicol and Appl Pharmacol. 2014. Submitted for publication.  
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modulators; therefore, we hypothesize that PLL dendrimers will have similar transport 

properties as PAMAM dendrimers (29). 

Unlike PAMAM dendrimers, PLL dendrimers are biodegradable and were shown 

to undergo bioresorption in vivo, being reincorporated into normal biosynthetic pathways 

(354, 355). Native PLL dendrimers were also avoided by the reticuloendothelial system, 

which is a common accumulation point for PAMAM dendrimers (318, 354). Taken 

together, these previous findings suggest that PLL dendrimers may be less toxic than 

PAMAM dendrimers despite possessing similar physicochemical properties desirable for 

oral drug delivery. 

In this study we investigated the feasibility of using PLL dendrimers for oral drug 

delivery by directly comparing them to PAMAM dendrimers. Because previous studies 

have shown that cationic PAMAM dendrimers enhanced mannitol transport, we 

investigated [
14

C]-mannitol permeability across fully differentiated Caco-2 monolayers in 

the presence of both types of dendrimers to establish epithelial permeability enhancement 

(20, 319). We also measured transepithelial electrical resistance (TEER), which PAMAM 

dendrimers have been shown to decrease, to determine if PLL dendrimers displayed 

similar tight junction modulating properties (20, 319). 

In addition to establishing PLL dendrimers as potential oral drug delivery vehicles 

we created an in vitro cytotoxicological profile of both PLL and PAMAM dendrimers. 

Cationic PAMAM dendrimers were previously shown to activate reactive oxygen species 

(ROS) generation and caspase signaling in various cell lines; however, studies have yet to 

be reported for Caco-2 cells (356-358). Additionally, a direct comparison of PLL and 

PAMAM dendrimers has not been conducted. Therefore, we investigated the ROS 
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generation, caspase activation, and apoptotic body formation caused by both types of 

dendrimers. The results of this work will lay the groundwork for instituting PLL 

dendrimers as a safe and effective alternative to PAMAM dendrimers for oral drug 

delivery.  

4.2 Experimental Section 

4.2.1 Materials 

Boc-Lys-ONp was purchased from ChemImpex (Wood Dale, IL). All cell culture 

supplies and the Vybrant Apoptosis Assay Kit #4 were purchased from Life Technologies 

(Grand Island, NY). Water soluble tetrazolium salt 1 (WST-1) reagent was purchased 

from Roche (Indianapolis, IN). PAMAM dendrimers and all other chemicals were 

obtained from Sigma Aldrich (St. Louis, MO) unless otherwise noted. 

4.2.2 Synthesis of PLL Dendrimers 

PLL dendrimers were synthesized similarly to previously described methods (25, 

354). Briefly, L-lysine methyl ester was reacted with Boc-protected L-lysine 

functionalized with p-nitrophenol for 3 h at 75°C in dimethyl sulfoxide (DMSO) with 

triethylamine (TEA). The resulting product was extracted in dichloromethane (DCM) and 

washed three times with ammonium chloride, three times with sodium bisulfate, and 

twice with brine. After drying over magnesium sulfate, the DCM was evaporated to 

obtain the Boc-protected product. The dendrimer was deprotected in 1:1 

DCM:trifluoroacetic acid (TFA). Solvent was evaporated to obtain the deprotected first 

generation dendrimer (G1). These steps were repeated substituting dimethylformamide 

(DMF) for DMSO to obtain higher generation dendrimers. For the higher generation 
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dendrimers (G3 and G4), precipitation in 0.1N sodium bicarbonate was used in place of 

organic extraction. The product was filtered, rinsed with acetonitrile, and dried under 

vacuum. MALDI-TOF mass spectrometry was used to confirm each product. Size 

exclusion chromatography (SEC) was conducted for the final Boc-protected products 

using a Waters HPLC system (Milford, MA) equipped with a refractive index detector 

and a mobile phase of DMF with 0.05 M LiBr to determine polymer polydispersity.  

4.2.3 Cell Culture 

The human colorectal adenocarcinoma cell line Caco-2 was obtained from the 

American Type Culture Collection (Manassas, VA). Cells (passages 20-40) were grown 

at 37°C with 5% CO2 and 95% relative humidity. Cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 

1% non-essential amino acids, 100 U/mL penicillin, and 10,000 µg/mL streptomycin. 

Media was changed every other day, and cells were passaged at 80-90% confluency using 

0.25% trypsin/ethylene diamine tetraacetic acid (EDTA).  

4.2.4 Dendrimer-Induced [
14

C]-Mannitol Permeability and TEER Monitoring 

Transepithelial transport of [
14

C]-mannitol in the presence of dendrimers was 

monitored in the apical to basolateral direction in differentiated Caco-2 monolayers. Cells 

were seeded at 80,000 cells/well in 12-well polycarbonate Corning Transwell inserts with 

a 0.4 µm mean pore size (Corning, Tewksbury, MA) and used after 21-28 days of 

growth. TEER was measured using a voltohmmeter (World Precision Instruments, 

Sarasota, FL) to assure proper monolayer formation, and monolayers with TEER > 500 

Ω·cm
2
 were used for experiments. Dendrimers were prepared from 100 mM DMSO 

stocks in Hank’s balanced salt solution (HBSS) supplemented with 10 mM 4-(2-
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hydroxyethyl) piperazine-1-ethanesulfonic acid (HEPES) at concentrations of 0.01, 0.1, 

and 0.5 mM. The highest concentration was only used for the dendrimers with 16 

terminal amines due to toxicity. Cells were coincubated with dendrimers and mannitol for 

2 h during which time TEER was measured every 30 min. After treatment, samples were 

taken from the apical and basolateral compartments for scintillation counting. 

Monolayers were then rinsed with HBSS and returned to DMEM to allow for recovery. 

After 24 h in standard cell culture conditions, mannitol permeability and TEER were 

measured again in the same monolayers to ensure that any effects caused by the 

dendrimers were not permanent. Permeability results are reported as the percentage of 

apparent permeability compared to the mannitol control ± standard deviation (SD), and 

TEER is reported as a percentage of the initial TEER for each well ± SD. Permeability 

results were analyzed by one-way analysis of variance (ANOVA) with Dunnett’s test for 

multiple comparisons. 

4.2.5 Cytotoxicity of Dendrimers 

Dendrimer cytotoxicity was assessed in undifferentiated Caco-2 cells using the 

WST-1 cell viability assay. Cells were seeded at a density of 50,000 cells/well in a 96-

well plate and maintained under the conditions described above for 48 h. Dendrimer 

solutions (0.01, 0.05, 0.1, 0.5, and 1 mM) were prepared from a 100 mM DMSO stock 

solution by serially diluting the dendrimer in buffered HBSS or supplemented DMEM. 

Cells were washed with HBSS or DMEM and incubated at 37°C for 2 h or 24 h, 

respectively, with 100 µL of the dendrimer treatment. After treatment, the cells were 

washed with HBSS, and 110 µL of 1:10 WST-1:HBSS was added to each well. After 4 h 

at 37°C, UV absorbance was measured at 440 nm and background was measured at 600 
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nm using a SpectraMax Plus384 absorbance microplate reader (Molecular Devices, 

Sunnyvale, CA). HBSS was used as a negative control representing 100 percent cell 

viability while Triton X-100 was used as a positive control. Results are presented as the 

percent viability compared to the untreated control ± SD. Statistically significant 

decreases in cell viability were determined by one-way ANOVA with Dunnett’s posttest. 

4.2.6 ROS Generation 

Dendrimer-induced ROS generation was measured using 6-carboxy-2',7'-

dichlorodihydrofluorescein diacetate (carboxy-H2DCFDA), a nonfluorescent compound 

that gets hydrolyzed by intracellular esterases and oxidized by ROS activity to form the 

green-fluorescent carboxydichlorofluorescein. Cells were seeded at 30,000 cells/well in a 

black-walled, 96-well plate. After 48 h, cells were washed with buffered HBSS and 

incubated with 20 µM carboxy-H2DCFDA for 45 min at 37°C. After loading with dye, 

cells were washed with HBSS. Dendrimer solutions (0.01, 0.05, 0.1, 0.5, and 1 mM) 

prepared in phenol red-free DMEM supplemented with 5% FBS were added, and 

fluorescence (λex=490, λem=520) was measured at 0.5, 1, 2, 3, 4, 6, and 24 h using a 

Gemini XPS fluorescence microplate reader (Molecular Devices). The highest 

concentration was only used for dendrimers with 16 terminal groups. H2O2 was used as a 

positive control. Results are shown as the percent increase in ROS generation compared 

to the untreated control ± SD. Statistical significance was determined by mixed model 

ANOVA with Bonferroni’s posttest.  

ROS generation was also visualized by confocal microscopy in differentiated 

Caco-2 monolayers. Monolayers were cultured as previously described and loaded with 

20 µM carboxy-H2DCFDA for 45 min at 37°C. Cells were then washed twice with 
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HBSS, and dendrimer treatment (0.01 and 1mM) was added. After 2 h incubation at 

37°C, the treatment was removed, and cells were fixed in 10% v/v methanol in 

Dulbecco’s phosphate buffered saline (DPBS) for 5 min at room temperature. Cells were 

washed twice with DBPS, and membranes were excised. Prolong Gold® with DAPI (Life 

Technologies) was used to mount the membranes on glass slides. After curing for 24 h at 

room temperature, slides were sealed and immediately imaged.  

Images were collected using a Nikon A1 laser scanning confocal microscope. 

DAPI and carboxy-H2DCFDA were excited with 404 nm and 488 nm lasers, respectively, 

and detected with 450/50 and 525/50 filter blocks. Three z-stacks were collected for each 

monolayer using the following parameters: Plan apo VC 60x oil objective, 29.4 µM 

pinhole, 4.6 µs pixel dwell, 2x line average, 4x optical zoom, 1µM z-step size, and 

512x512 image size. Images were processed using Volocity 3D Image Analysis software 

v6.3 (PerkinElmer, Waltham, MA). Green voxels, corresponding to regions of reactive 

oxygen species, were quantified by thresholding the signal intensity between 10% and 

100%. The number of green voxels for each treatment is compared to the DMEM control, 

and the results are presented as the percentage increase in ROS generation (green voxels) 

± SD. Statistical significance was determined using one-way ANOVA with Dunnett’s 

posttest. 

4.2.7 Caspase Activation 

Caspase activation was investigated using the Caspase-Glo 3/7 assay (Promega, 

Madison, WI). Cells were seeded at 10,000 cells/well in a white, 96-well plate. After 24 

h, the cell medium was removed, and dendrimer treatments (0.01, 0.05, 0.1, 0.5, and 1 

mM) prepared in supplemented DMEM were added. Cells were then incubated for 24 h 
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at 37°C. Dendrimer treatments were also added 42, 44, and 46 h after cell seeding for 6, 

4, and 2 h time points, respectively. After dendrimer treatment, caspase reagent was 

added according to the manufacturer’s instructions. Briefly, a luminogenic substrate 

containing a DEVD peptide sequence selective for Caspase-3 and -7 and luciferase were 

reconstituted in the provided cell lysis buffer and added to the cells. After 1 h 

luminescence was measured using a SpectraMax M3 microplate reader (Molecular 

Devices). Results are shown as the percent increase in caspase activation compared to the 

untreated control ± SD. Statistical significance was determined by two-way ANOVA 

with Bonferroni’s posttest. 

4.2.8 Apoptotic Body Formation 

Caco-2 monolayers were treated with dendrimers (0.01 and 1 mM) in 

supplemented cell culture media for 24 h at 37°C. After incubation cells were washed 

with DPBS, and DPBS containing 0.1 µM YO-PRO-1 and 1.5 µM propidium iodide (PI) 

was added. After 30 min, the solution was removed. Membranes were excised, placed on 

coverslips, and immediately imaged by confocal microscopy. YO-PRO-1 and PI were 

excited with 488 nm and 561 nm lasers, respectively, and detected with 525/50 and 

595/50 filter blocks. Three images were collected for each monolayer using the following 

parameters: Plan apo VC 20x objective, 20.1µM pinhole, 4.6 µs pixel dwell, 2x line 

average, 4x optical zoom, and 512x512 image size. Early apoptotic cells stained green 

with YO-PRO-1 and late apoptotic and dead cells stained both green with YO-PRO-1 and 

red with PI were manually counted for each image. Apoptotic and dead cell counts were 

compared to the DMEM-treated control. Results are displayed as the average number of 
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stained cells per image ± SD. Statistical significance was determined by two-way 

ANOVA with Bonferroni’s posttest. 

4.3 Results 

4.3.1 Dendrimer Characterization 

To compare the transport properties and toxicity of PAMAM dendrimers to a 

biodegradable cationic dendrimer, PLL dendrimers were synthesized. The structures of 

both PLL and PAMAM dendrimers are shown in Figure 4.1. After synthesis, PLL 

dendrimers were confirmed by MALDI-TOF to have the correct molecular weights. 

Branching defects and smaller generations were not present. SEC was performed before 

the final deprotection to avoid peak tailing due to dendrimer-column interactions. The 

polydispersity was determined to be 1.04 for both G3 and G4 PLL dendrimers. Once 

characterized, dendrimers were used in further experiments. 

4.3.2 Dendrimer-Induced [
14

C]-Mannitol Transport and TEER Monitoring 

We have previously shown that cationic PAMAM dendrimers are potent tight 

junction modulators capable of increasing small molecule paracellular transport in 

differentiated Caco-2 monolayers (29). These dendrimers have also been shown to 

decrease TEER (20, 319). To determine if cationic PLL dendrimers possess similar tight 

junction modulating properties as PAMAM dendrimers we investigated [
14

C]-mannitol 

permeability and TEER in the presence of these dendrimers in Caco-2 monolayers. We 

measured mannitol transport after a 2-h treatment (Figure 4.2 A and B) and TEER during 

the treatment time (Figure 4.3). For the smaller dendrimers with 16 surface amines, no 

change in mannitol permeability was seen. The larger dendrimers, however, did display 
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Figure 4.1. Structures of G3 PLL (A.) and G2 PAMAM (B.) dendrimers.Both dendrimers 

have 16 primary amines. 
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an increase in permeability. For G4 PLL, the highest concentration tested resulted in a 

26% increase in mannitol permeability. For G3 PAMAM a 39% increase in permeability 

occurred for the lower concentration. 

TEER was also used to investigate dendrimer-induced permeability. PLL 

dendrimers had a size- and concentration-dependent decrease in TEER with the highest 

concentration of G4 PLL resulting in a 22% decrease in TEER. For the PAMAM 

dendrimers, TEER decreased with increasing size but not with increasing concentration. 

Both 0.01 and 0.1 mM G3 PAMAM caused a 22% decrease in TEER while 0.1 and 0.5 

mM G2 PAMAM had a 13% and 15% decrease in TEER, respectively. After the initial 

treatments, monolayers were maintained in cell culture medium for 24 h. Mannitol 

permeability (Figure 4.2 C and D) and TEER measurements (Figure 4.3) were repeated 

after the recovery period to show that increases in permeability were reversible and that 

results were not a consequence of monolayer damage. 

4.3.3 Dendrimer Cytotoxicity 

Because PLL dendrimers possessed similar transport properties as PAMAM 

dendrimers, we then wanted to assess the toxicity of these dendrimers. Using the WST-1 

cell viability assay, a measure of mitochondrial dehydrogenase activity, we compared the 

short- and long-term mitochondrial toxicity of both dendrimers (Figure 4.4). After a 2-h 

treatment both PLL and PAMAM dendrimers displayed similar results with size- and 

concentration-dependent decreases in cell viability. For the smaller dendrimers only the 

highest concentration decreased viability while for the larger dendrimers the two highest 

concentrations resulted in cell death. After a 24 h treatment with the dendrimers, the 

lower generations showed no toxicity at any of the concentrations tested, and lower 
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Figure 4.2. Percent of apparent permeability of [
14

C]-mannitol in the presence of PLL and 

PAMAM dendrimers in Caco-2 monolayers. Mannitol permeability was measured after a 

2-h treatment with either PLL (A.) or PAMAM (B.) dendrimers. Permeability was 

measured again 24 h after the initial treatment for both PLL (C.) and PAMAM (D.) 

dendrimers. Mean ± standard deviation (SD) (n=4). ** and *** denote a statistically 

significant change in Papp compared to the HBSS-treated control with p<0.01 and 

p<0.001, respectively. 
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Figure 4.3. TEER in the presence of PLL (A.) and PAMAM (B.) dendrimers in Caco-2 

monolayers. TEER was also measured 24 h after dendrimer removal. Mean ± SD (n=4). 
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concentrations resulted in mitochondrial stimulation. For the higher generations, the 

PAMAM dendrimers had higher toxicity after 24 h than after 2 h while the PLL 

dendrimers had lower toxicity after 24 h suggesting that at 0.5 mM the PLL dendrimers 

did not inhibit long-term cell proliferation. 

4.3.4 Dendrimer-Stimulated ROS Generation 

To determine the mechanisms of dendrimer-induced cell death seen during the toxicity 

study we began by investigating ROS generation. The ROS-reactive dye carboxy-

H2DCFDA was used to measure ROS in Caco-2 cells from 30 min to 24 h during 

dendrimer treatment. Figure 4.5 shows the changes in ROS generation for increasing 

concentrations of each dendrimer at different time points. In general, the PLL dendrimers 

showed higher increases in ROS than the PAMAM dendrimers. At concentrations shown 

to be nontoxic by the WST-1 assay, ROS generation was highest immediately after 

addition of dendrimer followed by a consistent decline for both PLL and PAMAM 

dendrimers. The addition of H2O2 also showed a similar trend in ROS generation, with 

the earliest time point having the highest increase and a continual decrease at each 

subsequent time point. ROS levels declined below basal ROS generation in untreated 

cells for PAMAM dendrimers, and this effect was more pronounced at toxic 

concentrations. At concentrations originally found to be toxic for PLL dendrimers, ROS 

generation increased with time. Although PLL dendrimers achieved double the basal 

levels of ROS generation, these results were not statistically significant when analyzed 

with the H2O2 positive control, which reached an 8-fold increase in ROS generation. 

These results begin to highlight the unique differences between cationic dendrimers of 

different composition.  
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Figure 4.4. Caco-2 cell viability after a 2-h incubation with PLL (A.) or PAMAM (B.) 

dendrimers in HBSS or a 24-h incubation with PLL (C.) or PAMAM (D.) dendrimers in 

DMEM. Mean ± SD (n=3). *, **, and *** denote a statistically significant change in cell 

viability compared to the HBSS- or DMEM-treated control with p<0.05, p<0.01, and 

p<0.001, respectively. Triton X-100 was used as a positive control. 
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Figure 4.5. Percent increase in ROS generation over time in the presence of G3 PLL (A.), 

G4 PLL (B.), G2 PAMAM (C.), and G3 PAMAM (D.) dendrimers. ROS was determined 

by measuring carboxy-H2DCFDA fluorescence. Results were calculated by setting the 

basal ROS signal in untreated cells to 100 percent. Mean ± SD (n=4). 
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We also investigated ROS generation in Caco-2 monolayers to determine if the 

same results could be achieved in differentiated cells. After loading the cells with 

carboxy-H2DCFDA, monolayers were treated with either the lowest or highest dendrimer 

concentration for 2 h. In contrast to the microplate results, we saw no significant increase 

or decrease in ROS generation compared to the control (Figure 4.6). ROS appeared to be 

localized in punctate vesicles instead of in the cytosol, suggesting that dendrimers did not 

induce enough ROS generation to result in mitochondrial localization and injury. While 

dendrimers, especially PLL dendrimers, showed an increase in ROS generation in a 

microplate format, the amount generated in a more accurate model of the intestinal 

epithelium suggested that ROS generation was not a primary mechanism of toxicity for 

small cationic dendrimers.  

4.3.5 Dendrimer-Induced Caspase Activation            

To further elucidate the possible mechanisms of dendrimer cytotoxicity the 

activation of Caspase-3 and -7, the executioners of apoptosis, was measured in the 

presence of increasing concentrations of dendrimers from 2 h to 24 h (Figure 4.7). For all 

dendrimers and concentrations, caspase activation peaked at 6 h. PAMAM dendrimers 

displayed higher levels of caspase activation than PLL dendrimers. While no significant 

increase in activation was seen for the PLL dendrimers, both 0.01 mM G2 and G3 

PAMAM dendrimers caused a significant increase. The 0.05 mM G2 PAMAM treatment 

also induced significant caspase activation, and 0.5 mM G3 PAMAM dendrimers caused 

a significant decrease in activation. 
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Figure 4.6. Percent increase in ROS generation in Caco-2 monolayers after a 2-h 

treatment with DMEM (A.), 0.01 mM G2 PAMAM (B.), 0.01 mM G3 PAMAM (C.), 

0.01 mM G3 PLL (D.), 0.01 mM G4 PLL (E.), 1 mM G2 PAMAM (F.), 0.5 mM G3 

PAMAM (G.), 1 mM G3 PLL (H.), or 0.5 mM G4 PLL (I.). Carboxy-H2DCFDA was 

used to detect ROS, and quantification of fluorescence is overlaid. Results are reported as 

the percentage of green voxels per image compared to the DMEM control ± S.D (n=3). 

Scale bar=10µM. 
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4.3.6 Dendrimer-Triggered Apoptosis  

Because ROS generation in a microplate format did not correlate to differentiated 

monolayers, apoptosis in monolayers was also investigated to determine if microplate 

caspase activation results were correlated to a more representative cell model. YO-PRO-

1, a dye permeable to all apoptotic and dead cells, and PI, a dye permeable to only late 

apoptotic and dead cells, were used to visualize the apoptotic and dead cells in Caco-2 

monolayers after a 24 h treatment with low and high concentrations of dendrimers 

(Figure 4.8). Apoptosis is a normal mechanism of cell turnover; therefore, basal levels of 

caspase activation and apoptotic cells are expected. For the lower concentrations, G3 

PAMAM caused a significant increase in cell death. All dendrimers at 0.01 mM had a 

lower number of apoptotic cells than the untreated control. At the higher concentration 

G3 PAMAM and G4 PLL exhibited a significantly higher number of late apoptotic and 

dead cells. G2 PAMAM again had a lower number of apoptotic cells. Of the dead cells 

present after dendrimer treatment, many had formed apoptotic bodies suggesting that 

apoptosis was the mode of cell death. 

4.4 Discussion 

PAMAM dendrimers have shown potential as oral drug delivery vehicles; 

however, accumulation of the nondegradable dendrimers is a concern. PLL dendrimers 

possess similar physicochemical properties as cationic PAMAM dendrimers but have  
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Figure 4.7. Percent increase in Caspase-3 and -7 activation from 2 h to 24 h during 

treatment with G3 PLL (A.), G4 PLL (B.), G2 PAMAM (C.), or G3 PAMAM (D.) 

dendrimers compared to untreated control. Activation was determined by measuring 

luminescence resulting from caspase-induced DEVD cleavage from aminoluciferin. 

Mean ± SD (n=3). * denotes a statistically significant increase in caspase activation 

compared to the DMEM-treated control with p<0.05. 

    



97 
 

 

Figure 4.8. Apoptotic and dead cells in live Caco-2 monolayers following 24 h treatment 

with DMEM (A.), 0.01 mM G2 PAMAM (B.), 0.01 mM G3 PAMAM (C.), 0.01 mM G3 

PLL (D.), 0.01 mM G4 PLL (E.), 1 mM G2 PAMAM (F.), 0.5 mM G3 PAMAM (G.), 1 

mM G3 PLL (H.), or 0.5 mM G4 PLL (I.). Apoptotic and dead cells are stained with YO-

PRO-1 (green), and late apoptotic and dead cells are stained with PI (red). Quantification 

of early apoptotic (green bar) and late apoptotic/dead (yellow bar) cells is overlaid. 

Results are reported as the total number of cells manually counted for each image ± SD 

(n=3). * and ** denote a statistically significant increase in late apoptotic/dead cells 

compared to the DMEM-treated control with p<0.05 and p<0.01, respectively. Scale 

bar=10 µM.  
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been shown to both biodegrade and undergo bioresorption (354). In this study we aimed 

to determine if PLL dendrimers possessed similar transport properties as PAMAM 

dendrimers, and, therefore, could serve as a viable alternative to PAMAM dendrimers for 

oral drug delivery. We also sought to establish cytotoxicity profiles for these dendrimers. 

While PAMAM dendrimer toxicity has been extensively studied, these studies primarily 

focused on higher generations, and to date no extensive studies have been conducted for 

PLL dendrimers (356-358). In this work we have established PLL dendrimers as potent 

permeation enhancers and elucidated possible mechanisms of dendrimer cytotoxicity 

while emphasizing the differences between PLL and PAMAM dendrimers.  

We evaluated mannitol transport and TEER in the presence of dendrimers to 

assess the ability of PLL dendrimers to enhance small molecule permeability. Dendrimers 

with 32 terminal groups demonstrated a significant increase in transport. G4 PLL-induced 

permeability increased with concentration; however, G3 PAMAM displayed the opposite 

effect. Although the results were counterintuitive, El-Sayed et al. previously showed that 

smaller generation PAMAM dendrimers (G0-2) exhibited time- and concentration-

dependent increases in permeability while 0.1 mM and higher concentrations of G3 

PAMAM had low permeability (319). The increase seen with a lower concentration 

suggests a concentration window unique to each generation may exist in addition to the 

previously described size and charge window necessary for transport. 

In addition to mannitol transport, we also measured TEER in the presence of 

dendrimers to further substantiate the mannitol permeability results. For PLL dendrimers 

we saw a consistent decrease with increasing time, generation, and concentration. The 

highest concentration of G4 PLL had the largest decrease in TEER confirming the 
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mannitol permeability results. For the TEER in the presence of PAMAM dendrimers we 

again observed a unique pattern. While the TEER decrease remained dependent upon 

time and generation, the concentration dependence was no longer apparent. The lowest 

G2 PAMAM concentration had no TEER decrease while the 0.1 and 0.5 mM treatments 

exhibited the same decrease. The two G3 PAMAM concentrations also had the same 

decrease in TEER despite presenting different mannitol permeability results. Although 

PAMAM permeability may be more complex than previously suspected, PLL dendrimers 

proved equally capable of enhancing mannitol permeability with subsequent decreases in 

TEER. Therefore, PLL dendrimers may serve as a biodegradable alternative to PAMAM 

dendrimers for the enhancement of oral drug transport. 

To further investigate PLL dendrimers we aimed to establish an in vitro 

toxicological profile utilizing various toxicity assays. By the WST-1 assay lower 

generation dendrimers showed minimal decreases in cell viability at 1 mM. The larger 

generation dendrimers caused significant decreases in viability at and above 0.5 mM. 

Because dendrimer toxicity is primarily imparted by charge density, PLL dendrimer 

toxicity was anticipated to be comparable to PAMAM dendrimers (359, 360). We also 

wanted to determine if PLL dendrimers would be less toxic if given time to degrade; 

therefore, we measured cell viability after a 24 h dendrimer treatment.  While the 

PAMAM dendrimers caused the same toxicity after 24 h, the 0.5 mM G4 PLL treatment 

was no longer toxic; therefore, PLL dendrimers have less of an effect on cell proliferation 

than PAMAM dendrimers at longer incubation times. At lower concentrations, a mild 

stimulatory effect was observed; this effect has been reported for larger PAMAM 

dendrimers as well (357). 
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Because higher generation PAMAM dendrimers have been shown to induce ROS 

generation, we wanted to determine if the toxicity observed using the WST-1 assay was a 

result of oxidative stress. Using carboxy-H2DCFDA to detect ROS, we saw similar trends 

for most of the dendrimer treatments. The highest levels of ROS were detected at 30 min 

followed by a continuous decrease in ROS levels up to 24 h. G3 PAMAM treatment 

resulted in ROS levels lower than basal levels, likely because the cells were dead or 

dying. Interestingly the higher concentrations of PLL dendrimers did not exhibit the same 

trend. While no decrease was seen for 0.5 mM and 1 mM G3 PLL or 0.1 mM G4 PLL, 

0.5 mM G4 PLL actually caused an increase in ROS with an increase in incubation time. 

In human proximal tubular epithelial cells, lysine has been shown to trigger apoptosis 

through inducing ROS generation; therefore, the increase in ROS may be a result of 

accumulating lysine from the degradation of the dendrimer (361). Once completely 

degraded, the PLL dendrimer treatments would reach lysine concentrations of 15 and 31 

mM for G3 and G4, respectively. Both of these concentrations are higher than the lysine 

concentration used to study apoptosis mechanisms in renal cells.  

ROS generation was also visualized in differentiated monolayers, and, in contrast 

to the microplate results, neither the PLL nor the PAMAM dendrimers showed any 

difference in ROS generation compared to the control. In monolayers dendrimers can 

translocate across the membrane and free lysine would be effluxed into the basolateral 

compartment effectively lowering the concentrations of both within the cells. Caco-2 

cells have also been shown to have higher antioxidant levels after differentiation; 

therefore, the monolayers would be less susceptible to oxidative stress than 

undifferentiated cells (362). ROS visualized in monolayers were located in punctate 



101 
 

vesicles, likely endosomes and lysosomes where ROS play an important role in cell 

signaling (363, 364). While ROS generation in these vesicles alone generally does not 

result in toxicity, the combined effects of vesicular and mitochondrial ROS can result in 

oxidative stress and cell death (363). Higher generation dendrimers have been shown to 

localize in mitochondria and cause ROS generation within 24 h; however, the smaller 

generation dendrimers studied here did not cause mitochondrial ROS generation (356, 

365). Therefore, at the concentrations tested, dendrimers with up to 32 terminal amines 

do not cause toxicity through oxidative stress. 

Caspase activation is another hallmark process that occurs during apoptosis. The 

caspases investigated in this study, Caspase-3 and -7, are effector enzymes responsible 

for the cleavage of many important proteins within the cell (366). Higher generation 

PAMAM dendrimers have been shown to activate Caspase-3 between 2 and 4 h with the 

time to activation increasing with decreasing dendrimer generation (356). A peak in 

caspase activity was seen at 6 h for all dendrimer concentrations, but only the lowest 

concentrations of the PAMAM dendrimers showed a significant increase. Although 

significant, the levels of caspase activation did not correlate to cell viability results. To 

further investigate, we again used differentiated monolayers to determine if the results 

seen were due to the microplate format. For the low concentration, G3 PAMAM 

displayed a slight increase in late apoptotic/dead cells, and at the high concentration both 

G3 PAMAM and G4 PLL had a significant increase in late apoptotic/dead cells. While 

none of the treatment conditions resulted in an increase in early apoptotic cells, all of the 

lower concentration treatments as well as the higher G2 PAMAM treatment resulted in 

less early apoptotic cells than the control. However, apoptotic bodies were visible in all 
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the treatments, and apoptosis was still the likely cause of cell death. The lower 

concentrations generally caused the highest levels of caspase activation; therefore, 

dendrimer treatment may increase the rate at which apoptosis occurs in cells already 

undergoing apoptosis by mildly activating caspases without inducing further apoptosis in 

healthy cells. While G3 PAMAM and G4 PLL increased cell death at 0.5 mM, many of 

the dead cells still appeared to have apoptotic bodies.  

Apoptotic cells are cleared in the body by macrophages; therefore, the increase in 

dead cells resulting from dendrimer treatment in monolayers may still be properly 

processed in vivo limiting any damage to neighboring tissues. In culture, the absence of 

phagocytic cells results in apoptotic cell lyses called secondary necrosis (367). Because 

dendrimers have been shown to cause apoptosis, secondary necrosis in in vitro 

experiments is expected. Cell death mechanisms are modulated by toxin concentration, 

and the difference in cell viability results between 2 and 24 h suggested that the 1 mM G4 

PLL and G3 PAMAM treatments induce necrosis. This is further supported by 

dendrimer-cell interaction studies illustrating the electrostatic interactions of cationic 

dendrimers with cell membranes and resultant microvilli disruption (324, 349). 

The results of the cell viability and ROS generation assays suggest that the PLL 

dendrimers are at least partially degraded in culture within 24 h. These dendrimers have 

previously been shown to degrade in vivo, the components of which are reincorporated 

into new proteins (354). While PLL and PAMAM dendrimers exhibited similar toxicity 

with regards to the mechanisms investigated, the lack of biodegradation of the PAMAM 

dendrimers will have important implications for chronic toxicity. Once apoptotic cells are 

engulfed by macrophages, dendrimers can accumulate causing apoptosis of the 
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macrophages. Other nanomaterials have been shown to have this effect by causing 

constitutive activity of the JNK pathway in macrophages eventually resulting in apoptosis 

(368). Macrophage death results in reduced phagocytic clearance of other apoptotic cells, 

and insufficient apoptotic cell scavenging is the basis of several degenerative diseases 

such as mucolipidosis type IV, a lysosomal storage disease (369). Using biodegradable 

PLL dendrimers can eliminate the chronic toxicity concerns associated with PAMAM 

dendrimers. 

Our results demonstrate that PLL dendrimers may be used as an alternative to 

PAMAM dendrimers as oral drug delivery vehicles. G4 PLL showed equal ability as G3 

PAMAM to translocate mannitol across differentiated epithelial monolayers. Further, 

PLL and PAMAM dendrimers up to 32 surface amines had minimal cytotoxicity up to 

0.5 mM, with the toxicity seen likely a result of apoptosis and secondary necrosis. PLL 

dendrimers, however, showed signs of degradation in long term cell viability and ROS 

generation studies. While PLL dendrimer exposure is less likely to result in long term 

consequences, additional studies are warranted to establish the mechanisms of PLL 

dendrimer degradation and ensure chronic toxicity does not occur. 

4.5 Conclusion 

In this work we reported on the use of PLL dendrimers for oral drug delivery and 

the associated cytotoxicity of these dendrimers. We found that PLL dendrimers were as 

capable as the more established PAMAM dendrimers at enhancing mannitol transport. 

Additionally, PLL dendrimers and PAMAM dendrimers had comparable acute toxicity, 

and treatment primarily resulted in apoptosis at the concentrations investigated. PLL 

dendrimers began to show signs of degradation within 24 h in culture while PAMAM 
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dendrimers did not. Dendrimer degradation is important to avoid accumulation within the 

body and potential off-target toxicities. Different modes of cell death result in different 

toxicological outcomes in vivo, and the toxicology of dendrimers must continue to be 

investigated to improve risk assessment (367, 370). The current study establishes PLL 

dendrimers as biodegradable permeability enhancers and may aid in the future 

development of nontoxic oral drug delivery systems. 
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Chapter 5 Internalization and Subcellular Trafficking of Poly-L-Lysine 

Dendrimers Are Impacted by Site of Fluorophore Conjugation
4
 

5.1 Introduction 

Dendrimers are nanoscale, highly branched polymers with unique 

physicochemical properties including high charge density, monodispersity, predictable 

size, and controllable number of surface groups making them ideal drug delivery vehicles 

(114). The surface groups can be conjugated to therapeutic compounds, imaging agents, 

and targeting moieties to create multifunctional nanomedicines tailored to have desired 

properties (18, 143). Specifically, dendrimer-drug conjugates have the potential to 

increase drug solubility, enhance targeted drug accumulation, and limit off-target 

toxicities (353, 371). Both poly(amidoamine) (PAMAM) and poly-L-lysine (PLL) 

dendrimers have been used to enhance the delivery of drugs with poor solubility and/or 

permeability (25-27, 372, 373). PAMAM dendrimers have been shown to permeate the 

intestinal epithelium, and, therefore, may improve the oral bioavailability of 

Biopharmaceutics Classification System Class II and III compounds (23, 24, 304). To 

fully utilize the potential of dendrimers as delivery vehicles, particularly for oral drug 

delivery, the underlying transport and trafficking properties must be investigated. 

Dendrimer internalization and trafficking mechanisms have been extensively 

studied. We have shown that cationic and anionic PAMAM dendrimer uptake and 

transport is hindered in the presence of endocytosis inhibitors (322, 323, 374). PAMAM 

dendrimers also colocalize with markers for clatherin, early endosomes, and lysosomes 

                                                
4 Reproduced with permission from Mol Pharm. 2014. Submitted for publication. 
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(322, 324). These studies all suggest that PAMAM dendrimers are internalized by both 

clatherin- and caveolin-mediated endocytosis. In all of these studies a fluorophore was 

conjugated to the dendrimer surface for detection. Because many PAMAM dendrimer 

properties are imparted by charge density, attaching fluorophores to the surface can 

interfere with desired properties. The resultant charge shielding of the fluorophore may 

alter dendrimer uptake and trafficking which would have eventual implications on the site 

of drug release. 

While PLL dendrimers have been used for several in vivo studies (25, 27, 354, 

375, 376), a mechanistic analysis of cellular uptake and trafficking has yet to be 

conducted. PLL dendrimers provide a biodegradable alternative to PAMAM dendrimers 

while still maintaining similar physicochemical properties and are attractive drug delivery 

vehicles (354). In this study we investigated the internalization and trafficking 

mechanisms of PLL dendrimers by measuring the impact of endocytosis inhibitors on 

dendrimer-cell interactions and visualizing intracellular trafficking. The dendrimers 

synthesized provided a unique opportunity for fluorophore conjugation not only to the 

surface but to the dendrimer core as well. Therefore, we also investigated the impact of 

fluorophore conjugation site on dendrimer properties. We compared the cytotoxicity, 

transport, uptake mechanisms, and trafficking of PLL dendrimers with Oregon Green 

(OG) 514 conjugated to either the dendrimer surface or core. These studies will provide 

the knowledge necessary to rationally design dendrimer drug delivery systems while 

retaining the desirable properties that makes dendrimers unique from traditional 

polymers, specifically with regards to oral drug delivery.  
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5.2 Experimental Section 

5.2.1 Materials 

Boc-Lys-ONp was obtained from ChemImpex (Wood Dale, IL). All cell culture 

supplies, OG514 carboxylic acid succinimidyl ester, transferrin-AlexaFluor (AF) 488, 

lysosomal-associated membrane protein 1 (LAMP1) antibody, secondary antibodies, and 

Prolong Gold® with 4’,6-diamino-2-phenylindole (DAPI) were purchased from Life 

Technologies (Grand Island, NY). Water soluble tetrazolium salt 1 (WST-1) reagent was 

purchased from Roche (Indianapolis, IN). Early endosome antigen 1 (EEA1) antibody, 

endocytosis inhibitors, and all other chemicals were obtained from Sigma Aldrich (St. 

Louis, MO) unless otherwise noted. 

5.2.2 Synthesis of OG Dendrimer Conjugates 

PLL dendrimers were synthesized as previously described in Chapter 4. Briefly, 

Boc-protected lysine functionalized with p-nitrophenol was reacted with L-lysine methyl 

ester in anhydrous dimethyl sulfoxide (DMSO) with distilled triethylamine (TEA) for 3 h 

at 75°C. Once the reaction was complete, the product was extracted in dichloromethane 

(DCM) by washing three times with ammonium chloride, three times with sodium 

bisulfate, and twice with brine. The Boc-protected product was then dried over 

magnesium sulfate, and the DCM was removed by rotary evaporation. The dendrimer 

was deprotected in 1:1 DCM:trifluoroacetic acid (TFA) for 1 h after which time the 

solvent was evaporated to obtain the deprotected first generation dendrimer (G1). These 

steps were repeated with increasing reaction times using dry dimethylformamide (DMF) 

as the aprotic solvent to obtain G2 and G3. For G3, precipitation in 0.1N sodium 
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bicarbonate was used in the place of solvent extraction. The product was filtered, rinsed 

with acetonitrile, and dried under vacuum.  

For G3-OG dendrimers (OG attached to the dendrimer periphery), the dendrimer 

was deprotected as described above. After thoroughly removing residual TFA by 

evaporation, G3 and OG514 carboxylic acid succinimidyl ester were combined 1:1 in 

DMF with TEA and reacted at room temperature overnight. Once the reaction was 

complete, solvent was removed by rotary evaporation. For G3-EDA-OG dendrimers (OG 

attached to the dendrimer core via an ethylenediamine (EDA) linker), EDA was first 

added to the methyl ester at the dendrimer core. EDA was added to Boc-protected G3 in 

excess in DMF and reacted at room temperature overnight. The solvent was then 

evaporated, and the modified dendrimer was precipitated in acetonitrile and dried under 

vacuum. The product was reacted with a slight excess of OG514 carboxylic acid 

succinimidyl ester at room temperature overnight. After conjugation the dendrimer was 

deprotected in 4:1 DCM:TFA for 1 h. Solvent was removed by rotary evaporation. Both 

dendrimers were dissolved in water and placed in dialysis tubing with a 0.5-1 kDa 

molecular weight cutoff (Spectrum Labs, Rancho Dominguez, CA) and dialyzed against 

water for 24 h. After dialysis, samples were lyophilized and stored at -20°C. MALDI-

TOF (Bruker Autoflex, Billerica, MA) was used to confirm all intermediates and 

products. Size exclusion chromatography (SEC) with a mobile phase of 30:70 (v/v) 

acetonitrile:Tris buffer pH 8 was used to determine dendrimer polydispersity and confirm 

the absence of free fluorophore and other impurities. OG content was determine by a 

fluorescence standard curve (λex=490 nm, λem=533 nm) measured using a Gemini XPS 

fluorescence microplate reader (Molecular Devices). 
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5.2.3 Cell Culture 

Caco-2 cells, a human colorectal adenocarcinoma cell line, were obtained from 

the American Type Culture Collection (Manassas, VA). Cells (passages 20-40) were 

grown at 37°C with 5% CO2 and 95% relative humidity and cultured in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum, 1% 

nonessential amino acids, 100 U/mL penicillin, and 10,000 µg/mL streptomycin. Media 

was exchanged every other day, and cells were passaged using 0.25% trypsin/ethylene 

diamine tetraacetic acid at approximately 80-90% confluency.  

5.2.4 Dendrimer Cytotoxicity 

Dendrimer cytotoxicity was assessed utilizing the WST-1 cell viability assay. 

Cells were seeded at a density of 50,000 cells/well in clear 96-well plates and incubated 

under the conditions previously described for 48 h until use. Dendrimer solutions (0.5, 1, 

and 1.5 mM) were prepared from 50 mM DMSO stocks and serially diluted in Hank’s 

balanced salt solution (HBSS) buffered with 10 mM 4-(2-hydroxyethyl) piperazine-1-

ethanesulfonic acid (HEPES). Cells were washed with HBSS and incubated with 100 µL 

of dendrimer solution for 2 h. HBSS was used as a negative control to represent 100% 

cell viability, and 0.1% (v/v) Triton X-100 served as a positive control. After treatment, 

cells were washed with HBSS, and 100 µL of 1:10 WST-1:HBSS was added to each 

well. Cells were incubated an additional 4 h after which time the absorbance was 

measured at 440 nm and 600 nm (background signal) with a SpectraMax Plus 384 

absorbance microplate reader (Molecular Devices, Sunnyvale, CA). Results are reported 

as the percent viability compared to the HBSS control ± standard deviation (SD). 
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Statistical significance was determined by one-way analysis of variance (ANOVA) with 

Dunnett’s test for multiple comparisons. 

5.2.5 Cellular Internalization 

Uptake of dendrimers was measured in undifferentiated Caco-2 cells. Cells were 

seeded as previously described for cytotoxicity experiments. Dendrimer solutions (25 

µM) were added to cells and incubated for 1 h at 37°C. For inhibitor studies, cells were 

preincubated with 300 µM monodansyl cadaverine (MDC), 1 µM phenylarsine oxide 

(PAO), 4 µM filipin (FIL), 50 µM genistein (GEN), 10 mM methyl-β-cyclodextrin 

(MβCD), 50 µM dynasore (DYN), or 0.1 µM wortmannin (WORT) for 1 h followed by 

coincubation with inhibitor and dendrimer for an additional hour. After treatment, cells 

were washed twice with HBSS, and OG fluorescence was measured. Cells were then 

lysed with 70% (v/v) DMSO in buffered HBSS. A Bradford assay was used to determine 

the protein content for each well. Standard curves were prepared for each treatment 

condition to determine dendrimer content and to eliminate any differences in 

fluorescence from dendrimer-inhibitor interactions. All inhibitors were confirmed to have 

greater than 85% cell viability at the concentrations used for experiments. Uptake results 

for native dendrimers are reported as the amount of dendrimer per the amount of protein 

in each well ± SD. An unpaired student’s T-test was used to confirm a statistically 

significant difference in uptake. Results of the inhibitors studied are presented as the 

percent uptake compared to the dendrimer alone ± SD. Statistically significant decreases 

between dendrimer uptake and uptake with inhibitor treatments were calculated by one-

way ANOVA with Dunnett’s posttest. Differences between G3-OG and G3-EDA-OG 

were also compared using two-way ANOVA with Bonferroni’s posttest. 
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5.2.6 Transepithelial Transport 

Transepithelial transport of the dendrimers was investigated in differentiated 

Caco-2 monolayers. Cells were seeded at 80,000 cells/well in 12-well polycarbonate 

Transwell inserts (Corning, Tewksbury, MA) with a mean pore size of 0.4 µm and 

incubated for 21-28 days before use. Monolayers were confirmed by measuring 

transepithelial electrical resistance (TEER) with a voltohmmeter (World Precision 

Instruments, Sarasota, FL), and only monolayers with TEER > 500 Ω·cm
2
 were used for 

experiments.  Dendrimer transport was measured from the apical to basolateral 

compartment after a 1 h treatment with 25 µM of either G3-OG or G3-EDA-OG at 37°C 

and 4°C. Lucifer yellow (LY, 200 µM) was used as a control to which dendrimer 

permeability was compared. After incubation, samples were taken from the apical and 

basolateral chambers for fluorescence measurement. Results are reported as the percent 

of apparent permeability compared to LY ± SD. Statistical significance was calculated by 

one-way ANOVA with Tukey’s multiple comparison test.  

5.2.7 Intracellular Trafficking 

Dendrimer colocalization with intracellular organelles was measured in 

differentiated Caco-2 cells. Transferrin-AF488 was used as a control ligand. Monolayers 

were prepared and maintained as described above. Cells were washed twice with buffered 

HBSS followed by incubation in the apical compartment with 1 µM dendrimer or 250 

µg/mL transferrin-AF488 for 30 min at 4°C. After allowing for attachment to the cell 

surface, cells were washed twice with ice-cold HBSS and incubated in HBSS at 37°C for 

5, 15, or 30 min to allow for internalization. Cells were then fixed in cold methanol at -

20°C for 15 min. After washing three times with Dulbecco’s phosphate buffered saline 
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(DPBS), cells were permeabilized and blocked with 0.2% (v/v) Triton X-100 and 3% 

(w/v) bovine serum albumin in DPBS for 1 h at room temperature. Once permeabilized, 

cells were incubated with primary antibodies in blocking solution (2 µg/mL rabbit anti-

EEA1 or rabbit anti-LAMP1, both with 1.5 µg/mL mouse anti-occludin) for 1 h at 37°C. 

Cells were then washed three times with DPBS and incubated with secondary antibodies 

in blocking solution (1:400 Cy5 goat anti-rabbit IgG and AF568 goat anti-mouse IgG) for 

1 h at room temperature. After staining, monolayers were washed three times with DBPS, 

excised, and mounted on glass slides with Prolong Gold® containing DAPI. The 

mounting medium was allowed to cure for 24 h at room temperature after which time the 

slides were sealed and stored at 4° C until imaged. 

Images were acquired using a Nikon A1 laser scanning confocal microscope. 

DAPI, OG/AF488, AF568, and Cy5 were excited with 404 nm, 488 nm, 561 nm, and 641 

nm lasers, respectively, and 450/50, 525/50, and 595/50 filter blocks were used. Four z-

stacks were collected for each image with the following parameters: Plan apo VC 60x oil 

objective, 38.0 µm pinhole, 4.6 µs pixel dwell, 2x line average, 3x optical zoom, 1µm z-

step size, and 512x512 image size. Images were processed using Volocity 3D Image 

Analysis Software v6.3 (PerkinElmer, Waltham, MA). Colocalization between 

OG/AF488 and the nucleus, tight junctions, early endosomes, and lysosomes was 

calculated in the software by thresholding each channel between 10% and 100%. 

Mander’s colocalization coefficient (Mx) was used to represent the fraction of green 

voxels that colocalized with blue, red, or pseudo-purple. Results are displayed as Mx ± 

SD. 
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5.3 Results 

5.3.1 Synthesis and Characterization of G3-OG and G3-EDA-OG 

G3 PLL dendrimers with OG514 located either on the dendrimer periphery or at 

the dendrimer core were synthesized to determine the intracellular uptake and trafficking 

of PLL dendrimers and to ascertain the impact of fluorophore location on these 

mechanisms. The structures of both dendrimers are illustrated in Figure 5.1 while the 

physicochemical properties are listed in Table 5.1. MALDI-TOF was used to confirm 

dendrimer products, and fluorescence spectroscopy was employed to determine the OG 

content of each dendrimer. G3-OG had 0.97±0.20 molecules of OG per dendrimer while 

G3-EDA-OG had 0.58±0.06. The polydispersity of each dendrimer conjugate was 

determined by SEC to be 1.04 and 1.06 for G3-OG and G3-EDA-OG, respectively. 

5.3.2 Cytotoxicity of Dendrimers 

Caco-2 cell viability after 2-h treatment with conjugated and native G3 PLL 

dendrimers was compared to determine the impact of conjugation as well as conjugation 

site on cytotoxicity (Figure 5.2). A range was chosen to encompass known nontoxic and 

highly toxic native G3 concentrations. Fluorophore conjugation to a terminal amine 

resulted in decreased dendrimer toxicity. G3-OG was nontoxic up to 1 mM and showed 

less toxicity than G3 alone at 1.5 mM. Conjugating OG to the dendrimer core, however, 

resulted in an increase in dendrimer toxicity with the lowest concentration tested 

decreasing cell viability more than the 1 mM G3 treatment. 
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Table 5.1. Characterization of PLL dendrimer-OG conjugates. 

Dendrimer MW
a
 PDI

b
 Mol OG/ Dendrimer 

G3-OG 2449 1.04 0.97±0.20 

G3-EDA-OG 2477 1.06 0.58±0.06 
a 
Calculated from structure and confirmed by MALDI-TOF. 

b
 Polydispersity index, calculated from SEC data. 
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Figure 5.1. Structures of G3-OG (A.) and G3-EDA-OG (B.) with the fluorophore and 

linker emphasized in bold. 
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Figure 5.2. Caco-2 cell viability after 2 h incubation with native and conjugated PLL 

dendrimers. Mean ± standard deviation (SD) (n=4). *** denotes a statistically significant 

decrease in cell viability compared to the untreated control with p<0.001. 
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5.4.1 Impact of OG Conjugation Site on Dendrimer Uptake and Transport 

Internalization and transepithelial transport of G3-OG and G3-EDA-OG were 

compared to establish the impact of dendrimer conjugation on these properties. Caco-2 

cells had nearly double the uptake of G3-EDA-OG compared to G3-OG within 1 h of 

treatment (Figure 5.3). For transepithelial transport, G3-OG achieved significantly higher 

transport than G3-EDA-OG and the LY control in differentiated monolayers (Figure 5.4). 

G3-OG also displayed a significant decrease in transport at 4°C while G3-EDA-OG 

experienced only a minimal decrease. Both of these studies illustrated the impact 

conjugation site can have on eventual dendrimer drug delivery. 

5.4.2 Dendrimer Internalization in the Presence of Endocytosis Inhibitors 

Cellular uptake of G3-OG and G3-EDA-OG was assessed utilizing a panel of 

inhibitors to investigate clatherin-, caveolin-, cholesterol-, and dynamin-mediated 

endocytosis as well as macropinocytosis (Figure 5.5). MDC and PAO were used to 

inhibit clatherin-mediated endocytosis. MDC increases clatherin polymerization creating 

stabilized pits unable to form vesicles (377-379). PAO is suspected to inhibit clatherin-

coated pit internalization as well by causing a depletion of diacylglycerol, a small 

signaling lipid that affects the curvature of membrane bilayers and eventual vesicle 

scission (380-382). MDC had no impact on uptake for either dendrimer. PAO inhibited 

uptake of G3-EDA-OG but not G3-OG, suggesting that dendrimer uptake may partially 

be mediated by clatherin and affected by fluorophore location. To study caveolin-

mediated endocytosis FIL and GEN were used. FIL forms a complex with cholesterol in 

non-coated membrane invaginations rich in cholesterol, such as those associated with 

caveolae, disrupting vesicle formation (383, 384). GEN interferes with caveolin-mediated  



118 
 

 

Figure 5.3. Uptake of dendrimers in Caco-2 cells after 1 h treatment. Results are shown 

as the mean ± SD (n=4). 
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Figure 5.4. Transport of dendrimers across differentiated Caco-2 monolayers at 37°C 

(white bars) and 4°C (gray bars). Results are presented as mean ± SD (n=4). *** denotes 

statistical significance between different 37°C treatments and between 37°C and 4°C 

samples of the same treatment  p<0.001. 
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endocytosis by inhibiting tyrosine kinases required for actin cytoskeletal reorganization 

and dynamin 2 recruitment, essential events for caveolae internalization (385, 386). 

While FIL did not decrease G3-OG uptake, G3-EDA-OG uptake was reduced. GEN 

lowered the uptake of both dendrimers; therefore, PLL dendrimers likely utilize caveolae 

as a means of internalization.  

In addition to specific inhibitors of clatherin- or caveolin-mediated endocytosis, 

we also studied compounds that inhibit both mechanisms as well as a macropinocytosis 

inhibitor. MβCD, a cyclic glucopyranoside oligomer that extracts cholesterol from the 

plasma membrane, was used to establish the impact of cholesterol on dendrimer uptake 

(387, 388). Treatment with MβCD resulted in a significant decrease in dendrimer uptake 

regardless of fluorophore location. Cholesterol is important for both clatherin-coated pit 

and caveolae internalization; therefore, dendrimers are likely internalized in part through 

both mechanisms (389, 390). We also investigated the impact of DYN, a dynamin 

inhibitor (342). Dynamin 2 is a GTPase responsible for vesicle fission in coat-dependent 

and –independent endocytic pathways (391, 392). We again saw a significant decrease in 

dendrimer internalization further supporting the importance of clatherin and caveolae for 

both dendrimers. WORT was chosen as an inhibitor of macropinocytosis, a non-selective 

endocytosis route commonly utilized by macromolecules (393). WORT prevents 

macropinocytosis by inhibiting phosphoinositide 3-kinase, a protein necessary for the 

closure of macropinosomes (394, 395). Dendrimer uptake was diminished by WORT 

treatment suggesting the role of nonspecific internalization of dendrimers in addition to 

the selective clatherin- and caveolin-mediated mechanisms. 
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Figure 5.5. Percent uptake of G3-OG (white bars) and G3-EDA-OG (gray bars) in Caco-

2 cells in the presence of endocytosis inhibitors. Results are reported as the mean ± SD 

(n=4). *, **, and *** indicate a statistically significant decrease in uptake compared to 

dendrimer uptake alone with p<0.05, p<0.01, and p<0.001, respectively. 
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5.4.3 Intracellular Trafficking and Visualization of Dendrimers Interacting with 

Monolayers 

Along with establishing mechanisms of PLL dendrimer internalization, we also 

investigated the intracellular trafficking of the dendrimers in polarized Caco-2 

monolayers. Colocalization coefficients were calculated for the overlap of dendrimers or 

transferrin with the nucleus (DAPI), tight junctions (occludin), early endosomes (EEA1), 

and lysosomes (LAMP1) (Figure 5.6). G3-OG showed rapid uptake into the cell and 

localized early with the nucleus, endosomes, and lysosomes. As incubation time 

increased little change was noted in dendrimer localization, suggesting that G3-OG 

internalization is not specific to mechanisms involved in endosomal and lysosomal 

trafficking. G3-EDA-OG displayed consistent uptake within the nucleus with localization 

to the tight junctions and endosomes increasing with time. Colocalization with lysosomes 

was substantially higher than that with other markers with a marginal decrease between 

15 and 30 min. In contrast, transferrin had minimal nucleus and tight junction 

colocalization and was primarily present within the endosomes and lysosomes. 

Lysosomal localization remained consistent across the time points investigated 

suggesting pathway saturation. While these results were different from previously 

published findings in undifferentiated cells (322), polarized monolayers have distinctly 

different protein localization at the apical and basolateral domains (396-398). 

Figure 5.7 demonstrates the interaction of dendrimers and transferrin with 

monolayers after a 30 min incubation. Green fluorescence was generally present in the 

upper half of the cells, and all images showed internalization. G3-EDA-OG and 

transferrin visually exhibited a much higher interaction with the monolayer than G3-OG.  
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Figure 5.6. Intracellular trafficking 

of G3-OG (A.), G3-EDA-OG (B.), 

and transferrin-AF488 (C.) in Caco-

2 monolayers. Colocalization with 

the nucleus (DAPI), tight junctions 

(occludin), endosomes (EEA1), and 

lysosomes (LAMP1) is shown at 5 

min (white bars), 15 min (gray bars), 

and 30 min (black bars). Results are 

reported as mean ± SD (n=4). 
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Figure 5.7. Interaction of dendrimers and transferrin with differentiated Caco-2 

monolayers. Images are representative of the 30 min time point used to calculate 

colocalization. Blue=nucleus, red=tight junction, purple=endosome/lysosome, and 

green=dendrimer/transferrin. 
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All three treatments have punctate regions resembling vesicles, supporting the inhibitor 

results that dendrimers utilize vesicular endocytosis for internalization. Additionally G3-

EDA-OG showed localization with the cell nucleus, which is unsurprising given the use 

of cationic dendrimers as transfection agents (399). 

5.5 Discussion 

PAMAM dendrimers have been shown to traverse intestinal epithelia while 

carrying poorly bioavailable drugs (23, 24, 304). We recently established PLL 

dendrimers as a less toxic alternative to PAMAM dendrimers for oral drug delivery. 

While PAMAM dendrimer internalization and trafficking have been established (322-

324, 374), the mechanisms of PLL dendrimer uptake and trafficking have yet to be 

investigated. Localization of drug delivery systems can impact drug release, degradation, 

and toxicity (400); therefore, understanding the mechanisms of cellular entry and 

intracellular trafficking is exceedingly important. In this study we established 

mechanisms of uptake utilized by PLL dendrimers as well as the intracellular localization 

of these dendrimers after internalization. We also compared the uptake and transport of 

dendrimers with a fluorophore conjugated to either the dendrimer surface or core to 

establish the impact of conjugation on dendrimer properties.  

Studies of PAMAM dendrimer internalization rely on monitoring a fluorophore 

conjugated to the dendrimer surface instead of the dendrimer itself. Although fluorophore 

conjugation likely influences the uptake, transport, and routing of the dendrimer, 

conjugation of drug would likely induce the same effects; therefore, fluorophores such as 

fluorescein and other fluorinated analogs may provide good substitutes for studying the 

impact of small hydrophobic drugs on dendrimer delivery properties. Our PLL 
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dendrimers contained an unbranched methyl ester group at the core providing an 

additional option for conjugation compared to traditional surface conjugation strategies; 

therefore, we conjugated OG to either the dendrimer periphery or the dendrimer core via 

an EDA linker. Comparing the cytotoxicity of the conjugated dendrimers to native G3 

PLL dendrimers, we found that conjugation site had opposite consequences on dendrimer 

toxicity. G3-OG was less toxic to the cells than the native dendrimer. Other studies have 

reported similar findings in which conjugation to the dendrimer surface resulted in 

decreased cell death (20). At lower generations dendrimers take a floppy confirmation 

which decreases the charge density, the primary property responsible for cationic 

dendrimer toxicity (359, 360). When OG is conjugated to the surface of G3 PLL 

dendrimers, some of the positive charge is shielded by the fluorophore, and the dendrimer 

can still retain a flexible confirmation. Conjugating OG to the dendrimer core would not 

provide any charge shielding, and the addition of a bulky group into the dendrimer would 

likely result in a more rigid dendrimer structure. Without the ability to fold freely, the 

charge density would increase resulting in increased toxicity. Although G3-EDA-OG has 

a higher cytotoxicity, the concentrations tested are much higher than concentrations that 

would be needed for drug delivery in vivo (304). 

In addition to cytotoxicity, we also investigated the impact of fluorophore site on 

G3 PLL dendrimer uptake and transport. Surface conjugation significantly reduced the 

uptake of G3 PLL dendrimers compared to core conjugation. G3-EDA-OG experienced 

over double the amount of uptake compared to G3-OG. For transepithelial transport, the 

opposite effect was seen. G3-OG had an apparent permeability over three times that of 

G3-EDA-OG and the LY control. We also investigated transport at 4°C and found that 
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G3-OG transport was significantly decreased indicating that energy-dependent 

mechanisms are in part responsible for dendrimer transport. Only a marginal difference 

was seen for G3-EDA-OG at 4°C either because transport was minimal to begin with or 

G3-EDA-OG cellular interactions were primarily electrostatic. Cationic dendrimers have 

been shown to predominantly interact with membranes electrostatically (349); therefore, 

G3-EDA-OG likely sticks to the cell surface while G3-OG is transported through the cell. 

To further investigate the impact of fluorophore conjugation and establish 

internalization mechanisms of PLL dendrimers, we investigated dendrimer uptake in the 

presence of a panel of inhibitors of different endocytosis mechanisms. Dendrimer 

endocytosis occurred equally between specific and nonspecific mechanisms. Inhibitors of 

clatherin-mediated endocytosis had the least impact on uptake while caveolin-mediated 

endocytosis inhibitors caused more substantial decreases. In general, inhibitors for both 

mechanisms were more potent for G3-EDA-OG; however, differences between G3-OG 

and G3-EDA-OG were not statistically significant. Inhibitors of both cholesterol- and 

dynamin-mediated endocytosis significantly reduced dendrimer internalization further 

implicating the role of caveolae and lipid rafts in PLL dendrimer uptake. Decreased 

internalization in the presence of WORT, an inhibitor of nonspecific macropinocytosis, 

highlighted the ability of dendrimers to enter cells through a variety of routes. Like 

PAMAM dendrimers, PLL dendrimers are not relegated to a single means of 

internalization, and endocytosis is a result of a combination of mechanisms.  

Intracellular trafficking studies were used to further elucidate the environments 

that may be encountered by the dendrimers after internalization. Knowledge of the pH 

and enzymes a drug delivery system will experience, which vary by intracellular 
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compartment, are crucial for proper drug release (400). PAMAM dendrimers have been 

shown to colocalize with endosomal and lysosomal markers in Caco-2 cells (322, 324); 

however, the trafficking of PLL dendrimers has yet to be investigated. Also, the previous 

studies were conducted in undifferentiated cells in which trafficking can only occur in 

one direction. Our studies were conducted in polarized monolayers that allowed for 

trafficking to and from both the apical and basolateral compartments. All treatments 

showed minimal colocalization with occludin, and G3-OG and transferrin had little 

colocalization with the nucleus. G3-EDA-OG had consistent nuclear localization within 5 

min of treatment. Cationic dendrimers are proven gene transfection agents (399); 

therefore, localization of the fully charged dendrimer to the nucleus was not unexpected. 

The patterns of colocalization with early endosomes and lysosomes were unique to each 

treatment. G3-OG had rapid endosomal trafficking followed by a decline before 

increasing again while lysosomal trafficking showed the reverse pattern. For G3-EDA-

OG localization in the endosomal compartment slowly increased with time while the 

lysosomal compartment localization was rapid with a large portion of dendrimer present. 

In polarized cells, EEA1 has been shown to associate with basolateral endosomes that do 

not associate with apical endosomes (397). From our transport study, G3-OG was capable 

of traversing the epithelial monolayers while G3-EDA-OG had much lower transport. 

Therefore, G3-OG may be trafficked to the basolateral endosomes faster than G3-EDA-

OG which takes much longer to reach the basolateral side of the cell due to electrostatic 

interactions. Localization with EEA1 decreased as G3-OG was efficiently exocytosed 

until more dendrimer could reach the basolateral domain. G3-EDA-OG exhibited higher 

lysosomal accumulation than G3-OG which could have implications on drug delivery 
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vehicle design. The control ligand transferrin did not colocalize with endosomes until 15 

min while being consistently present in the lysosomes. Transferrin is typically 

internalized via clatherin-mediated endocytosis from the basolateral membrane (401); 

therefore, the delay in endosomal localization may have been a result of the apical 

treatment.  

Different subcellular compartments possess different pHs and enzymes. Drugs are 

commonly conjugated to dendrimers via either pH-sensitive or enzyme-cleavable linkers 

(402); therefore, knowledge of subcellular trafficking is essential to selecting the correct 

conjugation strategy for optimal drug release. Our results indicated that PLL dendrimers 

exploit a variety of internalization mechanisms, preferentially utilizing cholesterol-

mediated uptake and macropinocytosis. We also demonstrated the impact of conjugation 

site on uptake, transport, and subcellular localization. These studies highlight the 

importance of rationally designing dendrimer delivery systems to achieve successful drug 

delivery. Conjugation site can be chosen based on the desired delivery location, and drug 

linkers can be designed to be compatible with the most likely dendrimer accumulation 

site.  

5.6 Conclusion 

In this work we reported the detailed mechanisms of endocytosis and intracellular 

trafficking of PLL dendrimers in Caco-2 cells and the impact of fluorophore conjugation 

site on these mechanisms. We found that PLL dendrimers primarily employed caveolin-, 

cholesterol-, and dynamin-mediated endocytosis while also being taken up through 

nonspecific macropinocytosis. Dendrimers localized in both endosomes and lysosomes, 

with core-conjugated dendrimers exhibiting higher localization in these vesicles. 
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Knowledge of these mechanisms will be beneficial in achieving successful drug release 

and therapeutic results. Additionally the drug conjugation site may be tailored to the 

desired delivery route. In summary, the results of this work will aid in the rational design 

of PLL dendrimers as drug delivery carriers. 

  



131 
 

Chapter 6 Conclusions and Future Directions 

6.1 Conclusions 

As described in Chapter 2, dendrimers are versatile polymers with myriad 

therapeutic applications.  In addition to having inherent therapeutic properties, 

dendrimers have also shown great promise as drug delivery carriers, improving 

bioavailability and targeting to increase efficacy and reduce adverse side effects. 

Specifically, dendrimers have the potential to improve chemotherapy by increasing the 

solubility and oral bioavailability of drugs currently limited to intravenous 

administration. Oral chemotherapy can improve patient compliance and reduce treatment 

costs thus making oral administration ideal. Poly(amidoamine) (PAMAM) dendrimers 

have been shown to permeate the intestinal epithelium indicating potential use as an oral 

drug delivery carrier. While many studies in our laboratory have determined the effects of 

surface modification on dendrimer transport and uptake and the generation and 

concentration range to limit cytotoxicity, a large gap in knowledge exists in transport and 

cytotoxicity mechanisms of PAMAM dendrimers. Additionally biodegradable 

alternatives such as poly-L-lysine (PLL) dendrimers have yet to be investigated for oral 

drug delivery. In this dissertation we explored the mechanisms of dendrimer transport 

and internalization and established PLL dendrimers as viable oral drug delivery vehicles. 

In Chapter 3, we demonstrated the ability of cationic PAMAM dendrimers to 

open tight junctions allowing for the paracellular transport of a small compound with 

poor permeability. While anionic dendrimers increased the immunofluorescence of key 

tight junction proteins, these dendrimers did not increase paracellular transport. 
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Therefore, determining voxel counts in confocal microscopy z-stacks may not be a 

suitable technique for determining tight junction opening. The previously described 

permeability enhancement of anionic PAMAM dendrimers was likely a result of the 

efficient clatherin- and caveolin-mediated endocytosis mechanisms utilized by 

dendrimers. In contrast, cationic PAMAM dendrimers induced calcium release in live 

Caco-2 cells, and this release was negated by pretreatment with a phospholipase C (PLC) 

inhibitor; therefore, cationic dendrimers likely open tight junctions via PLC-mediated 

calcium signaling. Importantly, cationic dendrimer permeability was reversible once the 

dendrimers were removed, indicating that dendrimers should not permanently damage the 

intestinal epithelium. The results of Chapter 3 illustrated the impact dendrimer charge can 

have on the transport of these polymers. Depending on the tumor location, different 

dendrimers should be chosen. Anionic dendrimers may be more appropriate for local 

delivery after oral administration targeting colorectal tumors. As these dendrimers are 

internalized into lysosomes, drug release in intestinal cells would easily be achieved. 

Because of their ability to be transported paracellularly, cationic dendrimers may be 

capable of reaching systemic circulation. As intestinal absorption into the portal vein 

results in direct access to the liver, cationic dendrimers may be beneficial in the treatment 

of hepatic tumors, particularly tumors of non-hepatic origin that have metastasized to the 

liver. 

Although PAMAM dendrimers have shown promise for oral drug delivery, the 

accumulation of these non-degradable dendrimers is of concern, especially for the 

treatment of cancer in which a multi-dosing regimen will likely be required. Therefore, 

we investigated the use of PLL dendrimers for oral drug delivery in Chapter 4. In 
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comparison to PAMAM dendrimers, PLL dendrimers were equally capable of enhancing 

the permeability of mannitol. PLL dendrimers also induced a similar decrease in 

transepithelial electrical resistance compared to PAMAM dendrimers of the same surface 

charge. We also examined the mechanisms of cytotoxicity utilized by both dendrimers. 

Because apoptosis and necrosis do not exist as separate events but as a continuum of cell 

death dependent on concentration and duration of toxin exposure both mechanisms were 

investigated in the presence of high and low dendrimer concentrations for 2 and 24 h. 

After short-term treatments, low concentrations of both dendrimers resulted in mild 

caspase activation and apoptosis while high concentrations caused necrosis. After a long-

term treatment, PLL dendrimers displayed less toxicity than PAMAM dendrimers, likely 

due to dendrimer degradation. Both dendrimers caused minimal reactive oxygen species 

generation especially in differentiated Caco- 2 monolayers and induced the formation of 

apoptotic bodies. While PLL dendrimers exhibited similar toxicity mechanisms as 

PAMAM dendrimers, the lower long-term toxicity may be beneficial for the treatment of 

cancer in which multiple doses are required and dendrimer accumulation is a concern. 

To further establish PLL dendrimers as oral drug delivery carriers, we 

investigated the mechanisms of internalization and subcellular localization in Caco-2 

cells. We also explored the impact of conjugation site on these mechanisms. In Chapter 5, 

we conjugated PLL dendrimers to Oregon Green (OG) 514, a fluorophore representative 

of small, hydrophobic drugs. By utilizing a functional core, we were able to conjugate 

OG514 to either the dendrimer core or the surface. Conjugation site impacted dendrimer 

cytotoxicity, transport, and uptake. Conjugation to the dendrimer surface reduced the 

cytotoxicity while core conjugation increased cytotoxicity; however, both dendrimers 
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were nontoxic at concentrations necessary for drug delivery. While surface conjugation 

increased dendrimer transport, uptake was reduced; the opposite results were obtained 

with core conjugation. Surface conjugation likely resulted in shielded surface charge 

limiting the interactions of the cationic dendrimer with the negatively charged cell 

membrane. Regardless of OG514 location, both dendrimers internalized through 

cholesterol- and dynamin-mediated mechanisms, particularly caveolin-mediated 

endocytosis. Additionally macropinocytosis was a major route of internalization. Despite 

utilizing similar internalization mechanisms, the subcellular trafficking in polarized 

Caco-2 cells varied slightly. Core-conjugated dendrimers rapidly targeted the nucleus and 

accumulated in the lysosomes while surface-conjugated dendrimers accumulated in 

lysosomes but to a lesser extent. These studies illustrated the impact conjugation can have 

on the internalization, intracellular trafficking, and transport of dendrimer-drug delivery 

vehicles. Because the pH and enzymes that drug carriers will encounter are dependent on 

their localization, these studies are vital for developing effective dendrimer-drug 

conjugates with efficient and targeted drug release. 

Taken together the results of this dissertation illustrate the importance of 

rationally designing dendrimer-drug conjugates. To utilize the unique properties of 

dendrimers, the underlying mechanisms associated with these properties must be 

understood. Cationic dendrimers show promise as paracellular permeability enhancers, 

with PLL dendrimers serving as a biodegradable alternative to the more established 

PAMAM dendrimers. PLL dendrimers are also less cytotoxic than PAMAM dendrimers. 

Lastly, conjugating even a single drug to the dendrimer can significantly impact the 

transepithelial transport, uptake, and trafficking of dendrimer-drug conjugates.  
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6.2 Future Directions 

While the detailed mechanisms of PAMAM dendrimer-mediated tight junction 

modulation have been elucidated, more work on finding the key players in the PLC 

pathway with which dendrimers interact to elicit a response should be conducted. By 

understanding the tight junction modulating mechanisms, these interactions may be 

harnessed to further enhance dendrimer-induced permeability. The synergistic toxicity of 

G4 PAMAM dendrimers and the myosin light chain kinase inhibitor ML-7 should also be 

investigated, as the interaction that is inhibited is important for mediating cationic 

dendrimer toxicity.  

PLL dendrimers showed promise as an alternative to PAMAM dendrimers for 

permeation enhancement with less long term cytotoxicity. The degradation mechanisms 

of these dendrimers should be studied to establish safety should accumulation occur. 

Knowledge of PLL dendrimer degradation will also be important to develop a 

formulation strategy to protect the dendrimer until the desired site of drug release is 

reached. Larger generation PLL dendrimers should also be investigated as the increased 

number of surface groups increases the number of potential conjugation sites. Larger 

dendrimers also have a more rigid structure would could negatively impact degradation. 

In addition to studying dendrimer-drug conjugates, the impact of linkers between 

the dendrimer and drugs on transport and uptake should also be investigated. Once a 

target is established, appropriate linker chemistry can be studied more in-depth to 

optimize drug release. Transport and uptake of dendrimer carriers with both targeting 

moieties and drugs can also be studied. By utilizing both core and surface conjugation, 

targeting moieties can be stably attached to the dendrimer surface while a drug can be 
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attached to the dendrimer core via a biodegradable linker. This construct would allow for 

sufficient targeting while limiting premature drug release.  

Once targeted dendrimer-drug conjugates are optimized in vitro, in vivo studies 

should be conducted to determine the biodistribution of the conjugates. After initial 

biodistribution studies, linker chemistry and formulation strategies can again be adjusted 

to further optimize drug delivery. By studying the mechanisms of dendrimer-mediated 

oral drug delivery, informed dendrimer-drug conjugate design decisions can be made. 

The results of this work and the proposed future studies should help progress oral 

dendrimer-drug delivery systems forward to realize their full potential for the treatment 

of cancer via oral administration. 
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Appendix A Synthesis and Characterization of Poly-L-Lysine 

Dendrimers 

A.1 Abbreviations 

Boc: tert-butoxycarbonyl; CHCA: α-cyano-4-hydroxycinnamic acid; DCM: 

dichloromethane; DHB: 2,5-dihydroxybenzoic acid; DMF: dimethylformamide; DMSO: 

dimethyl sulfoxide; EDA: ethylenediamine; FPLC: fast protein liquid chromatography; 

HPLC: high performance liquid chromatography; MALDI-TOF MS: matrix-assisted laser 

desorption/ionization-time of flight mass spectrometry; MWCO: molecular weight cut 

off; ONp: p-nitrophenyl ester; OG: Oregon green; PDI: polydispersity index; PLL: poly-

L-lysine; RI: refractive index; SEC: size exclusion chromatography; TEA: triethylamine; 

TFA: trifluoroacetic acid; UV: ultraviolet light  

A.2 Materials 

All materials were used as obtained from commercial sources unless otherwise 

noted. ONp-activated, Boc-protected lysine was purchased from ChemImpex (Wood 

Dale, IL). OG514 carboxylic acid succinimidyl ester was purchased from Life 

Technologies (Grand Island, NY). All other chemicals were purchased from Sigma 

Aldrich (St. Louis, MO). DCM and DMF for synthesis were dried using a Glass Contour 

solvent purification system (PPT, Nashua, NH). TEA was distilled and stored over 

molecular sieves after purchase. 

A.3 Characterization and Equipment 

All intermediate and final products were confirmed by MALDI-TOF MS (Bruker, 

Billerica, MA). Boc-protected dendrimers were characterized by SEC-HPLC. The SEC 
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system consisted of a Styragel HR4E column (Waters, Milford, MA) with a mobile phase 

of DMF and 0.05 M LiBr attached to a Waters HPLC system (515 pump, 717 

autosampler, 2414 refractive index detector). OG content was quantified by comparing 

dendrimer fluorescence (λex=490 nm, λem=533 nm) to an OG standard curve using a 

Gemini XPS fluorescence microplate reader (Molecular Devices, Sunnyvale, CA). OG-

conjugated dendrimers were characterized by SEC-FPLC using a Superose 12 10/300GL 

column (GE Healthcare Life Sciences, Pittsburgh, PA) attached to an AKTA FPLC 

system (UPC-900 UV detector, P-920 pump, INV-907 motor valve, GE Healthcare Life 

Sciences) with a mobile phase of 30%/70% v/v acetonitrile/Tris buffer pH 8. OG was 

detected by UV absorbance at 280 nm.  

A.4 Synthesis of Native PLL Dendrimer 

A.4.1 PLL G1-Boc (3) 

L-Lysine methyl ester (1) (570.3 mg, 2.45 mmol) was combined with 2.2 

equivalents of Boc-Lys(Boc)-ONp (2) (2.52 g, 5.39 mmol). After evacuating the flask 

and refilling with Ar, the reactants were dissolved in DMSO (10 mL), and TEA was 

added (1 mL, 7.2 µmol). The reaction was heated to 75°C and allowed to proceed 

overnight. Once the reaction was complete as determined by MALDI-TOF MS (conc. 

DHB in ethyl acetate), EDA (3 mL, 45 µmol) was added to react with the remaining 

protected Lys for 3 min. The product was extracted in DCM and washed with conc. 

NH4Cl (3X), conc. NaHSO4 (3X), and brine (2X) then dried over MgSO4. After filtering, 

the pale yellow product was obtained by evaporating the remaining DCM (2.03 g, 

quantitative). Calculated: [M+Na]
+
 (C39H72N6O12Na) m/z=839.52. Found MALDI-TOF 

MS: [M+Na]
+
 m/z=839.42. 
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A.4.2 PLL G1 (4) 

To remove the Boc protecting group, 18 mL 1:1 TFA:DCM was slowly added to 

protected dendrimer 3 (2.03 g, 2.48 mmol) and stirred for 1 h. Complete deprotection was 

verified by MALDI-TOF MS (conc. DHB in ethyl acetate). Solvents were removed under 

vacuum by repeated rotary evaporation with MeOH followed by DCM, and the 

remaining viscose oil was used for future reactions without further purification. 

Calculated: [M+Na]
+
 (C19H40N6O4Na) m/z=439.31. Found MALDI-TOF MS: [M+Na]

+
 

m/z=439.27. 

A.4.3 PLL G2-Boc (5) 

Dendrimer 4 (2.03 g, 2.48 mmol) was combined with 4.4 equivalents of Boc-

Lys(Boc)-ONp (2) (5.11 g, 10.93 mmol). Under Ar, the reactants were dissolved in DMF 

(15 mL), and TEA was added (1 mL, 7.2 µmol). The reaction was allowed to proceed at 

room temperature overnight. Once the reaction was complete as determined by MALDI-

TOF MS (conc. DHB in ethyl acetate), EDA (5 mL, 75 µmol) was added to react with the 

remaining protected Lys for 5 min. The product was extracted in DCM and washed with 

conc. NH4Cl (3X), conc. NaHSO4 (3X), and brine (2X) then dried over MgSO4. After 

filtering, the pale yellow product was obtained by evaporating the remaining DCM (3.24 

g, 76%). Calculated: [M+Na]
+
 (C83H152N14O24Na) m/z=1752.11. Found MALDI-TOF 

MS: [M+Na]
+
 m/z=1751.70. 

A.4.4 PLL G2 (6) 

To remove the Boc protecting group, 20 mL 1:1 TFA:DCM was slowly added to 

protected dendrimer 5 (1.5 g, 0.87 mmol) and stirred for 1 h. Complete deprotection was 

verified by MALDI-TOF MS (conc. DHB in ethyl acetate). Solvents were removed under 
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vacuum by repeated rotary evaporation with MeOH followed by DCM, and the 

remaining viscose oil was used for future reactions without further purification. 

Calculated: [M]
+
 (C43H88N14O8) m/z=929.69. Found MALDI-TOF MS: [M]

+
 

m/z=929.61. 

A.4.5 PLL G3-Boc (7) 

Dendrimer 6 (1.5 g, 0.87 mmol) was combined with 8.8 equivalents of Boc-

Lys(Boc)-ONp (2) (3.57 g, 7.64 mmol). Under Ar, the reactants were dissolved in DMF 

(10 mL), and TEA was added (1 mL, 7.2 µmol). The reaction was allowed to proceed at 

room temperature overnight. Once the reaction was complete as determined by MALDI-

TOF MS (50 mg/mL DHB in MeOH), the reaction mixture was precipitated into 1 L 0.1 

M NaHCO3 and stirred for 30 min. The product was filtered out and washed with 

acetonitrile. The off-white powder was dried under vacuum (1.63 g, 53%). Calculated: 

[M+Na]
+
 (C171H312N30O48Na) m/z=3577.29. Found MALDI-TOF MS: [M+Na]

+
 

m/z=3578.95. SEC-HPLC: PDI=1.04. 

A.4.6 PLL G3 (8) 

Boc protecting groups were removed by slowly adding 10 mL 1:1 TFA:DCM to 

protected dendrimer 7 (750 mg, 0.21 mmol) and stirred for 1 h. Complete deprotection 

was verified by MALDI-TOF MS (15 mg/mL CHCA in MeOH). Solvents were removed 

under vacuum by repeated rotary evaporation with MeOH followed by DCM, and the 

remaining viscose oil was used for future reactions or experiments without further 

purification. A portion of the product (250 mg) was dissolved in DMSO to create a 90 

mM stock solution and stored at -20°C to be used for experiments. Calculated: [M+Na]
+
 

(C91H184N30O16Na) m/z=1976.45. Found MALDI-TOF MS: [M+Na]
+
 m/z=1976.34. 
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A.4.7 PLL G4-Boc (9) 

Dendrimer 8 (500 mg, 0.26 mmol) was combined with 17 equivalents of Boc-

Lys(Boc)-ONp (2) (2.03 g, 4.35 mmol). Under Ar, the reactants were dissolved in DMF 

(7 mL), and TEA was added (0.5 mL, 3.6 µmol). The reaction was allowed to proceed at 

room temperature overnight. Once the reaction was complete as determined by MALDI-

TOF MS (50 mg/mL DHB in MeOH), the reaction mixture was precipitated into 1 L 0.1 

M NaHCO3 and stirred for 30 min. The product was filtered out and washed with 

acetonitrile. The off-white powder was dried under vacuum (724.4 mg, 71%). Calculated: 

[M+Na]
+
 (C347H632N62O96Na) m/z=7227.65. Found MALDI-TOF MS: [M+Na]

+
 

m/z=7228.13. SEC-HPLC: PDI=1.04. 

A.4.8 PLL G4 (10) 

Boc protecting groups were removed by slowly adding 5 mL 1:1 TFA:DCM to 

protected dendrimer 9 (300 mg, 75 µmol) and stirred for 1 h. Complete deprotection was 

verified by MALDI-TOF MS (15 mg/mL CHCA in MeOH). Solvents were removed 

under vacuum by repeated rotary evaporation with MeOH followed by DCM, and the 

remaining viscose oil was used for future experiments without further purification. The 

product was dissolved in DMSO to create a 80 mM stock solution and stored at -20°C to 

be used for experiments. Calculated: [M+Na]
+
 (C187H376N62O32Na) m/z=4026.98. Found 

MALDI-TOF MS: [M+Na]
+
 m/z=4027.92. 
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Figure A.1. PLL dendrimer synthesis scheme. 
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A.5 Synthesis of OG-Conjugated Dendrimers 

A.5.1 PLL G3-OG (11) 

Dendrimer 7 (30 mg, 8.4 µmol) was deprotected as described for dendrimer 8. 

The remaining viscose oil was dissolved in DMF (3 mL), and OG514 carboxylic acid 

succinimidyl ester (5 mg, 8.2 µmol) was added under Ar. TEA (0.3 µL, 2.2 µmol) was 

added, and the reaction was allowed to proceed at room temperature overnight. Once the 

reaction was complete as determined by MALDI-TOF MS (15 mg/mL CHCA in MeOH), 

the reaction mixture was dried under vacuum by rotary evaporation. The remaining 

viscose oil was dissolved in water and dialyzed against water in a 0.5-1 kDa MWCO 

cellulose ester membrane (Spectra/Por®, Spectrum Laboratories, Rancho Dominguez, 

CA) for 24 h with 3 water exchanges. After lyophilization of the retained sample, an 

orange powder was obtained (38.4 mg, 98%). The product was dissolved in DMSO to 

create a 50 mM stock solution and stored at -20°C to be used for experiments. 

Calculated: [M]
+
 (C113H191F5N30O22S) m/z=2448.44. Found MALDI-TOF MS: [M]

+
 

m/z=2450.53. SEC-FPLC: PDI=1.04. Fluorescence spectroscopy: 0.97±0.20 moles of 

OG/ dendrimer. 

A.5.2 PLL G3-Boc-EDA (12) 

To add the EDA linker to the dendrimer core, dendrimer 7 (50.3 mg, 14 µmol) 

was dissolved in DMF (3 mL) under Ar, and EDA was added (2 mL, 30 µmol). The 

reaction was allowed to proceed at room temperature overnight. Once the reaction was 

complete as determined by MALDI-TOF MS (50 mg/mL DHB in MeOH), the reaction 

mixture was precipitated into acetonitrile. The product was filtered out and washed with 

acetonitrile. The off-white powder was dried under vacuum (10.9 mg, 21%). Calculated: 
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[M+Na]
+
 (C172H316N32O47Na) m/z=3605.33. Found MALDI-TOF MS: [M+Na]

+
 

m/z=3603.46. 

A.5.3 PLL G3-Boc-EDA-OG (13) 

Dendrimer 12 (10.9 mg, 3µmol) was dissolved in DMF (1 mL), and OG514 

carboxylic acid succinimidyl ester (1.85 mg, 3 µmol) was added under Ar. TEA (0.3 µL, 

2.2 µmol) was added, and the reaction was allowed to proceed at room temperature 

overnight. Once the reaction was complete as determined by MALDI-TOF MS (50 

mg/mL DHB in MeOH), EDA (0.5 mL, 7.5 µmol) was added to react with any remaining 

OG and stirred at room temperature for 1 h. The reaction mixture was then dried under 

vacuum by rotary evaporation. The product was used in the subsequent reaction without 

further purification. Calculated: [M+Na]
+
 (C194H323F5N32O53SNa) m/z=4099.32. Found 

MALDI-TOF MS: [M+Na]
+
 m/z=4099.75. 

A.5.4 PLL G3-EDA-OG (14) 

Boc protecting groups were removed by slowly adding 2.5 mL 1:4 TFA:DCM to 

protected dendrimer 13 and stirred for 2 h. Complete deprotection was verified by 

MALDI-TOF MS (15 mg/mL CHCA in MeOH). Solvents were removed under vacuum 

by repeated rotary evaporation with MeOH followed by DCM. The remaining viscose oil 

was dissolved in water and dialyzed in the same manner as dendrimer 11. After 

lyophilization of the retained sample, an orange powder was obtained (8.7 mg, 70%). The 

product was dissolved in DMSO to create a 50 mM stock solution and stored at -20°C to 

be used for experiments. Calculated: [M]
+
 (C114H195F5N32O21S) m/z=2476.48. Found 

MALDI-TOF MS: [M]
+
 m/z=2477.61. SEC-FPLC: PDI=1.06. Fluorescence 

spectroscopy: 0.58±0.06 moles of OG/ dendrimer. 
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Figure A.2. G3-OG PLL dendrimer synthesis scheme. 
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Figure A.3. G3-EDA-OG PLL dendrimer synthesis scheme. 
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Appendix B  Visualization of Intracellular Trafficking of Poly-L-Lysine 

Dendrimers and Transferrin in Polarized Caco-2 Cells 

In Chapter 5, intracellular trafficking of Oregon Green (OG) 514-labelled poly-L-

lysine (PLL) G3 dendrimers and Alexa Fluor (AF)-488-labelled transferrin over time in 

polarized Caco-2 monolayers was visualized by confocal microscopy. The presence of 

dendrimers and transferrin in the early endosomes (EEA1) and lysosomes (LAMP1) at 

different time points was quantified in Volocity 3D Image Analysis Software v.6.3 

(PerkinElmer, Waltham, MA) using Mander’s Colocalization Coefficients calculated by 

the following equation: 

    
∑          

∑    
 

where xi,coloc is the number of green voxels that overlap with voxels of another color and 

xi is the total number of green voxels. Mx is reported for each treatment and time point as 

an average of four regions. Dendrimer colocalization with the nucleus and occludin was 

also calculated. 

 The images provided within this Appendix provide visual evidence of dendrimer 

trafficking over time and are complementary to the colocalization quantification 

discussed in Chapter 5. For all images, dendrimers and transferrin are green 

(OG514/AF488), the cell nuclei are blue (DAPI), the tight junctions (occludin) are red 

(AF568), and the endosomes/lysosomes are pseudo-purple (Cy5). Z-stacks are depicted 

as a main panel (xy plane) with a vertical panel (xz plane) and a horizontal panel (yz 

plane). 
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Figure B.1. Visualization of G3-OG PLL dendrimer trafficking over time in polarized 

Caco-2 cells by confocal microscopy. 
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Figure B.2. Visualization of G3-EDA-OG PLL dendrimer trafficking over time in 

polarized Caco-2 cells by confocal microscopy. 
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Figure B.3. Visualization of Transferrin-AF488 trafficking over time in polarized Caco-2 

cells by confocal microscopy. 
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