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CHAPTER I 

 

Introduction 

The pharmacological potential of many drugs, nanocarriers, and biologically 

relevant content could vastly be improved using targeted intracellular delivery.
1
 As the 

cell is comprised of several targets including the cytoplasm, nucleus, and organelles, such 

as the mitochondria, endoplasmic reticulum, among others, there are numerous 

approaches for therapy. Due to the ever-growing potential in treating malignant, virus-

related, or genetic dispositions, intracellular transport of biologically active compounds 

remains at the forefront.  Sadly there are many obstacles that prevent successful cellular 

uptake and drug delivery. The nature of compounds like antibodies, DNA, and many 

others suffer from inadequate cellular uptake, rendering therapeutic application less then 

favorable.
2
  

!!!!!!!!!!!!! !
Figure 1.1. Following endocytosis nanocarriers must escape the endosome to prevent degradation.  
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Complications arise because even under circumstances where compounds show 

receptor-mediated absorption, endocytosis can lead to the formation of endosomes and 

eventually to lysosomes, where active degradation takes place (Figure 1.1).
3
 To overcome 

such limitations, it is vital to develop systems that enable direct passage or provide a 

mediated route ensuring that biological integrity of the therapeutic is maintained and not 

degraded.  An additional problem that raises concern is that once materials are able to 

enter cells and be delivered to the cytoplasm, the drug must also locate the specific 

subcellular target of interest.
4
 The list of such targets includes the aforementioned 

organelles and others where treatment success is expected.
5
   

Fortunately, advancements in nanotechnology have generated a number of 

delivery approaches
6
 that have enabled successful cellular delivery and shown promise as 

targeted systems for therapeutic application.
7
 This has fostered a greater understanding of 

diseases, disorders, and created treatment regimens that perform better.  Over the last few 

decades, a greater emphasis has been placed on designing nanovehicle systems that 

utilize viral and non-viral strategies as approaches for drug delivery. Viral systems show 

promise as they demonstrate effective cellular penetration, but this has been marred by 

their capacity to mutate or illicit undesirable physiological responses.
8
 Consequently, this 

has set the stage for non-viral systems, and while they exhibit a cumulative behavior of 

inefficient uptake,
9
 there has been progress toward creating systems that address some of  

the challenges facing therapeutic delivery.  

Non-viral nanocarriers have emerged as safer, tunable, alternative approaches to 

enhance uptake, and although these methods include inorganic and organic vectors alike, 

the use of polymer-based compounds suggests tremendous potential.
4
 For in vivo 
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applications, they can be used to protect therapeutics creating tunable pharmacokinetics 

that allow for controlled absorption, delayed clearance, or reduced metabolism. They also 

have been shown to improve the solubility of water insoluble compounds.
10, 11

  

To ensure success of developing polymer based systems, the carriers must ensure 

stable delivery of a therapeutic in an efficacious manner and also minimize unwanted 

biological side affects. In assessing the potential of these motifs for therapeutic delivery, 

there are immediate strengths, but also inherent drawbacks that have delayed clinical 

application. A major challenge, mentioned previously, alludes to difficulties with 

endosomal confinement,
12

 and removal of materials.
13, 14

 Therefore, it is vital that these 

limitations be overcome to create more sophisticated vehicles that provide intracellular 

delivery and sub-cellular targeting to specific organelles.   

The list of polymers used to investigate intracellular delivery is extensive and 

describes approaches using linear systems, nanoparticles, micelles, liposomes, hydrogels, 

and dendrimer systems as they represent the most promising subclasses of this group of 

therapeutic transporters. To date, they make up a collection of compounds that have 

demonstrated the greatest potential to develop targeted delivery of therapeutics into cells 

and more specifically to cellular compartments. Further, the combinatory approaches 

using polymers and inorganic vectors has also been probed. Here the inorganic vectors 

and the potential as combined inorganic polymeric systems are discussed briefly.  

Polymeric-based delivery systems will also be discussed with a larger focus on the 

development and application of dendrimers for intracellular and targeted applications. 
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Inorganic Approaches 

The group of inorganic nanoparticles, which consists of gold, iron, silica, 

aluminum, cadmium and several other inorganic materials, has extensively been used for 

delivery applications. Their compositions are divided into degradable and non-degradable 

species with each category possessing characteristics that make them unique for delivery 

applications. For example, hydrotalcite-like particles are degradable particles and feature 

the ability to encapsulate drugs, specifically anionic compounds, using electrostatic 

interaction.
15

  

The non-degradable approaches include gold nanoparticles, mespourous silica 

particles, and quantum dots. Gold nanoparticles are inert, nontoxic structures that exhibit 

high stability
16

 and undergo a facile preparation.
17

 They have been applied to numerous 

investigations of cellular delivery ranging in size from 0.8 nm to 200 nm and can be 

modified with thiols.
18-20

 Mesoporous silica nanoparticles (MSN) are silica based 

matrices and can range in functionalities. They are suitable as targeted nanocarriers due 

to their ability to encapsulate compounds efficiently, their excellent biocompatibility,
21

 

and ability to create tunable sizes. Quantum dots are cadmium based inorganic semi 

conductor nanocrystals and are highly fluorescent emitters. They contain a metalloid core 

and feature tunable physicochemical properties that vary based on metal selection. They 

are used mainly for imaging and due to their bright, fluorescent properties and resistance 

to photobleaching, they suggest vast potential for in vivo applications.
22

  

The inorganic particles comprise a large group of delivery vectors with 

demonstrated potential for cellular delivery and subcellular targeting. However, these 

approaches have also been marked by challenges. As the general mode of uptake for 
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these structures follow endocytosis, this can lead to poor delivery efficiency due to 

endosomal entrapment. In addition, in some cases these particles raise concern due to 

water insolubility, toxicity, and aggregation which can severely limit delivery.
23, 24

 

Therefore there have been several polymeric approaches used to improve the 

performance of these compounds. As a result, there are many examples highlighting the 

advantages of inorganic nanoparticles surface functionalized with polymers, which have 

indicated enhanced biocompatibility and delivery.
11, 25

 In discussing advantages that have 

been presented by polymeric entities it is also prudent to discuss their capacity for 

independent delivery as well. 

 

Polymeric Approaches 

For years, polymers for pharmaceutical applications have used techniques such as 

adsorption, encapsulation, and compression. These strategies not only have provided 

cellular entry, but also feature a range of additional benefits that have been exploited to 

enhance drug dosing efficacy.
26-28

 It is due to these macromolecular structures that 

include nanoparticles, liposomes, micelles, linear polymers, hydrogels, and dendrimers 

that the performance of drugs and also some inorganic delivery vectors have become 

more useful candidates for delivery.
29

 Such improvements have been used to increase 

solubility, biocompatibility, “biological stealth,” or non-immunogenic potential, and 

provide targeted systems, setting the path for more intelligent forms of delivery treatment 

such as theranostic therapy.
30, 31
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Polymer Nanoparticles 

Nanoparticles are colloidal materials made of polymeric structures and can be divided 

into two main groups comprising of nanocapsules and nanospheres. Nanocapsules feature 

reservoirs used for drug encapsulation similar to liposomes while nanospheres conduct 

drug loading within a matrix. Over the years, they have been studied extensively for drug 

delivery systems, the majority of which has focused on developing biodegradable 

formulations. As their mode of delivery, loaded particles are internalized primarily 

through endocytosis where, depending on the properties and method of release from the 

particle, cargo is delivered. The surfaces of the particles can also be functionalized for 

targeting, or receptor mediated entry, the list of which is endless.
32, 33

  

 

Liposomes 

Liposomes are synthetic and naturally occurring lipid-based bilayers that form 

vesicles. As they range in size 

dimensions between 50-1000 nm and 

can vary by the amount of layers, they 

are classified as multi-lamellar, large 

uni-lamellar, or small uni-lamellar 

structures.
34

 With their initial 

inception being over half of a century 

ago in the 1960’s, they represent nanotechnology’s first class of delivery vehicles and 

have been used to incorporate drugs, peptides, and even proteins.
1, 34, 35

 To deliver 

compounds, a region of aqueous solution is surrounded by the hydrophobic bilayer 

Figure 1.2. Liposome. 
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membrane, which is used for encapsulation of compounds. Once loaded within the layer, 

it can be used to protect the therapeutic of interest and mediate cell entry via endocytosis 

and released. 

  Liposomes have several features that make them nominal for systems of 

delivery. They are revered for being biologically inert, and generally biocompatible, 

exhibiting little to no toxic or antigenic response. However, despite these advantages, 

there are several limitations that arise using these formulations. During intracellular 

delivery, liposomes exhibit relatively low efficiency, and following endocytosis can 

remain confined to the endosmal compartment, thereby limiting uptake and subsequently 

inhibiting subcellular targeting.
36

 In addition to the other limits, liposomes suffer from 

poor batch-to-batch reproducibility when synthesized, making their application daunting. 

Further, the required use of organic solvents can limit both application and loading of 

liposomes with drugs of interest, especially biological compounds such as proteins that 

function primarily in aqueous solution. Moreover, during in vivo application, most 

liposomes undergo rapid excretion from the body through the reticulo-endothelial system 

(RES).
36, 37

 

Therefore, a proposed remedy to this dilemma has been to modify the carrier 

using conjugated materials to enhance uptake and overcome the lack of specificity with 

traditional liposome systems.
38

 In order to mitigate these limitations, polymeric 

compounds have been attached and used to improve cellular uptake,
39

 in vivo 

circulation
40, 41

 and to reduce EPR effect.
42

  

Further efforts to generate systems for intracellular targeting of compounds has 

prompted the development of a variety of modified systems such as liposomes, 
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possessing pH-sensitive responsiveness, or specialized ligands for enhanced uptake, 

selectivity, or immunogenicity. Liposome systems featuring pH response were initially 

developed to improve drug survival following the acidic degradation conditions during 

endosomal uptake.
43

 As a mode of action, the modification of the liposome enables 

disruption of the endosome membrane and allows entry into the cellular cytoplasm.  In 

other formulations used to promote delivery of charged compounds like DNA or RNA, 

cationic liposomes have been synthesized and the positive charge created is used to 

interact with the negatively charged material, causing an electrostatic interaction for 

delivery. In addition, the hydrophobic region holds DNA in place to ensure delivery.
34, 44

 

In another study using cationic liposomes, Boddapati and coworkers were able to create 

mitochondria-targeted liposomes by conjugating triphenylphosphonium (TPP), a well-

known mitochondriotropic molecule, and use it to induce cellular apoptosis.
5
 

Unfortunately, although many of these strategies used to enhance liposomes have shown 

promise, limited clinical success
45, 46

 indicates a need for more effective intracellular 

delivery systems.  

 

Micelles 

Micelles are colloidal dispersions of aggregated surfactants, or polymers that form 

particles ranging in size from 5 to 50–100 nm. Unlike liposomes that contain a lipid 

bilayer and are mainly used to deliver water-soluble drugs, micelles comprise a lipid 

monolayer and are used mostly to deliver poorly soluble drugs. This property makes them 

ideal as carriers, as they form a barrier around compounds for delivery. However, current 
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problems of micelles include a limited capacity for loading of drug and poor stability, and 

must be overcome to create more effective delivery systems.
47

 

 

Linear Polymers 

Traditional polymers are regarded as linear macromolecules containing covalently 

linked repeating monomer units and have been used for pharmacological enhancement. 

Their monomer building blocks can be blended using several approaches specific to 

application, and depending on the polymer selection, can be used to enhance therapeutic 

potential through covalent or noncovalent mediated delivery.
33

  

Within the list of systems currently investigated that include polyglutamic acid, 

PEI, dextran, dextrin, chitosans, polylysine, and polyaspartamides, polyethylene glycol 

(PEG)
48

 represents the most notable of this class of 

linear compounds, constituting the gold standard 

of polymers. This nonionic, hydrophilic material, 

containing glycol repeat units, is used widely to 

enhance water solubility, reduce toxicity, and 

provides increased biological circulation. It can be applied to compounds in a number of 

ways and also been shown in innumerable systems to reduce immunological response in 

vivo application. To date, PEG has been incorporated into numerous drugs for clinical 

evaluation. In fact, all polymer-based stealth drug-delivery systems have been developed 

featuring PEG
49

 containing compounds and as it currently stands, there have been no 

other synthetic polymers that present comparable status.  

 
 

Figure 1.3. Polyethylene glycol (PEG).  
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Although PEG enhances the potential usefulness of drug formulations for 

application, much remains unknown about the intracellular fate of the polymer. Even 

further, despite reports that indicate PEG’s ability to mask compounds, minimizing rapid 

renal clearance has been difficult to determine.
29,50

  

In cases where PEG modification is used for therapeutic delivery, loss in binding 

affinity has been observed due to steric interference with drug or targeting moiety. 

Therefore, delivery systems must ensure that PEG does not compete with targeting.
51

 

PEG represents but one example of linear polymers, but other linear polymers 

demonstrate comparable limitations. Fortunately, many of these drawbacks can be 

mitigated by polymer addition or structural rearrangement to generate branched, 

crosslinked, or combined polymeric approaches.  

 

Hydrogels 

Hydrogels represent an interesting group of polymers that have been applied to an 

array of biological applications. Their formation is described by a network of crosslinked 

hydrophilic natural and synthetic (co)polymers combinations and the selection of the 

crosslinking determines their behavior.
27

 When covalently bound they are regarded as 

   

 

 

 

 

        
Figure 1.4. Linear polymer systems can be used to mediate delivery of DNA, drugs and proteins.  
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permanent hydrogels and under ionic interactions or molecular entanglements they are 

regarded as physical gels.
52, 53

  

Generally, they do not degrade and can be synthesized to feature responsiveness 

to different stimuli
54, 55

 and undergo phase transitions. Stimuli range from fluctuations in 

pH, temperature, and solvent effects and can induce physiological change such as 

swelling. For drug loading, these features are maximized and used to load during 

formation or post-loaded for delivery applications.
56

 When applied to cells nanogels, or  

 

 

           
 

Figure 1.5. Hydrogels polymers feature stimuli responsive properties. Under various stimuli such as 

pH, temperature, in solvent they can degrade release drug or experience shrinking or swelling.  
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more accurately nano-sized hydrogels, are taken up primarily through endocytosis,
57

 

although more recent reports of Liu et al. suggest other methods of entry.
58

 

To date, although the use of hydrogel systems for intracellular delivery has not 

been extensively studied,
58-60

 hydrogels have shown marked progress in numerous 

applications of oral delivery systems,
61

 optical devices,
62

 and as biological implants.
63

 

 

Dendrimers 

Dendrimers are unique highly organized group of polymers and demonstrate vast 

potential in therapeutic delivery. Unlike traditional polymer systems that feature mass 

ranges of 1000-800,000 kDa, they can be generated with low polydispersity.
64-66

 

Originating from the Greek word dendron, meaning tree, these branched macromolecules 

are comprised of an initiator core, branched repeating units, and a functional periphery. 

From the core, denoted as generation zero, a series of iterative growth units form 

dendritic generations and 

eventually terminal end groups.  

The selection of branched units 

varies drastically and combined 

with the terminal groups, 

contribute to the morphology 

and rheological properties.
67, 68

 

For therapeutic loading, 

larger generation structures can be used to encapsulate a compound of interest by 

Figure 1.6. G3 Dendrimer. 
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trapping it within cavity spacing
69

 or attaching it covalently to the dendritic core
70

 or 

periphery.
28

 Encapsulated compounds within the void space offer an ideal advantage 

where compounds are retained better by steric forces, therefore reducing the chance of 

aggregation and toxicity. This has been observed especially for dendritic systems that 

employ metal components for catalysis that tend to aggregate independently.
71, 72

 Archut 

et al. and coworkers explored this host-guest interaction by encapsulation using a photo-

activated release system.
73

 Similarly, Kojima and coworkers encapsulated poorly soluble 

drugs using a PEGylated dendrimer.
74

 

The branched repeat units can also be tailored as macromolecular filters that 

selectively introduce compounds.
75

 Furthermore, this enables systems that can be tuned 

with specific release or absorption through the manipulation of the branched repeat units 

and periphery. Finally, dendrimers can be tailored to transport insoluble cargo.
76, 77

 As the 

solubility of dendrimers is heavily influenced by termini functionality, this can exploited 

to form an internal region, more amendable to hydrophobic compounds, and also possess 

a region that enables transport under hydrophilic conditions.  

When covalently linked to cargo, whether via the dendritic core or the terminal 

head groups, systems can reduce drug toxicity or also be used to create control-released 

systems. The number of readily available terminal groups is directed by the generation of 

the dendrimer and can be manipulated to feature uniform or multifunctional end groups. 

Previously, De Jesus and colleagues 
78

 were able to exploit this characteristic by attaching 

doxorubicin to the periphery. This attachment was mediated by a hydrazone linker and 

was able to minimize in vitro toxicity and circulate in vivo with minimal accumulation in 

vital organs when compared to free drug. The reports of Shabat et al demonstrate a 
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degradable dendrimer featuring an antibody core that was used to mediate uptake into 

cells and provide cellular delivery of the periphery-loaded anti-cancer agents, 

camptothecin and doxorubicin.
79

  

In addition to drug loading, the periphery can also be functionalized to enhance 

dendritic performance.
80, 81

 An example of this behavior is exhibited in the reports of 

dendrimers synthesized to model certain peptides.
82

 Inspired by studies indicating the 

arginine residues to be significant in cell translocation by peptides (cell penetrating 

peptides),
83-86

 many have sought to create architectures featuring arginine-like residues. 

This has been accomplished through the inclusion of peripheral guanidine groups.
70, 82, 87

  

Exploitation of adjustment of the dendritic periphery has also been extended to 

organelle specific delivery. In the works of Biswas and coworkers, PAMAM dendrimers 

were modified with triphenylphosphonium to create mitochondria specific delivery.
88

 In 

more recent efforts, Albertazzi et al. has reported dendrimer-based sensors that measure 

the pH of specific organelles.
89

 

     A promising feature of dendritic based delivery systems is evidenced with in 

vivo behavior and suggests potential for creating tunable pharmacokinetics. Depending 

on the branched system selected, they can be tuned for cellular delivery via an energy 

dependent
81

 or independent manner.
70

 For in vivo usage, distribution is contingent upon 

dendritic size.  The reports of Kobayashi indicate that size can direct leakage from blood–

circulation into other fluids in the body.
90
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Conclusion 

The body of delivery system continues to grow not only in vehicles for 

application, but also for the innovations to these systems. Such advancements are being 

developed to endow carriers with more sophisticated designs of cellular uptake and 

subcellular targeting.  The potential in this approach lies not only in the creation of more 

efficient systems but also in the promise of developing novel therapies. It is because 

many of these therapies, which include drugs, antibodies, DNA and other compounds, are 

limited by ineffective penetration and intracellular selectivity, that there is a sincere need 

for more effective replacements. It stands to reason, that creating vehicles that encourage 

more efficient regimens of uptake will motivate further treatment strategies.  

For applications of delivery, an ideal delivery vehicle would be based on a 

platform design that encourages intracellular selectivity through facile modification.  This 

approach could then be used to create approaches to target delivery to the nucleus, 

mitochondria, or other specific intracellular compartments.  

Obviously, strategies toward manifesting this approach have not yet been realized, 

yet efforts continue.
91

 A common strategy adopted has been vested in the use of 

subcellular targeting ligands. In addition, understanding of compounds has also steadily 

been improving to determine how compounds selectively accumulate.
92, 93

 Cooperatively, 

this may provide insight and lead to better methodologies to address dysfunctional 

conditions. 
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CHAPTER II 

 

INTRACELLULAR NEUTRALIZATION OF ROTAVIRUS USING MOLECULAR 

DENDRITIC TRANSPORTER ANTIBODY CONJUGATE 

 

Introduction 

The immune system produces antibodies to identify and neutralize objects that 

attack the body. This occurs either through natural infection or following vaccination, and 

once produced, antibodies can subsequently be used to protect against infection or even 

reinfection. They can also be harvested and used for therapeutic platforms displaying 

high specificity and affinity to targets of interest. When compared to other drug formats 

their success rate has been slightly more promising,
1
 however, in some cases, therapeutic 

success has been variably tolerated from patient to patient. In addition, although 

antibodies can be introduced under scientific settings, they demonstrate inadequate 

cellular penetration and exhibit limited ability to combat intracellular targets. Therefore, 

antibodies are typically ineffective at clearing most established viral infections where the 

intracellular region serves as the site of viral replication.  

Under natural circumstances, cytolytic T cells are the principal immune effectors 

that eliminate virus-infected cells. T cell therapies are challenging, however, because a 

large numbers of cells are required. In addition, because recognition of infected cells is 

MHC-restricted, the virus first must be consumed by macrophages to produce the 

necessary peptides to mediate antibody production. Therefore, it would be desirable to 

develop a treatment capable of cellular penetration following viral onset. In generating 
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such a system, an ideal approach to treatment would be biocompatible, possess a mode of 

action that is not genetically restricted, and successfully inhibit viral replication.  

Recombinant antibodies satisfy several of these qualifications as they are nominal 

candidates for viral treatment and possess many advantages over conventional antibodies 

including enhanced efficacy, reduced immunogenicity,
2
 and demonstrate an excellent 

record of safety in humans.
3
 They can also be formulated without the need for animals, 

unlike traditionally harvested antibodies. Finally, the potential application of recombinant 

antibodies to the treatment of viral conditions could soon be realized for in vitro and in 

vivo use should effective strategies for intracellular delivery systems be realized.
4
  

Rotavirus is one example marked by limitations to successful treatment that 

would benefit from treatment within the intracellular milieu. Rotavirus (RV) is a virus 

that infects infants and young children throughout the world and causes more than 

600,000 deaths annually. During onset, the virus infects intestinal cells of the bowels 

causing severe diarrhea, dehydration, and even death in many Third World nations.
5
 As 

rotavirus constitutes one of the most common etiological agents of diarrhea disorder, a 

condition ranking second in mortality for children under five, it becomes evident that 

treatment is vital. Currently, vaccination is available as a liquid or freeze-dried 

formulation, but cost of transport and storage has prevented availability to impoverished 

areas.  To date, vaccination serves as the primary form of treatment to the virus, however, 

development of cost effective and safe approaches for Third World nations continues.  In 

a collaborative effort between John Hopkins and Aridis Pharmaceuticals oral strips have 

been developed
6, 7

 and may show promise in minimizing the costs of delivery, although 
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such approaches constitute only a preemptive strategy. As it stands, formal approaches to 

treat rotaviral onset do not exist and, therefore, represent an unmet need.
8
 

Rotavirus is comprised of three capsid layers surrounding a genome of 11 

segments of double-stranded 

RNA (Figure 4.1). The outer 

layer proteins, viral protein 4 

(VP-4) and viral protein 7 

(VP7), facilitate viral 

attachment and entry within 

cells. Uptake of virus occurs 

via endocytosis, and during 

this process the external 

virion layer sheds exposing 

the VP-6 coated double-layered particle for transcription and viral replication.
9
 Previous 

findings indicate the primary antibody response to be directed to viral protein 6 (VP-6),
10

 

although intracellular treatment using antibodies remains in infancy.
2
  

In a previous report, a recombinant antibody was shown to inhibit viral replication 

by rotavirus using artificial transfection.
11

 Although promising as a method of treatment, 

a desire to create a more viable system of delivery for this antibody motivated a 

collaborative effort to design a bioconjugate for treatment. Therefore, we became 

interested in conjugating dendrimers to antibodies
12

 for transport and treatment of 

infected cells. 

 

Figure 2.1. Rotavirus virion particle. 
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We have previously demonstrated the dendritic molecular transporter (MT) to 

deliver siRNAs, peptides, and full monoclonal antibodies into cells.
13-15

 Here, we sought 

to investigate using the transporter to provide delivery of novel recombinant antibodies 

and treat viral onset.  

DISCUSSION 

Initial Studies: Conjugation of RV6-26 Fab to MT 

In previous reports, a human monoclonal antibody directed to rotavirus VP-6 

protein was isolated an indicated to inhibit transcription. Corroborated by additional 

reports of the VP-6 role in transcription,
10, 16

 these findings further suggested a potential 

strategy for viral neutralization. Subsequent studies were conducted to evaluate the ability 

of a recombinant Fab antibody (RV6-26) to inhibit rotavirus in vitro transcription. During 

the investigation, successful inhibition of viral protein VP-6 was achieved using 

artificially transfected antibody suggesting its potential for a mechanism of rotavirus 

neutralization.
12

 However, as previously mentioned, the inability of antibodies to 

independently inhibit VP-6 prompted effort to design a method for intracellular antibody 

transport.
11, 12

 Therefore, to deliver RV6-26 effectively into cells, our molecular 

transporter was conjugated to the antibody to enhance cellular penetration. Prior to 

attachment, the molecular transporter was synthesized separately using a multi-step 

process. The design of the transporter is inspired by cell-penetrating peptide derivatives 

such as nona-arginine, and features guanidine head groups attached via a flexible alkyl 

spacer to a compact dendritic polyamide core.
17

 Previously, we demonstrated uptake of 

the transporter into cells and reported a mechanism independent of active transport 
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similar to previously reported Tat-peptides and other derivatives.
18

 Additional findings 

indicated the effect of alkyl spacing on the performance of our transporter, where it was 

found that subcellular localization was directed by variations on length of the alkyl spacer 

between the guanidine head group and the dendritic core.
19

 From our observations, the 

transporter uniquely can be tuned for preferential delivery within cells, and is achieved 

using an alkyl hexyl spacer for cytosol localization, and by use of an alkyl ethyl linker for 

localization within the nucleus. Previously described dendritic MTs do not distribute to 

specific subcellular localizations. 
17

 

In our approach, we selected the hexyl spaced MT for cytosolic delivery and 

attached an antibody to the transporter. We synthesized the transporter with slight 

modifications to the previous synthesis (Scheme 4.1.).
14

 Briefly, the amine triester (2) 

                  

 

           

Scheme 2.1. Synthesis of the hexyl-spaced dendritic molecular transporter (MT).  
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was coupled with nitrotriacid (1) to form nitro dendron (3). The dendron was next 

hydrogenated and purified using amended work-up conditions to convert the nitro group 

at the focal point to yield amine dendron (4). The amine dendron  (4) was reacted at the 

amine focal point with a pyridinyl dithio-protecting group (5) and the tert-butyl ester 

protecting groups were removed from the dendritic periphery using formic acid to yield 

(7). Next, the N-Boc-1,6-diaminohexane linker was added (8) and the Boc-protecting 

groups were removed using trifluoroacetic acid to provide free amines at the periphery 

(9). The end groups were treated with N,N-diboc-N triflylguanidine (10) and deprotected 

using trifluoroacetic acid to yield molecular transporter (11). 

The transporter was given a pyridinyl dithio-protecting group to attach to the 

antibody.  It features a disulfide bridge that can be exchanged with the free thiol group of 

another compound and, upon cellular entry, can undergo cleavage during exposure with 

glutathione or redox enzymes present at high concentrations in the cytoplasm of the cells. 

We previously used this cleavable pyridinyl disulfide group to conjugate transporter to 

siRNA and full monoclonal antibodies.
13, 14

 

 

 

Figure 2.2. SPDP linker was attached to RV6-26 Fab to prepare for conjugation to MT. 
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In preliminary investigations, recombinant Fab antibody could not be attached 

directly to the molecular transporter, and required prior modification to conjugate using 

thiol-disulfide exchange. Therefore, a molecular linker featuring a pyridinyl disulfide 

bridge was conjugated to the RV6-26 fragment antibody before conjugation (Figure 2.2.). 

Concurrently, the disulfide bridge of the molecular transporter was cleaved using 

dithiothreitol (DTT) to afford thiol functionality for thiol-disulfide exchange (Figure 2.3). 

Following modification to both compounds, the two were conjugated via thiol-disulfide 

exchange (Figure 2.4), purified, and applied to cells in a corresponding titer assay. For 

uptake experiments, the conjugate was labeled prior to application to cells, yet this 

approach demonstrated unconvincing results (data not shown). The findings from our 

investigation prompted further probing based on several concerns.  

In our approach, concerns were raised regarding the effects of post modification 

to the structural integrity of fragment antibody following conjugation with the molecular 

linker and subsequent transporter addition. Moreover, the assessment of conjugation 

proved to be a daunting task and yielded ineffective characterization. Therefore, an 

alternative approach was sought out to overcome these limitations.  

 

   

 

  

Figure 2.3. MT is reacted with dithiothreitol (DTT) to provide free thiol for antibody conjugation.!!
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Conjugation Optimization: MT to RV6-26 scFv  

A smaller single-chained fragment variant (scFv) recombinant antibody was 

developed featuring a 

linked heavy and light 

chain, a His10 tag for 

cellular detection, and an 

engineered cysteine group 

with a thiol that could be 

exchanged with the 

transporter (Figure 2.5). It was also shown to inhibit transcription by the RV double layer 

particle similarly to the Fab fragment. Following optimization of the antibody, it became 

our goal to attach the transporter to the scFv antibody. Using this optimized approach, we 

could now achieve a facile, site-specific thiol-disulfide exchange between the transporter 

and antibody that could be characterized.  

  

 

 

Figure 2.4. RV6-26 Fab antibody and MT undergo thiol-disulfide exchange to form MT-RV6-26 

conjugate. 

 

Figure 2.5. An alternative antibody was generated for more 

effective labeling, conjugation and subsequent viral neutralization. 
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Prior to attachment of the transporter, the RV6-26 scFv required reduction of its 

dimeric form to provide a free thiol for conjugation. A scFv for respiratory syncytial 

virus RSV (C781) was used as a control and required prior disulfide reduction as well. As 

an alternative to DTT, both dimers were reduced to the monomeric form using tris(2-

carboxyethyl)phosphine (TCEP) to provide a more facile route that could be applied 

using lower concentrations of reductant. TCEP also ensured reduction of the recombinant 

antibody without compromised thiol production that occurs when using DTT. During 

conjugation, a disulfide linker between the scFv and the MT formed a bioconjugate that 

left the antigen-binding surface of the scFv unmodified, for optimal virus binding. The 

MT-scFv was prepared by adding the molecular transporter to the reduced single chain 

antibody (Figure 2.7.). After purification of the scFv and MT, the two were conjugated, 

purified by ultrafiltration (and labeled in some cases with a nickel–nitrilotriacetate 

fluorescent probe (Ni-NTA-Atto 647; Sigma, St. Louis, MO) for imaging purposes), and 

then stored at 4 °C until use.  

Because the exchange between the transporter and recombinant scFv antibody 

required one-to-one exchange, it became vital to ensure that maximized conjugation was 

achieved. Therefore, preliminary reactive conditions were conducted with an excess of 

Figure 2.6. Dimeric form of the single chained fragment variable antibody was reduced using Tris 

carboxy ethyl phosphine (TCEP) to provide a free thiol on the cysteine. 
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the transporter. However, these conditions were found to produce less than favorable 

yields as substantial amounts of dimer was found with limited conjugation.  These results 

suggested that either reduction conditions were ineffective at reduction of the antibody, 

or that prior to transporter attachment, the recombinant antibody began to form the dimer 

during TCEP removal. Consequently, an assay was conducted to determine if adequate 

concentrations of reductant were used for antibody reduction. In addition, several 

additional conjugations were performed to determine the most optimized concentration of 

transporter needed. To enhance attachment further and eliminate the chance of dimer 

formation following reduction, the molecular transporter was added before and after 

removal of reductant (Table 2.1). Successful conjugation was confirmed by shifting of 

the apparent molecular weight of the monomer on protein gels, as detected by 

electrophoresis under non-reducing conditions. Under reducing conditions, the RV6-26 

scFv is 28 kDa and the dimeric form occurs at 52 kDa. Through modification, there was a 

significant reduction to the dimeric bond. Following attachment to the transporter, the 

bioconjugate forms a structure with an approximate molecular weight of ~31 kDa, as 

 

Figure 2.7. Attachment of MT to RV6-26 scFv Cys to form MT-RV6-26 conjugate.  

!
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indicated. As an additional improvement to the synthetic approach, the concentration of 

the desired concentration was also increased (Figure 2.8.).  

Table 2.1. Various conditions were used to achieve optimized MT-RV6-26 conjugation.  

The MT-conjugated antibody was first tested for cellular internalization to 

determine if the conjugation improved uptake perfomance. Therefore, conjugated MT-

RV6-26 and unconjugated RV6-26 were applied to MA104 kidney cell monolayers.  

RV6-26 ScFv -Transporter Conjugation Conditions 

  Trial 1 Trial 2 Trial 3 

Optimized 

Protocol  

RV6-26 Starting concentration 3.04 !M 4.87 !M 4.87 !M 105.43 !M  

TCEP Equivalent to RV6-26 

2000 

mol eq. 

2 mole 

eq. 100 mole eq. 10 mole eq. 

Transporter Equivalent to RV6-

26 

5,000 

mole eq. 

6 mole 

eq. 

6 mole eq. before 

TCEP removal 

followed by 10 

mol eq. after 

TCEP removal 

2 mole eq.; 10 

mole eq 

MT-RV6-26  Volume 2.50 mL 2.5 mL 1.5 mL  1.25 mL 

RV6-26-MT Conjugate MT-RV6-

26 Concentration 3.71 !M 5.84 !M 2.26 !M 101.34 !M 
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The His10 tags of the RV6-26 were then stained, evaluated for fluorescence, and 

quantified.  As indicated by figure 2.9, the addition of transporter to the antibody enabled 

more effective cellular penetration then the RV6-26 antibody alone (Figure 2.9).  

Following this, an ELISA assay was conducted to determine if conjugation to the 

molecular transporter inhibited the binding of RV6-26. This was evaluated using RV 

double-layered particles (DLPs) and it was shown that the MT-RV6-26 conjugate 

produced comparable binding, and confirmed that the binding capacity of scFv was not 

inhibited following modification with our transporter (Figure 2.10).  

 

Figure 2.8.  Gel Electrophoresis of MT-RV6-26 before and after protocol improvement. (performed by 

Gopal  Sapparapu) 
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Following confirmation of the ability of the transporter to transfect cells and bind 

successfully to double layer particles, viral neutralization was tested to determine if use 

of the transporter enabled binding of the antibody to an intracellular virion following 

viral onset. MA104 cells were treated with RV6-26, MT-RV6-26 or control C781 or MT-

C781 antibodies, 

and subsequently 

cells were 

inoculated with 

the RRV strain. 

Viral replication 

was compared 

between treated 

and untreated cells 

 

 

 

 

Figure 2.9. Internalization of MT-RV6-26 conjugate was evaluated against RV6-26 using MA104 

kidney cells. Following application, the cells were stained with anti-histidine stain, imaged, and 

quantified.  A depicts the quantified fluorescence B indicates MT-RV6-26 application. (performed by 

Gopal  Sapparapu) 

  

 

Figure 2.10. A. An ELISA assay and B. Titer neutralization assay showing 

MT-RV6-26. (performed by Gopal  Sapparapu) 
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and it was found that MT-RV6-26 conjugate inhibited virus replication significantly, with 

more than 50% reduction following treatment. Additionally, treatment of viral cells with 

scFv C781 or MT-C781 was ineffective at inhibition to viral replication, suggesting that 

delivery of RV6-26 by transporter treated RV without any contributions of MT binding.  

Imaging of cells was performed to confirm uptake of RV6-26 antibody by 

transporter into the cytoplasm (Figure 2.11). As previous reports indicate, the hexyl-

spaced transporter promotes cellular penetration within the cytoplasm, and we were 

interested to see if this system of delivery enabled delivery of recombinant antibody into 

the cytoplasm as well. The location of the His10 labeled scFv molecules was investigated 

using laser scanning confocal microscopy. The cytoplasm of cells was marked with a Cell 

Tracker dye, the plasma membranes were marked with a fluorescent wheat germ 

agglutinin (WGA), and scFv was detected using Ni-NTA-Atto 647.  Confirmation of 

MT-RV6-26 scFv within cells was confirmed using reconstruction of XY, YZ, and XZ 

planes and determined to be found within cells. There was no indication of Ni-NTA-Atto 

647 reagent or unmodified scFv detected, confirming that the transporter is required to 

 

Figure. 2.11. Application of MT-RV6-26 to MA104 cells for internalization. (performed by Fyza 

Shaikh) 
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facilitate cell uptake. From our investigation, it can be concluded that successful 

neutralization of rotavirus-infected cells was achieved using MT-RV6-26.  

Conclusion 

The application of recombinant antibody and dendritic transporter sheds light on 

the potential treatment of other conditions in a number of ways. First, it indicates the 

potential for treating other viral conditions via intracellular targeting. This is an important 

attribute, as many conditions possess preventive barriers that inhibit neutralization within 

the extracellular environment. Secondly, the use of recombinant antibody further 

illustrates the growing potential for the use of these compounds as an approach to viral 

treatment. Finally, it highlights the capacity of using a dendritic transporter for 

application of these novel therapies where independent cellular penetration is ineffective. 

 

EXPERIMENTAL 

Materials. All reagents were purchased either from Alfa Aesar, Chem-Impex Int. (Wood 

Dale, IL), EMD Millipore, Fisher Scientific, Life Technologies (Eugene, OR), or Sigma-

Aldrich (St. Louis, MO), and used without further purification unless noted. Analytical 

TLC was performed on commercial Merck plates coated with silica gel 60 F254. Amicon 

Ultra centrifugal filter devices (10 kDa MWCO) were obtained from Millipore Co. 

(Billerica, MA).    
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Instrumentation. Nuclear magnetic resonance (NMR) spectra were collected on a 

Bruker DPX-300 and a Bruker AV-400 Spectrometer. Chemical shifts were reported in 

parts per million and referenced to the corresponding residual nuclei in deuterated 

solvents. Hydrogenation was conducted using a Parr 3911 hydrogenation apparatus. 

Samples were centrifuged at 5,000 rpm on an Eppendorf centrifuge 5430.  Column 

chromatography was conducted using Isolera biotage, and Confocal fluorescence 

microscopy experiments were performed using an LSM 510 laser scanning confocal 

microscope (Carl Zeiss, Thornwood, NY). 

 

Preparation of the Molecular Transporter. 

Molecular dendritic transporter was synthesized similarly to previously reported 

procedures
14

 with amendments to reactive conditions and purifications steps.
 

Synthesis of 4-(2-carboxyethyl)-4-nitroheptanedioic acid. 1. To a round bottom flask, 

a solution of nitrotriester and formic acid (20 mL) was stirred overnight at room 

temperature. After the solvent was removed under reduced pressure, toluene was added 

and concentrated in vacuo to remove any residual formic acid to yield a white solid. 
1
H 

NMR (400 MHz, MeOD): " = 2.29 (s, CH2, 12H). 
13

C NMR (400 MHz CDCl3): " = 

29.39, 31.40, 93.85, 175.65. 

 

Synthesis of di-tert-butyl 4-amino-4-(3-tert-butoxy-3-oxopropyl)heptanedioate,  

“Behera’s Amine
20

” 2. A solution of nitrotriester (8.00 g, 17.9 mmol) in ethanol/ 
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dichloromethane (13:1, 140 mL) in a Parr hydrogenation bottle with (4.00 g, 68.15 

mmol) Raney-nickel was shaken at 60 psi for 48 h at room temperature. The suspension 

was gravity filtered, and solvent was removed, suspended in dichloromethane (100 mL). 

Materials were then washed with water (100 mL), dried over anhydrous MgSO4, and 

evaporated under reduced pressure to yield the white aminotriester. (7.27 g, 97%) 
1
H 

NMR (400 MHz, CDCl3): " = 1.17 (s, NH2, 2H), 1.44 (s, CH3, 27H), 1.95 (t, CH2, 6H), 

2.43 (t, CH2, 6H). 
13

C NMR (400 MHz CDCl3): " = 27.98, 29.46, 31.47, 56.99, 80.96, 

172.30. 

 

Synthesis of 9 Cascade: nitromethane [3]: (2-aza-3-oxopenylidyne): propionioate 

(Dendron G1). 3. To a sealed three neck round bottom flask, a solution of nitrotriacid, 1, 

(1.35 g, 4.87 mmol) in dried THF (50 mL), 1-hydrobenzotriazole (HOBt) (2.37 g, 17.49 

mmol), and DCC (3.61 g, 17.49 mmol), were added sequentially and stirred under Argon. 

Following 2.5 h, Behera’s amine (7.27 g, 17.49 mmol), 2, was added to the solution and 

the reaction proceeded at room temperature for 40 h, after which it was filtered, and 

concentrated under reduced pressure. The crude product was purified using column 

chromatography, eluting with hexane/ethyl acetate (3:2) to afford the desired Dendron G1 

(6.89 g, 96%). 
1
H NMR (400 MHz, CDCl3): " = 1.44 (m, CH3, 81H), 1.95 (m, CH2, 

18H), 2.21 (m, CH2, 30H), 6.92 (s, NH, 3H). 
13

C NMR (400 MHz, CDCl3): " = 28.04, 

29.74,29.85, 31.28, 57.56, 80.69, 92.47, 170.46, 172.76. 

 



! +"!

Amine G1 (Hydrogenation of Dendron G1). 4. A solution of amine G1, 3, (6.00 g, 4.08 

mmol) in ethanol/ dichloromethane (13:1, 140 mL) in a Parr hydrogenation bottle with 

Raney-nickel (4.00 g, 68.15 mmol) was shaken at 70 psi for 4 days at room temperature. 

The suspension was gravity filtered, the solvent was removed, and the residue was 

suspended in dichloromethane (100 mL). The materials were then washed with water 

(100 mL), dried over anhydrous MgSO4 and evaporated under reduced pressure to yield a 

white solid (5.65 g, 96%). 
1
H NMR (400 MHz MeOD) " =  1.45 (s, CH3, 81H), 1.61 (m, 

CH2, 6H), 1.94 (m, CH2, 18H), 2.19 (m, CH2, 24H), 6.92 (s, NH, 3H), 7.39 (s, NH2, 2H). 

13
C NMR (400 MHz MeOD) " = 28.5, 30.5, 30.7, 32.0, 36.0, 58.7, 81.7, 174.4, 175.7. 

 

Synthesis of 3-(pyridin-2-yldisulfanyl)propanoic acid (Disulfide Linker). 5. To a 

round bottom flask, a stirred solution of aldrithiol (10.00g, 45.39 mmol) and 3-

mercaptopropionic acid (2.6 mL, 24.4 mmol) in 50 mL of MeOH was allowed to stir 

overnight at room temperature. The solution was concentrated under reduced pressure 

and purified using column chromatography, eluting with hexane/ ethyl acetate (1:1) to 

afford the white solid (2.01 g, 31%). 
1
H NMR (400 MHz, MeOD): " =2.71(t, CH2, 2H), 

3.03 (t, CH2, 2H), 7.22 (d, Ar-H, 1H), 7.81 (m, Ar-H, 2H), 8.39 (d, Ar-H, 1H). 
13

C NMR 

(400 MHz, MeOD): " =32.9, 33.3, 119.7, 120.9, 137.7, 148.9, 159.8, 173.5. 

 

SSG1, (PDPOH attachment to amine G1).  6. To a three neck round bottom flask, a 

solution of 3-(2-pyridinyldithio)propanoic acid (0.93 g, 4.31 mmol) in dried THF ( 50 

mL), 1-hydrobenzotriazole (HOBt) (0.58 g, 4.31 mmol), and DCC (0.89 g, 4.31 mmol) 
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were added. After 2.5 h, amine G1 (5.65 g, 3.92 mmol) 4, was added and the solution 

stirred at room temperature under argon for 40 h. Materials were filtered and 

concentrated under reduced pressure. The crude product was purified using column 

chromatography, eluting with 1% methanol in dichloromethane and gradually increasing 

to 10% in methanol to yield white SS-G1  (5.12 g, 80%). 
1
H NMR (400 MHz, MeOD) " 

= 1.44 (m, CH3, 81H), 2.91-1.92 (m, CH2, 48H), 2.64 (t, CH,  J=6.9Hz, 2H),  3.08 (t, 

CH2, J=7.0Hz, 2H), 7.24 (ddd, ArH, J=1.5Hz, J=4.9Hz, J=6.7Hz, 1H), 7.33 (s, NH, 4H), 

7.61 (s, ArH, 1H), 7.83 (td, ArH, J=4.9Hz, J=8.2Hz, 1H), 8.42 (d, ArH, 1H). 
13

C NMR 

(400 MHz, MeOD) " = 28.5, 30.5, 30.7, 32.1, 32.3, 35.6, 36.8, 58.8, 59.2, 

81.7,121.3,122.5, 139.2, 150.5, 161.2, 172.9, 174.4, 175.4. 

 

SSG1OH, (Deprotection of SSG1). 7. SSG1 (4.59 g, 2.81 mmol) was dissolved in 

formic acid (100 mL) and the reaction stirred at room temperature overnight. Upon 

completion, the formic acid was azeotropically distilled with toluene under reduced 

pressure to yield the product SSG1OH (3.83 g, 100%). 
1
H  NMR (400 MHz MeOD) " = 

1.89-2.32 (m, CH2, 48H), 2.64 (t, J=7.0Hz, CH2, 2H), 3.08 (t, J=7.0Hz, 2H), 7.22 (m, 

ArH, 1H), 7.33 (m, NH, 4H), 7.53 (td, J=7.4Hz, ArH,  1H), 7.84 (m, ArH, 1H), 8.07 (s, 

COOH, 9H), 8.41 (d, J=4.4Hz, ArH, 1H). 
13

C NMR (400 MHz MeOD) " = 29.3,30.5, 

32.0, 35.6, 36.9, 58.7, 59.2, 121.5, 122.5, 139.4, 150.4, 164.5, 175.5, 175.6, 177.1. 

 

SSGGLL, (N-Boc-1,6-diaminohexane attachment to SSG1 and deprotection of 

pheripheral Boc groups). 8. SSG1OH, (2.00 g, 1.77 mmol) in dry THF (150 mL) was 
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stirred under argon at 4 °C with HOBt (2.58 g, 19.1 mmol) and DCC (3.94 g, 19.1 

mmol). Following 2.5 h, N-Boc-1,6-diaminohexane (4.13 g, 19.1 mmol) was dissolved in 

10% methanol in dry dichloromethane and added to the solution and the reaction allowed 

to proceed for 72 h. Upon completion, materials were filtered, removing the DCC salt, 

and the filtrate was concentrated into silica to be purified via flash chromatography, 

eluting with 1% methanol in dichloromethane and gradually increasing to 10% methanol 

in dichloromethane to yield a brown solid. As an added purification step, the product was 

filtered through Siliaprep Carbonate filter cartridges. (1.40 g, 28%) 
1
H NMR (400 MHz, 

MeOD) " = 1.33 (s, CH2, 36H), 1.46 (m, CH2, CH3, 117H), 1.98-2.17 (m, CH2, 48H), 

2.67 (s, CH2, 2H), 3.02 (t, J=6.9Hz, CH2, 18H), 3.08(s, CH2, 2H), 3.15 (t, J=6.6Hz, CH2, 

18H), 6.55 (s, NH, 4H), 7.23 (dd, J=4.6Hz, J=8.0Hz, ArH, 1H), 7.52 (d, J=17.8Hz, ArH, 

1H), 7.81 (m, NH, 18H), 7.98 (d, J=4.8Hz, ArH, 1H), 8.43 (m, ArH, 1H). 
13

C NMR (400 

MHz, MeOD): " = 27.5, 27.7, 28.9, 30.3, 30.9, 31.3, 31.7, 31.8, 31.9, 35.6, 36.9, 40.4, 

41.2, 59.0, 59.4, 79.6, 121.1, 122.4, 139.1, 150.5, 158.3, 161.0, 172.8, 174.8, 175.4. The 

resulting solid was dissolved in dichloromethane (5 mL), and a cooled solution of diluted 

(1:1) trifluoroacetic acid in dichloromethane was added to the reaction and allowed to stir 

for 24 h. Upon completion, solvent was removed under pressure, and the residue was 

washed with dichloromethane, dried and then suspended in methanol and filtered through 

Siliaprep Carbonate cartridges to yield a brown solid (1.12 g, 100%). 
1 

H (400 MHz, 

MeOD) " = 1.42 (s, CH2, 36H), 1.60 (s, CH2, 36H), 2.05-2.41 (m, CH2, 48H), 2.83 (s, 

CH2, 2H), 2.96 (t, J=6.7Hz, CH2, 18H), 3.27 (s, CH2, 18H), 3.35 (d, J=1.8Hz, CH2, 2H), 

7.92 (m, NH, ArH) 8.11 (s, NH2, 18H), 8.42 (d, J=5.9Hz, ArH, 1H), 8.58 (m, ArH, 1H), 

8.89 (s, ArH, 1H), 9.15 (m, NH, 9H). 
13

C NMR (400 MHz, MeOD) " = 27.0, 27.3, 28.3, 
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29.6, 30.6, 31.8, 32.0, 40.7, 41.2, 59.3, 59.7, 125.5, 126.9, 144.2, 147.4, 157.7, 175.3, 

176.1, 176.8. 

 

Attachment of Goodman’s reagent to SSG1LL. 10. To a cooled solution of SSG1LL 

(295.0 mg, 0.146 mmol) in methanol (12 mL) was added triethylamine (TEA) (0.315 mL, 

2.28 mmol) followed by addition of N,N’-diboc-N”-trifylguanidine (793.0 mg, 1.98 

mmol); the reaction stirred for 48 h at room temperature. Following removal of solvent 

under reduced pressure, the crude materials were purified via flash chromatography, 

eluting with 1% methanol in dichloromethane and gradually increasing to 10% methanol 

in dichloromethane to yield a brown solid (230.0 mg, 43%). 
1
H NMR (400 MHz, MeOD) 

" = 1.38 (s, CH2, 54H), 1.50 (d, J=21.2Hz, CH3, 162H), 1.59 (t, J=10.9Hz, CH2, 18H), 

1.98-2.17 (m, J=74.5Hz, CH2,  48H), 2.67 (d, J=5.5Hz, CH2, 2H), 3.08 (dd, J=9.1Hz, 

J=15.5, CH2, 2H), 3.16 (d, J=4.6Hz, CH2, 18H), 3.35 (t, J=7.0Hz, CH2, 18H), 7.23 (dd, 

J=4.8Hz, J=8.0Hz, ArH, 1H), 7.49 (d, J=14.9Hz, NH, ArH, 5H), 7.80 (d, J=13.0Hz, ArH, 

1H), 7.97 (s, NH, 27H), 8.44 (m, ArH, 1H). 
13 

C NMR (400 MHz, MeOD) " = 27.7, 28.4, 

28.4, 28.7, 30.1, 30.4, 31.4, 31.7, 31.9, 32.0, 40.5, 40.7, 41.8, 59.2, 80.3, 84.4, 121.2, 

122.5, 139.2, 150.7, 154.2, 157.5, 161.1, 164.5, 172.9, 175,5, 175.6. 

 

MT, (Deprotection of Molecular Transporter). 11. The guanidinylated dendrimer 

(230.0 mg, 54.61 !mol) was dissolved in dichloromethane (1 mL) at 4 °C. A solution 

containing trifluoroacetic acid dissolved in dichloromethane (1:1) was next added and the 

reaction was allowed to stir for 24 h at room temperature. Materials were concentrated, 
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suspended in methanol and filtered using a Siliaprep Carbonate cartridge. (131.0 mg, 

100%).  
1 

H NMR (400 MHz, MeOD) " = 1.40 (s, CH2, 36H), 1.58 (d, J=39.0Hz, CH2, 

36H), 1.90-2.38 (m, CH2, 48H), 2.6 (s, CH2, 2H), 3.20 (d, J=5.9Hz, CH2, 36H), 3.28 (s, 

CH2, 2H), 6.79 (br s, NH, 4H), 7.31 (br s, NH, 9H), 7.47 (br s, NH, 18H), 7.74 (t, 

J=6.8Hz, ArH, 1H), 8.08 (d, J=8.5Hz, ArH, 1H), 8.37 (q, J=8.5Hz, ArH, NH2, 19H), 8.65 

(d, J=4.3Hz, ArH, 1H). 
13

 C NMR (400 MHz, MeOD) " = 27.3, 29.8, 30.1,31.3, 31.8, 

32.1, 40.5, 42.4, 59.2, 59.6, 123.6, 123.8, 127.7, 127.8, 143.0, 146.1, 158.6, 159.2, 176.0. 

 

General  Procedure for RV6-26 Antibody Preparation.  

RV6-26 ScFv antibody (408.85 !g, 14.60 nmole, 4.87 !M) was first diluted using PBS 

solution prior to addition to tris(2-carboxyethyl)phosphine (TCEP) (8.37 !g, 29.20 

nmole, 8.06 !M)  in a total solution volume of 3.5 mL PBS and allowed to stir for 3h at 

room temperature to reduce the disulfide bond and provide free thiol to be exchanged 

with the disulfide of the molecular transporter.  

 

General Procedure for RV6-26 ScFv-Molecular Transporter Purification 

Following the reduction with TCEP, the molecular transporter was added to the solution 

to stir for 10 minutes and then purified from excess TCEP via Millipore ™ centrifugal 

filter units (MWCO: 3000). The concentrated solution was collected, and purified three 

additional times by adding PBS solution followed by centrifugation to remove residual 

TCEP. Additional molecular transporter (209.7 !g, 87.61 nmole) was added and the 

reaction was allowed to stir for 1 h at room temperature and at 4°C for 12 h. The 
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conjugate was then filtered (MWCO 10 000) to concentrate the final conjugate in PBS 

solution to obtain the RV6-26-MT conjugate. 
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CHAPTER III 

 

DEVELOPMENT OF THIRD GENERATION NEWKOME TYPE DENDRIMERS  

 

Introduction 

Dendrimers are a unique group of polymers that have been explored for many 

uses including drug delivery,
1
 gene delivery,

2
 targeting,

3
 and diagnostic applications.

4
 In 

comparison to traditional polymer systems, they offer numerous characteristic benefits. 

Originally developed by Tomalia, these synthetic polymers have been investigated 

heavily during the last two decades.
5
 They are highly ordered, exhibit low polydisperity, 

and feature a tunable rate of growth. These nanosized polymers comprise a core, 

diverging branched units that repeat, and an end group, or periphery, each of which can 

be readily tuned at any part of synthetic development.  

A 

B. .

 
 

Figure 3.1. A. The divergent method; B. The convergent method. 
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Synthesis is conducted through either of two routes which include divergent and 

convergent approaches.
6
 The divergent approach begins with a core unit and is followed 

by the growth of repeating additional units, forming generations. Historically, this 

method represents the most used approach, however, because of the difficulties in 

functionalizing structures with larger generations, an alternative method was developed. 

As an alternative, a method utilizing a convergent approach was created.
7
 In this 

approach, branched units, or dendritic wedges, were grown separately and combined 

simultaneously using a functional core. At present, both the divergent and convergent 

approaches have been used for several applications which include light-emitting diodes,
8-

10
 chelating agents,

11, 12
 diagnostics,

4, 13
 catalyst,

14
 and especially therapeutic 

applications.
1-3

  

Recent years has brought with them a surge of advancements in the therapeutic 

use of dendrimers. These macromolecular compounds have generated vast interest in 

therapeutic application by virtue of their activity against prion diseases,
15

 Alzheimer’s 

disease,
16

 inflammation,
17

 HIV,
18

 cancer,
19, 20

 and tissue repair,
21

 among others. In 

addition, one dendritic structure has even become commercially available as an active 

ingredient in Viva Gel™, where it inhibits viral infections, which include HIV, genital 

herpes virus, and the growth of bacteria.
22, 23

  

The therapeutic strength of dendrimers is significantly affected by the structural 

size from lower ordered constructs to larger dendritic structures. Assessments of these 

effects have been evaluated extensively, and indicate clear distinctions regarding 

therapeutic behavior of structures containing different generation numbers.
24, 25
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Furthermore, in addition to the number of generations, the selection of compounds used 

for the core, repeat units, and periphery all contribute to the behavior as well. 

  The core of dendrimers can be functionalized or feature a specific compound for 

transport.
26,27

 Following loading, 

increases within branched 

generations results in the 

compound of the structure 

becoming more shielded from 

surroundings and creates a 

microenvironment of protection. 

In structures featuring higher 

generations, this creates 

structures that provide a 

hydrophobic internal region and a 

hydrophilic region externally or the chemistry can be manipulated to feature the inverse. 

Demonstration of this behavior was also seen in the findings of Tomalia and coworkers, 

who reported loading of water insoluble compounds into the apolar region of a dendrimer 

for delivery within the bloodstream.
28

  

The periphery of the dendrimer can also be functionalized to feature groups for 

transport as well, and it has also been used to create structures modified with specific 

functionalities that enhance transport
1, 27

 or enable drug loading.
19

 By increasing 

generation numbers, this increases available head groups and also enables the formation 

of structures featuring different end groups. 
29-31

 An increase in generations also provides 

 

Figure 3.2. Compound loading on dendrimers is achievable 

at the core, cavity spacing, or peripheritic head group. 

 

 



! "&!

a suitable cavity, or void space, where compounds can be encapsulated. Meijer 

demonstrated this process with the encapsulation of rose bengal into the cavities of a poly 

(propylene imine) dendrimer containing 64 branches.
32

 These host-guest interactions are 

possible due to the peripheral groups that function as a shield, or as a filter against the 

external environment.
33

  

Another interesting feature that is influenced by generation number is 

demonstrated in their rheological properties. Uniquely, dendritic polymers exhibit a lower 

viscosity than their linear counterparts.
34, 35

 As the generation number increases so does 

viscosity, reaching a maximum followed by a decline.
6, 36

 This is attributed to differences 

in behavior of branched morphology between structures as well as the influence of the 

peripheral functionality.  

The differences in generations are also seen in the effects of solvation.  

Structurally, lower generation transporters feature flexible units while larger generation 

structures generally form rigid globular structures. This behavior also extends to the 

influence of solvent on size as well. While dendrimers of all generations experience back-

folding due to solvent affects, this behavior is exhibited significantly more in lower 

generation dendrimers then higher ones.
37-40

 For example, in the case of dendrimers 

featuring polar head groups, it is has been proposed that dendritic structures demonstrate 

comparable behavior to proteins that fold to display more hydrophobic regions, or in this 

case back-folding, when exposed to aprotic solvents.
41

 Conversely, when exposed to 

more protic solvents, the structures assume a more extended conformation (Figure 3.3.).  

In larger structures, the array of these peripheral functionalities form a more stable 

intramolecular network and reduces folding.  Such effects also explain how generation 
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number can affect solubility. An increase in generation number of dendrimers inherently 

results in greater   amounts of peripheral functional groups. As a result, the selection of 

the functional head groups can be used to direct solubility. Consequently, lower 

generations with minimal solubility in polar or non-polar solvent will exhibit amplified 

solvent affects with higher generation structures.
42

 The effects on solubility are also seen 

in the capacity to solubilize compounds as well. In an investigation using PAMAM 

dendrimer (generations 0-3), nifedipine water solubility was improved as the number of 

dendritic generations was increased.
43, 44

   

The distribution of generation number also plays a role with in vivo application as 

well. In the reports of Kobayashi, PAMAM dendrimers ranging from second to fourth 

 

 

 

 

 

 

 

 
 

 

 

Figure 3.3. Proposed scheme for dendrimer solvation. A: Solvation of a polar dendrimer in a protic 

solvent leads to extended conformation. B: Polar dendrimer in an apolar aprotic solvent leads to back-

folding. 

!
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generations were cleared rapidly when applied in vivo. Furthermore, in investigating 

structures from the fifth to the tenth generation, delayed renal secretion was exhibited due 

to a larger hydrodynamic volume. These results suggest potential for creating tunable 

dendritic systems for in vivo application.
45

  

Because of the unique properties that dendrimers possess, the creation of novel 

structures would enhance their use in many areas of therapy.  As a result, their potential is 

being realized in applications and continues to be ongoing. Although there are countless 

investigations with dendrimers, large majorities are either insoluble, known to induce 

cytotoxic affects, or are not effective at transport of biological compounds, limiting their 

potential for both in vitro and in vivo use.
46, 47

 The exception to this of course represents a 

small class of dendrimers used for biomedical applications and include polyesters,
48, 49

 

polylysine,
50

 polypropyleneimine (PPI),
51, 52

 and the more popular PAMAM.
53

 Obviously 

with such a small group and a plethora of literature supporting PAMAM dendrimers, 

there remains untapped potential in the development and application of other dendrimers.  

DISCUSSION 

We have previously synthesized Newkome type-second generation dendrimers.
27

 

 
Figure 3.4.  Second generation dendrimer targets the cytosol in cells.  



! "(!

Their architecture of the dendrimers is comprised of a polyamide backbone and feature 

guanidine peripheral head groups. Using ethyl and hexyl-spaced alkyl spacers we are able 

to direct the cellular localization to the nucleus and cytosol respectively. An example of 

the specificity is shown using the hexyl spaced second generation dendrimer in Figure 

3.4.   This dendrimer has also been demonstrated to transport biological cargo into cells 

as well.
26,54,55

 However, until now an investigation to synthesize third generation 

structures has not yet been shown.   

We wanted to construct additional dendritic transporters for several reasons.  The 

primary interest was to develop systems featuring a tunable periphery. In previous 

attempts, modification to the dendritic periphery with multifunctional head groups proved 

to be challenging due to difficulties achieving effective conjugation of groups and 

subsequent purification. Therefore, we decided to create a third generation structure. 

Using this approach, a desire to modify the termini head groups with polyvalent 

 

 

 

 
 

Scheme 3.1. 2nd generation was synthesized to provide nine available carboxylic acid groups. 
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functionalities could be achieved and would also assure purification ease through the use 

of dialysis. In preliminary investigation, we sought first to synthesize two different third 

generation transporters. One transporter would feature an ethyl alkyl spacer emanating 

from the periphery and the other would feature a hexyl alkyl spacer.  

To synthesize the macromolecules, the second generation dendron was first 

synthesized using the previously reported procedure
55

 with modifications.  Briefly, using 

a nitrotriester, the precursor monomer units were synthesized separately to form nitro 

triacid and “Behera’s amine.”  The two were then reacted using amide coupling 

conditions to yield the second generation dendron. The tert. butyl ester protecting groups 

were next deprotected using formic acid, providing nine available carboxylic acid 

functional groups at the periphery (Scheme 3.1).  
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The available carboxylic acid groups of the second-generation dendron were then 

coupled with amine monomers using amide coupling. To purify, the third generation 

dendron was concentrated and dialyzed first against methanol and subsequently against 

dichloromethane to yield the product.  The tert-butyl ester groups of the periphery were 

deprotected with formic acid to yield twenty-seven available carboxylic acid groups 

(Scheme 3.2). 

 
 

Scheme 3.2. 2nd generation dendron is coupled with amine monomer in the first step and in the next 

step deprotected to provide twenty-seven available groups. 
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 The carboxylic acid groups of the periphery were then coupled to an N-Boc-

ethylene diamine or N-Boc-1,6-diaminohexane and were purified using dialysis first in 

methanol and subsequently in dichloromethane to yield boc-protected ethyl and hexyl 

spaced dendrimer respectively. Deprotection of the boc protecting groups was conducted 

using trifluoroacteic acid and yielded structures with twenty-seven terminal amines 

(Scheme 3.3). These groups were coupled to triflyl guanidine and purified using dialysis 

once again (Scheme 3.4).  

Successful synthesis of third generation dendrimers provided several insights. A 

significant benefit is the ease of purification. To provide a more facile alternative to 

previous methods of column separation, an alternative approach of dialysis was employed 

in several steps, leading to the formation of the third generation transporters. Using this 

method, materials could easily be obtained and characterized. 

 
 

Scheme 3.3. The alkyl spacers were attached and deprotected to form the amine terminated dendron. 
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It was also observed that solvent selection influenced purification success. As the 

works of Frechet and others suggests, the polar head groups of the dendritic periphery are 

heavily influenced by solvation and assume an extended confirmation in polar solvent 

while back-folding within aprotic non-polar solvents.
38, 56

 Further elucidations of their 

findings suggests that with this behavior the extended confirmation enables removal of 

any impurities and the nature of back-folding behavior prevents interaction between 

solvent and dendrimer. Several inferences lend to this observation, as the selection of 

each solvent independently was ineffective at obtaining the desired product. Under polar 

conditions, impurities were removed more efficiently; however, in vacuo concentration of 

product yielded an oily residue unlike that of its natural solid composition. Conversely, 

the use of nonpolar solvent was ineffective at removal of undesired starting materials. 

Therefore, purification by a polar solvent removed unwanted impurities and subsequent 

purification in a non-polar solvent assisted with removal and provided solid product. 

While further characterization may be of interest regarding the behavior of the third 

generation transporter, it does suggest that our structure conforms to this behavior.  

 

 

 

 

 
 

 

Scheme 3.4 Guanidine groups were added to form the dendrimer periphery. 
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 Characterization of the third generation dendrimer was conducted using 
1
H NMR 

and was used to determine attachment effectiveness. As indicated by Figure 3.5, the alkyl 

spacing (ethyl or hexyl) on the dendrimer can be identified by the region at 3.2 ppm 

(green color) and can easily be integrated to confirm attachment to the third generation 

dendron (blue). Further, the integration at 1.44 ppm (orange) indicates guanidine 

attachment and was also used to confirm complete functionalization of the desired 

compound.  

Conclusion 

In summation, third generation Newkome-type dendrimers were synthesized. One 

structure was synthesized using an ethyl spacer and another was synthesized using a 

hexyl spacer to create novel structures. In each case both constructs provided 

 

 

.  

 

Figure 3.5. 1H NMR spectrum of Dendrimer following guanidine addition. 
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monodispersed compounds that were characterized using 
1
H NMR. The purification used 

provides a facile alternative to previous methods.  This approach circumvents the need 

for difficult column separation and will enable further development of third generation 

structures with polyvalent peripheral functionalities, a difficult task to achieve using 

second generation dendrimers. 

 EXPERIMENTAL 

Materials. All reagents were purchased either from Alfa Aesar, Chem-Impex Int. (Wood 

Dale, IL), EMD Millipore, Fisher Scientific, Life Technologies (Eugene, OR), or Sigma-

Aldrich (St. Louis, MO), and used without further purification unless noted. Analytical 

TLC was performed on commercial Merck plates coated with silica gel 60 F254. 

Spectra/Por® Biotech Regenerated Cellulose Dialysis Membranes (1000 MWCO) were 

obtained from Spectrum Laboratories, Inc. (Rancho Dominguez, CA).  

Instrumentation: Nuclear magnetic resonance was performed on a Bruker DPX-300 and 

a Bruker AV-400 Spectrometer. Chemical shifts were reported in parts per million and 

referenced to the corresponding residual nuclei in deuterated solvents. Hydrogenation 

was conducted using Parr 3911 hydrogenation apparatus. Column chromatography was 

conducted using an Isolera Biotage. Cell imaging was performed using Zeiss LSM 510 

Confocal microscope. 

Synthesis of 4-(2-carboxyethyl)-4-nitroheptanedioic acid. 1. To a round bottom flask, 

a solution of nitrotriester, 1, (3.00 g, 6.73 mmol) and formic acid (20 mL) was stirred at 

room temperature for 12 h. After the solvent was removed under reduced pressure, 

toluene was added and removed via concentration in vacuo to remove residual formic 
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acid to yield a white solid (1.87 g, 100%). 
1
H NMR (400 MHz, MeOD): ! = 2.29 (s, 

CH2, 12H). 
13

C NMR (400 MHz MeOD): ! = 29.39, 31.40, 93.85, 175.65. 

 

Synthesis of di-tert-butyl 4-amino-4-(3-tert-butoxy-3-oxopropyl)heptanedioate,  

“Behera’s Amine”. 2. A solution of nitrotriester (10.00 g, 22.4 mmol) in ethanol/ 

dichloromethane (10:1, 150 mL) in a Parr hydrogenation bottle with (4.5 g, 76.67 mmol) 

Raney-nickel was shaken at 65 psi for 48 h at room temperature. The suspension was 

gravity filtered, and solvent was removed under reduced pressure to give the crude 

product. Materials were dissolved in chloroform (100 mL), washed with water (100 mL), 

and dried over anhydrous MgSO4. Evaporation under reduced pressure yielded white 

aminotriester (9.05 g, 97%). 
1
H NMR (400 MHz, MeOD): ! = 1.445 (s, CH3, 27H), 1.62 

(t, CH2, 6H), 2.26 (t, CH2, 6H). 
13

C NMR (400 MHz MeOD): ! = 26.68, 26.88, 29.39, 

33.61, 51.97, 80.07, 173.37. 

 

Synthesis of 9 Cascade: nitromethane [3]: (2-aza-3-oxopenylidyne): propionioate 

(Dendron G2). 3. To a sealed three neck round bottom flask, a solution of nitrotriacid 

(1.11 g, 4.01 mmol) in dried THF (50 mL), 1-hydroxybenzotriazole (HOBt) (1.95 g, 

14.43 mmol), and DCC (2.97 g, 14.43 mmol), were added sequentially and stirred under 

argon. After 2.5 h, Behera’s amine (6.00 g, 14.43 mmol) was added to the solution and 

the reaction proceeded at room temperature for 40 h. The crude product was filtered, and 

concentrated under reduced pressure. Materials were purified using column 

chromatography, eluting with hexane/ethyl acetate (3:2) to afford the desired Dendron G1 

(5.65 g, 96%). 
1
H NMR (400 MHz, MeOD): ! = 1.44 (m, CH3, 81H), 1.95 (m, CH2, 
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18H), 2.21 (m, CH2, 30H), 6.92 (s, NH, 3H). 
13

C NMR (400 MHz, MeOD): ! = 28.04, 

29.74,29.85, 31.28, 57.56, 80.69, 92.47, 170.46, 172.76. To a round bottom flask, a 

solution of dendron (G2) and formic acid (35 mL) was stirred at room temperature for 12 

h. After removal of solvent under reduced pressure, toluene was added and concentrated 

in vacuo to remove residual formic acid to yield nona-acid, 5, (5.58 g, 100%). 
1
H NMR 

(400 MHz, MeOD): ! = 1.95 (m, CH2, 18H), 2.21 (m, CH2, 30H), 6.92 (s, NH, 3H). 
13

C 

NMR (400 MHz, MeOD): ! = 29.74, 29.85, 31.28, 57.56, 92.47, 170.46, 172.76. 

 

Synthesis of (Dendron G3) 12. To a sealed three neck round bottom flask, a solution of 

nona-acid, 5, (1.93 g, 2.01 mmol) in dried DMF (50 mL), 1-hydroxybenzotriazole 

(HOBt) (2.92 g, 21.65 mmol), and DCC (4.47 g, 21.65 mmol), were added sequentially 

and stirred under argon at 4 °C. After 2.5 h, Behera’s amine (9.00 g, 21.65 mmol) was 

added to the solution and the reaction proceeded at room temperature for 40 h. The crude 

product was filtered, dialyzed (MWCO: 1000) in methanol and dichloromethane. The 

dialyzed material was concentrated in vacuo to yield a white solid (6.21 g, 77%). 
1
H 

NMR (300 MHz, MeOD): ! =1.44 (s, CH3, 243H) 2.17 (t, CH2, 84H), 1.98 (t, CH2, 72H). 

13
C NMR (400 MHz, MeOD): ! = 26.13, 26.99, 27.73, 28.29, 28.98, 29.20, 30.30, 30.95, 

32.54, 32.70, 33.68, 33.87, 50.84, 50.92, 57.29, 67.78, 80.18, 92.59, 172.91, 177.26. To a 

round bottom flask, dendron G3 was dissolved in formic acid (40 mL) and stirred for 12 

h at room temperature. The solvent was removed under reduced pressure, dialyzed in 

methanol (MWCO: 1000) and dichloromethane before being concentrated in vacuo to 

yield a white solid (3.52 g, 85%). 
1
H NMR (300 MHz, MeOD): ! = 2.17 (t, CH2, 84H), 

1.98 (t, CH2, 72H). 
13

C NMR (400 MHz, MeOD): 26.13, 27.73, 28.29, 28.98, 29.20, 
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30.30, 30.95, 32.54, 32.70, 33.68, 33.87, 50.84, 50.92, 57.29, 67.78, 92.59, 172.91, 

177.26. 

 

Third Generation Short (ethyl) Linker Transporter 

G3SLBoc, (N-Boc-1,6-diaminohexane attachment to G3 dendron acid G3OH). 13.  

G3OH (1.73 g, 0.57 mmol) in dry DMF (100 mL) was stirred under argon at 4 °C with 

HOBt (6.26 g, 46.3 mmol) and DCC (9.55 g, 46.3 mmol). After 2.5 h, N-Boc-ethylene 

diamine (7.42 g, 46.3 mmol) was dissolved in DMF and added to the solution and the 

reaction proceeded for 48 h. Upon completion, the materials were filtered, removing the 

DCC salt, and then dialyzed (MWCO: 1000) in methanol and dichloromethane before 

being concentrated in vacuo to yield a white solid (1.43 g, 36%). 
1
H NMR (300 MHz, 

MeOD): ! =1.44-1.35 (s, CH3, 243H) 2.17 (t, CH2, 84H), 1.98 (t, CH2, 72H), 3.03 (t, 

CH2, 54H), 3.16 (t, CH2, 54H). 
13

C NMR (400 MHz, MeOD): 29.88, 30.26, 30.58, 

38.92, 39.19, 57.52, 112.41, 115.32, 118.24, 160.98, 161.32, 161.67, 174.05.  

G3SLBoc Deprotection. G3SLBoc was dissolved in (50/50) dichloromethane/TFA (30 

mL) solution and allowed to stir at room temperature for 12 h. The crude product was 

concentrated, dialyzed (MWCO: 1000) in methanol followed by dichloromethane, and 

concentrated in vacuo to yield a white solid (0.86 g, 100%). 
1
H NMR (300 MHz, 

MeOD): ! =1.7-2.2 (t, CH2, 156H), 3.03 (t, CH2, 54H), 3.16 (t, CH2, 54H). 
13

C NMR 

(400 MHz, MeOD): 29.88, 30.26, 30.58, 38.92, 39.19, 57.52, 112.41, 115.32, 118.24, 

160.98, 161.32, 161.67, 174.05. 
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Attachment of Goodman’s reagent to G3SLNH2 dendrimer.  15. G3 dendrimer (0.86 

g, 0.207 mmol) was dissolved in cooled dichloromethane (15 mL). Triethylamine (TEA) 

(1.35 mL) was added, followed by addition of N,N’-diboc-N”-trifylguanidine (3.267  g, 

8.35 mmol), and the reaction stirred for 24 h at room temperature. The crude materials 

were dialyzed (MWCO: 1000) in methanol and dichloromethane before being 

concentrated to yield a white solid (0.82 g, 39%). 
1
H NMR (400 MHz, MeOD): ! = 1.20-

1.85 (s, CH3, 486H) 1.98 (broad s, CH2, 72H), 2.17 (broad s, CH2, 84H), 2.59 (broad s, 

CH2, 54H), 2.87 (broad s, CH2, 54). 
13

C NMR (400 MHz, MeOD): ! = 25.68, 25.75, 

25.84, 25.91, 25.99, 26.71, 26.80, 26.87, 27.22, 27.24, 29.70, 30.44, 32.39, 32.59, 32.64, 

35.38, 50.86, 50.97, 80.66, 82.48, 82.57, 83.88, 115.01, 115.11, 121.45, 121.59, 124.57, 

124.63, 124.78, 149.97, 151.72, 151.75, 153.00, 157.19, 173.91.
 

 

Third Generation Long (hexyl) Linker Transporter 

 

G3LLBoc, (N-Boc-1,6-diaminohexane attachment to G3 dendron acid G3OH). 14. 

G3OH (1.04 g, 0.34 mmol) in dry DMF (150 mL) was stirred under argon at 4 °C with 

HOBt (3.75 g, 27.78 mmol) and DCC (5.73 g, 27.78 mmol). After 2.5 h, N-Boc-1,6-

diaminohexane (6.00 g, 27.78 mmol) was dissolved in DMF and added to the solution 

and the reaction proceeded for 48 h. Upon completion, the crude materials were filtered, 

removing DCC salt, and then concentrated and dialyzed (MWCO: 1000) in methanol to 

yield a brown solid (2.50 g, 87%).
1
H NMR (300 MHz, MeOD): ! =1.44-1.35 (s, CH3, 

CH2, 459H) 2.17 (t, CH2, 84H), 1.98 (t, CH2, 72H), 3.03 (t, CH2, 54H), 3.16 (t, CH2, 

54H).
 13

C NMR (400 MHz, MeOD): 24.62, 25.66, 26.03, 27.02, 28.73, 29.88, 30.26, 
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30.58, 38.92, 39.19, 57.52, 78.33, 112.41, 115.32, 118.24, 160.98, 161.32, 161.67, 

174.05.  

G3LLBoc Deprotection. G3LLBoc was dissolved in (50/50) dichloromethane/TFA (30 

mL) solution and allowed to stir at room temperature for 12 h. The crude product was 

concentrated, dialyzed (MWCO: 1000) in methanol, and concentrated in vacuo to yield a 

white solid (1.08 g, 64%). 
1
H NMR (300 MHz, MeOD): ! =1.10-1.60 (s, CH3, CH2, 

216H) 1.7-2.2 (t, CH2, 156H), 3.03 (t, CH2, 54H), 3.16 (t, CH2, 54H). 
13

C NMR (400 

MHz, MeOD): 25.66, 26.03, 27.02, 28.73, 29.88, 30.26, 30.58, 38.92, 39.19, 57.52, 

112.41, 115.32, 118.24, 160.98, 161.32, 161.67, 174.05.
 

 

Attachment of Goodman’s reagent to G3LLNH2 dendrimer.  16. G3 dendrimer 

(490.6 mg, 92.6 "mol) was dissolved in cooled dichloromethane (12 mL). Triethylamine 

(TEA) (0.315 mL) was added, followed by addition of N,N’-diboc-N”-trifylguanidine 

(1.272  g, 3.25 mmol) and the reaction stirred for 48 h at room temperature. The crude 

materials were dialyzed (MWCO: 1000) in methanol and concentrated to yield a white 

solid (621.6 mg, 55%). 
1
H NMR (400 MHz, MeOD): ! =1.20-1.85 (s, CH3, CH2, 702H) 

1.98 (broad s, CH2, 72H), 2.17 (broad s, CH2, 84H), 2.59 (broad s, CHNHCH2, 54H), 

3.16 (broad s, CONHCH2, 54). 
13

C NMR (400 MHz), MeOD): ! = 25.68, 25.75, 25.84, 

25.91, 25.99, 26.71, 26.80, 26.87, 27.22, 27.24, 29.70, 30.44, 32.39, 32.59, 32.64, 35.38, 

50.86, 50.97, 80.66, 82.48, 82.57, 83.88, 115.01, 115.11, 115.21, 118.20, 118.28, 118.40, 

121.39, 121.45, 121.59, 124.57, 124.63, 124.78, 149.97, 151.72, 151.75, 153.00, 157.19, 

173.91, 174.01. 
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CHAPTER IV 

 

DEVELOPMENT OF A MOLECULAR TRANSPORTER FOR MITOCHONDRIA 

DELIVERY 

 

Introduction 

The mitochondria function in cells to generate adenosine triphosphate (ATP) 

through oxidative phosphorylation and to provide cellular energy. They are elongated, 

thread-like organelles comprised of 

an outer membrane, an inner 

membrane, and an inter membrane 

space separating the two regions. 

The outer membrane features a 

protein/phospholipid (1:1) region 

comprised similarly to the plasma 

membrane of cells and contains 

channels, called porins, that allows diffusion of molecules under 6 kDa.
1
 The inner 

membrane consists of a layer featuring a large ratio of tightly packed proteins and 

phospholipids (3:1). It contains enzymes used for oxidative phosphorylation, carrier 

proteins, and compartmentalized folds, called cristae, which contain the mitochondrial 

matrix. The intermembrane space contains specialized proteins that are used for oxidative 

phosphorylation as well.  

 

Figure 4.1. The mitochondria includes the outer, inter, and inner 

membrane region and cristae which contain the matrix. 
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However, the production of ATP represents only one facet of mitochondria 

function and they also play a role in several metabolic pathways, which include the citric 

acid cycle, oxidation of fatty acids, and the induction of cellular apoptosis, among 

others.
2
 They add to this group of functions additional characteristics that make them a 

unique organelle. They feature genomic DNA specific to the organelle only. They also 

produce reactive oxygen species (ROS) for redox signaling. Under elevated stress, an 

imbalance in the amount of ROS occurs, resulting in overproduction. This can induce 

oxidative stress to the organelle and lead to mitochondria dysfunction, a condition linked 

to many mitochondrial related disorders.
3
 Mitochondria dysfunction has been implicated 

in many debilitating conditions, including Alzheimer’s, cancer, Parkinson's disease, 

diabetes, and aging and therefore represents an attractive target for  therapeutic delivery.
4
 

Unfortunately, approaches toward creating targeted delivery systems are only at a very 

early stage of development. Therefore, it is important to probe further understanding of 

mitochondria disorders to develop applicable therapy. 

Improved understanding begins with developing systems to treat failing 

mitochondria. However, designing a treatment system to treat or repair damaged 

mitochondria remains an unmet challenge. For successful treatment, the therapeutic must 

enter cells, target the mitochondria, and be delivered in relevant amounts. Much of the 

success of acquiring treatment by pharmacologically active components is highly 

dependent on the ability to be selectively targeted.  Due to lack of specific targeting, 

creating treatment regimens for mitochondria disorder continues to be a daunting task. 

Currently, much effort has been focused on developing approaches for mitochondrial 

repair, and while targeted treatment would be a boon to developing effective therapies, 
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few reports have demonstrated effective mitochondria targeting.
5, 6

 It is because the 

mitochondria play vital roles in numerous cellular functions that creating a targeted 

system of delivery would further understanding of the pathology of diseases and provide 

strategies for novel treatment.  

During the production of ATP, the mitochondria in cells produce a 

transmembrane electrochemical gradient that includes contributions from the negative 

potential internally, and from the external pH difference. An approach that can be 

utilized for mitochondria targeting is to maximize this electrochemical potential. This 

potential falls between 180 and 200 mV in vitro,
7
  and causes an attraction between 

mitochondria and positively charged molecules without penetration. In cancer cells this is 

especially significant where the mitochondrial membrane potential is higher.
8
 A barrier 

to complete accumulation stems from tight packing of the phospholipids within the inner 

membrane. Previous reports suggest that amphiphilic compounds featuring delocalized 

cationic charge accumulate in mitochondria,
9
 examples of which include Rhodamine 

123, tetraphenylphosphonium chloride (TPP-Cl), and other cationic aryl phosphonium 

salts.
10,11, 12

 The attachment of delocalized cationic compounds to current platforms of 

delivery such as polymers for targeting would be a rational design.
13, 14

 Unfortunately, 

attachment of polar forms of cargo can heavily impact the performance of these 

compounds, and further investigation is needed. Additionally, the toxicity by these 

compounds disrupts mitochondrial function following overaccumulation. Therefore, the 

selection of vehicles for targeted delivery has been challenging. The scattered reports of 

targeted nanocarriers
15, 16

 corroborated with the only two reports that use dendrimers for 
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mitochondria targeting
17, 18

 demonstrate an immeasurable need for new mitochondrial 

targeted systems.   

More recently, Kelley and coworkers indicated a promising approach for 

achieving specific targeting to mitochondria.
5, 19, 20

 As they report, a cellular penetrating 

peptide can be modified to direct accumulation through use of the electrochemical 

gradient of mitochondria. These “mitochondria penetrating peptides” were synthesized 

using variations in the residues found on HIV tat-peptide. Previously, tat-peptide has 

been shown in several reports to provide cellular penetration and inspired findings of 

both additional peptide sequences and even dendritic structures for cellular delivery.
5, 21, 

22
 Adjustments to the tat-peptide sequence were made to create a library of targeted 

peptides and investigate their propensity for mitochondria accumulation.  Motivated by 

these findings,
20

 we became  interested in developing  a dendritic transporter for 

mitochondria targeting. 

In recent years, dendrimers have increased as viable candidates for drug delivery. 

These macromolecules can be functionalized in numerous ways for improved 

biocompatibility and increased water solubility, characteristics ideal for therapeutic 

delivery.
23

 These highly organized polymers feature a core with emanating branches that 

repeat. The branched architecture provides the ability to tune molecular weight, size, and 

surface head groups at the periphery for the specific application.
24

 As a result, 

modifications to these groups have demonstrated improved bioavailability,
25

 reduced 

toxicity,
26

 and even applied to specific therapeutic targeting.
27

  

We were interested in designing a macromolecular approach to develop targeting 

to mitochondria. To do so we created a dendritic structure to demonstrate cellular uptake 
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using confocal imaging and mitochondria targeting (i.e. colocalization) with 

fluorescently labeled mitochondria in live cells. To circumvent the ambiguity in 

fluorescent imaging that leads to the Potter’s Stewart approach
28

 of colocalization, in our 

investigation we further corroborated our images using an objective method for 

assessment.  

Because it has become a recent interest to extract statistical representation of 

fluorescent overlap to effectively ascertain the spatial and co-occurent nature of 

fluorescent images, recent investigations have adopted the use of Pearson’s Correlation 

Coefficient (PCC) to extract better understanding of colocalization.
29

 In this case, co-

localization is not determined by looking at merged colors, but by analyzing the emitted 

spectra of the fluorescent dyes. This method measures each pixel of the image and 

provides a logarithmic expression of colocalization.
30

 In our investigation, we evaluated 

the success of our nanovehicle using this method to provide objective information and 

further identify localization behavior. Our transporter presents one of few known 

approaches using dendrimers for mitochondria targeting,
17, 18

 but it is the first, to employ 

statistically correlated colocalization by a dendritic transporter.  

DISCUSSION 

In the interest of developing a targeted dendrimer, we began our efforts with the 

synthesis of second generation Newkome-type dendrimer that would be subsequently 

appropriately modified. We were motivated to create a transporter featuring a balanced 

ratio of lipophilic and cationic distribution for targeted delivery. In our previous reports, 

we show a Newkome dendrimer featuring nine arginines,
22

 inspired by the cellular 
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penetration capabilities of nona-arginine peptide
31

 and tat-peptide.
32

 We selected this 

second generation transporter as our scaffold to achieve targeted delivery, and 

synthesized the dendrimer using previously described steps with the exception of the 

final step of guanidine addition. To synthesize a dendrimer with our desired 

functionalities, we sought to attach a cyclohexyl group and incorporate the guanidine 

group afterwards.  To do so, attachment was conducted using a series of molar 

equivalents of cyclohexyl groups. The yields from these attachments produced 

unfavorable results and we observed very limited attachment success. Difficult 

purification steps further complicated the results.  

  

   

 

 

 

 

 

 

 

        

Scheme 4.1. Alternative synthetic pathway for third generation cyclohexyl guanidine transporter. 
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Therefore, efforts were redirected to an alternative approach (Scheme 4.1). 

Current interest in third generation transporters prompted our efforts toward synthesizing 

a targeted system using a third generation dendron. Such transporters offer more facile 

synthesis and purification than earlier systems. This was described in the preceding 

chapter, but we note here that the approach presents a more effective strategy for 

achieving tunable ratios of peripheral functionality.  Using the third generation dendron 

as a scaffold, we sought to synthesize dendrimers featuring various ratios of cyclohexyl 

groups.  

The first generation of the dendron was synthesized using a slight modification to 

the previously reported literature procedure
33

 to increase yield. Formation of “Behera’s 

amine” was achieved using modified work-up procedures.  This monomer was 

subsequently used with nitrotriacid to synthesize the second generation dendron. The 

nine tert-butyl ester protecting groups on the dendrimer were deprotected to provide nine 

available carboxylic acid 

groups that were coupled with 

Behera’s amine to form the 

third generation dendron 

featuring twenty-seven 

peripheral arms. These groups 

were removed similarly to the 

previous deprotection and the end groups were coupled with N-boc-1,6-diaminohexane. 

The boc groups were deprotected yielding terminal amine groups for subsequent 

reaction. Next, we conducted several reactions in series using various molar equivalents 

Table 4.1. Indicates various ratios of cyclohexyl groups 

synthesized.
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of cyclohexyl groups to acquire a library of third generation transporters. This provided 

us with transporters featuring different ratios of cyclohexyl functional groups (Table 4.1). 

  

Reductive amination was employed to couple cyclohexyl acetylaldehyde to the 

terminal amines using slightly modified Borch conditions for facile purification and 

subsequent guanidine addition.
34

 Briefly, the transporter was modified using a slight 

molar excess of desired cyclohexyl groups. The reaction was conducted using a dual 

solvent system containing aqueous and organic layers, and following completion the 

aqueous layer was confirmed to possess impurities and no product. The organic layer, 

containing the transporter, was further purified in organic solvent using dialysis to isolate 

the product. This approach enhanced purification, a limitation of the second generation 

transporter, and provided a product that was easily characterized using 
1
H NMR with 

specific emphasis on the two protons (blue; 2.75 ppm) alpha to free terminal amine and 

the four protons (green; 2.50 ppm) alpha to the reductively aminated amine (Figure 4.3). 

Once characterized, the construct would subsequently be reacted with guanidine groups.   

              

Figure 4.2. The amines were reacted with 2-cyclohexyl acetylaldehyde using various molar ratios. 
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  In our initial investigation, we selected the third generation dendrimer featuring 

approximately equal ratios of cyclohexyl and terminal amines  (Table 4.1, Trial 4). The 

decision to use this structure was inspired by the reports of Kelly et al. as they describe a 

tat-peptide featuring equal ratios of cyclohexyl and guanidine groups proven to provide 

cellular uptake and mitochondria colocalization.
19

 Based on these findings, the remaining 

 

Figure 4.3. 1H NMR Characterization of G3LL(NH2)14-Cyclohexyl13. 

           

Figure 4.4. The remaining free amines were reacted to feature guanidine groups at the periphery.  
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amines were then modified with a guanidinylating reagent to add guanidine’s head 

groups (Figure 4.4).  

  Colocalization Studies  

We wanted to investigate the ability of the transporter to be taken up in cells 

using fluorescent imaging. Therefore, the nitro group at the core focal point of the 

dendrimer was hydrogenated to yield an amine functionality that could be used to label 

one flurophore on each dendritic macromolecule. For uptake studies, the dendrimer was 

attached to an Alexa Fluor 488 ® succinimidyl ester fluorescent probe to yield labeled 

transporter. Finally, the guanidine boc-protection groups were deprotected and purified, 

providing labeled dendrimer. The compound was found to be water soluble and was then 

 

 

  

evaluated for cellular uptake and colocalization with mitochondria. Internalization was 

assessed using the mammalian cell line, NIH-3T3 fibroblasts. Cellular uptake and 

localization of the transporter was evaluated in human cells by confocal microscopy.  

Figure 4.5. Confocal microscopy images of NIH-3T3 fibroblast cells. NIH-3T3 cells were grown to 

subconfluence and 55 µM of the labeled transporter was applied to cells and allowed to incubate for 90 

minutes. Mitotracker red (100 µM) was added to cells in the last 15 minutes and washed 3 times with PBS 

before imaging. Panel A: Green fluorescence of G3LL (Cycloheyl 13) (Guanidine 14) AF488. Panel B: Red 

fluorescence of Mitotracker CMXRos. Panel C. Panel C: Merged image of green fluorescence (A) , red 

fluorescence and DIC. 
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Several uptake experiments were performed to evaluate the transporter against 

mitochondria using live cell imaging.  The images obtained from confocal microscopy 

strongly suggest that the transporter enters cells and reaches the mitochondria. As Figure 

4.5 illustrates, the fluorescent signal from the transporter (green) found on panel A was 

observed to localize similarly to the distribution of mitochondria fluorescence (red) 

indicated by panel B. No entry of the labeled transporter into the nuclei was observed.  A 

labeled third generation transporter featuring equal ratios of protected-guanidines and 

cyclohexyl groups was applied to cells as a control and demonstrated no cellular uptake 

(image not shown).   

There have been limited reports of mitochondria colocalization using dendrimers, 

with PAMAM G4 and PAMAM G5 being the only ones to date.
17, 18

 The approach 

presented here suggest several advantages over other targeted dendritic systems. The 

novelty in our findings suggests a more solvent-flexible approach.  The transporter is 

able to be placed into organic solvents, which include DMF, DMSO, and 

dichloromethane, and also is water soluble, a characteristic potentially beneficial when 

used for investigations of biologically sensitive components where therapeutics would be 

conjugated and delivered. Our results further reconfirm the ability of guanidine groups to 

enable cellular uptake, as previously reported by several groups.
22, 31, 32, 35

 Finally, it 

implies that an alternative to the incorporation of existing delocalizing compounds could 

be realized using lipophilic compounds like the cyclohexyl group, an approach that could 

be applied to related species. 

To date, although there have been investigations of organelle colocalization using 

confocal imaging; few reports have taken advantage of tools capable of quantified 
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fluorescence. In addition to standard imaging results, calculation of Pearson’s Correlation 

Coefficient (PCC) and expression of data using scatter plots can add additional statistical 

insight into colocalization exhibited by two fluorophores.  The formula for calculating 

PCC for two channels is indicated 

as follows in Figure 4.6:    

 

 

Calculations for PCC measure the covariance between variables, and can in this case be 

used to elucidate the co-occurrence of two fluorophores. In this equation Ri and Gi are 

labeled to correspond to the intensity of the red and green channels respectively and R 

and G refer to mean intensity with the values of the correlation coefficient falling 

 

 

Figure 4.6. The Pearson Correlation Coefficient 

(PCC) Expression. 

 

  
Figure 4.7. Left: Overlay of mitotracker (red) and transporter (green) overlay Right: Pearsons 

correlation value was averaged among all images to equate to + 0.42.  
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between  -1 and 1. A value of -1 indicates incomplete correlation with a value of 1 

indicating complete correlation. When applied to confocal imaging the fluorescent 

covariance, or more specifically colocalization, it is useful in extracting a statistical 

representation of how well aligned colocalization between the mitochondria probe and 

our transporter were. In our investigation, the correlation coefficient was calculated using 

Image J software and used to generate an average value. In our findings, we report a PCC 

value (sometimes represented by Rr) of +0.42.  

As mentioned before, a scatter plot can also provide visual insights and lead to a 

better understanding of the spatial co-occurrence between the fluorophore as the channels 

can be plotted one against the other. We show a scatter plot representative of our findings 

in Figure 4.7.  The plot distribution suggests a positive relationship between our 

transporter and the mitochondria.  

In understanding the plot, complete codistribution would provide a linear plot and 

imply a PCC value of 1. The reports of Bolte indicate that as PCC values approach 1, a 

stronger argument can be used to assert a correlation between two fluorophores.
30

 While 

the experimentally determined PCC value does not reflect complete correlation it does 

suggests values comparable to other reported targeted systems.
19

 Therefore, the values 

obtained do suggest our transporter can be used for mitochondria delivery. These 

findings are significant and add to the dendritic utility of the transporters that we have 

generated. As there have been limited research that report targeted delivery using 

macromolecular structures, with even fewer examples of colocalization corroborated 

with reports of PCC, our findings pave the way for future application as a targeted 

delivery vehicle for therapeutic treatment. 
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Conclusion 

The findings of this investigation support the findings reported by the Kelly 

group. The combination of arginine functionality cited in prior research endows the 

transporter with the capacity to penetrate cells.
36

 This cationic arginine functionality has 

been a hallmark of many cellular delivery systems like that of tat-peptide and 

polyarginine, to name a few. Incorporation of the lipophilic cyclohexyl groups is key to 

balancing the charge distribution of our construct. Our findings align with reports 

suggesting that some hydrophobic character is necessary for localized delivery to the 

cellular mitochondria with specific focus on creating constructs featuring a 50/50 ratio of 

peripheral cationic charge and hydrophobic functionality.  

A mitochondria-targeted third generation Newkome-type dendrimer was 

synthesized featuring an equal distribution of cationic guanidines and cyclohexyl groups 

at the periphery. The guanidine groups provided cellular uptake and the cyclohexyl 

groups were incorporated to provide lipophilic content. This transporter was applied to 

cells to investigate colocalization and demonstrate accumulation to labeled mitochondria.  

The recent growth in degenerative diseases linked to mitochondria disorder make the 

organelle a viable target for developing therapeutic treatments. In cases where selectivity 

is not achievable, the transporter presents a formidable option for mitochondria targeting. 

This construct provides potential for both current and novel drug delivery and adds to the 

versatility of our Newkome-type dendrimers. 
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EXPERIMENTAL 

Materials. All reagents were purchased either from Alfa Aesar, Chem-Impex Int. 

(Wood Dale, IL), EMD Millipore, Fisher Scientific, Life Technologies (Eugene, OR), or 

Sigma-Aldrich (St. Louis, MO), and used without further purification unless noted. 

Analytical TLC was performed on commercial Merck plates coated with silica gel 60 

F254. Spectra/Por® Biotech Regenerated Cellulose Dialysis Membranes (1000 MWCO) 

obtained from Spectrum Laboratories, Inc. (Rancho Dominguez, CA). NIH-3T3 cells 

(American Type Culture Collection ATCC, Mannassas, VA) were grown as subconfluent 

monolayers in 75 cm
2
 cell culture plates with vent caps (Fisher Scientific) in DMEM 

supplemented with 10% fetal bovine serum (FBS; in a humidified incubator (70%–95%) 

at 37°C with 5% CO2. Cells grown to subconfluence were enzymatically dissociated 

from the surface with a solution of 0.25% trypsin-ethylene diamine tetra-acetic acid 

(Trypsin-EDTA) and plated in a glass bottom Petri dish with a 14 mm microwell 

(Mattek, Ashland, MA) 1–2 days prior to the experiment. These conditions produced a 

monolayer of cells at subconfluence. 

Nuclear magnetic resonance (NMR) spectra were collected on a Bruker DPX-300 

and a Bruker AV-400 Spectrometer. Chemical shifts were reported in parts per million 

and referenced to the corresponding residual nuclei in deuterated solvents. 

Hydrogenation was conducted using a Parr 3911 Hydrogenation Apparatus. Column 

chromatography was conducted using an Isolera Biotage, and confocal fluorescence 

microscopy experiments were performed using an LSM 510 laser scanning Confocal 

microscope (Carl Zeiss, Thornwood, NY). 
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Synthesis of G3LL(Cyclohexyl13)(Guanidine14) AF488 

Synthesis of 4-(2-carboxyethyl)-4-nitroheptanedioic acid 1. To a 250 mL round 

bottom flask, a solution of nitrotriester (3.00 g, 6.73 mmol) in formic acid (20 mL) was 

stirred at room temperature for 12 h. After the solvent was removed under reduced 

pressure, toluene was added and concentrated in vacuo to remove residual formic acid, 

yielding a white solid (1.87, 100%). 
1
H NMR (400 MHz, MeOD): ! = 2.29 (s, CH2, 

12H).  
13

C NMR (400 MHz, MeOD): ! = 29.39, 31.40, 93.85, 175.65. 

Synthesis of di-tert-butyl 4-amino-4-(3-tert-butoxy-3-oxopropyl)heptanedioate,  

“Behera’s Amine” 2. A solution of nitrotriester (10.00 g, 22.4 mmol) in ethanol/ 

dichloromethane (10:1, 150 mL) was prepared and added to a Parr hydrogenation bottle. 

Raney nickel (4.5 g, 76.67 mmol) was added to the vessel and was shaken at 65 psi for 

48 h at room temperature. The suspension was allowed to settle and solvent was 

decanted, followed by subsequent addition of dichloromethane and collection by 

decanting the solvent. The collected solutions were combined and concentrated under 

reduced pressure to yield the white aminotriester 2. (9.05 g, 97%) 
1
H NMR (400 MHz, 

MeOD): ! = 1.445 (s, CH3, 27H), 1.62 (t, CH2, 6H), 2.26 (t, CH2, 6H). 
13

C NMR (400 

MHz, MeOD): ! = 26.68, 26.88, 29.39, 33.61, 51.97, 80.07, 173.37. 

Synthesis of 9 Cascade: nitromethane [3]: (2-aza-3-oxopenylidyne): propionioate 

(Dendron: G2) 3. To a sealed three-neck 250 mL round bottom flask, a solution of 

nitrotriacid, 1, (1.11 g, 4.01 mmol) in dried THF (50 mL), 1-hydroxybenzotriazole 

(HOBt) (1.95 g, 14.43 mmol), and DCC (2.97 g, 14.43 mmol), were added sequentially 
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and stirred under argon. After 2.5 h, Behera’s amine, 2, (6.00 g, 14.43 mmol) was added 

to the solution and the reaction proceeded at room temperature for 40 h. The reaction 

mixture was filtered, and the filtrate was concentrated under reduced pressure. The crude 

product was purified using column chromatography, eluting with hexane/ethyl acetate 

(3:2) to afford the desired dendron, G1, 3, (5.65 g, 96%). 
1
H NMR (400 MHz, MeOD): ! 

= 1.44 (m, CH3, 81H), 1.95 (m, CH2, 18H), 2.21 (m, CH2, 30H), 6.92 (s, NH, 3H). 
13

C 

NMR (400 MHz, MeOD): ! = 28.04, 29.74,29.85, 31.28, 57.56, 80.69, 92.47, 170.46, 

172.76.  

Deprotection of Dendron (G2). To a 250 mL round bottom flask, a solution of dendron 

(G2) and formic acid (35 mL) was stirred at room temperature for 12 h. After the solvent 

was removed under reduced pressure, toluene was added and concentrated in vacuo to 

remove residual formic acid to yield nona-acid (5.58 g, 100%).  
1
H NMR (400 MHz, 

MeOD): ! = 1.95 (m, CH2, 18H), 2.21 (m, CH2, 30H), 6.92 (s, NH, 3H). 
13

C NMR (400 

MHz, MeOD): ! = 29.74, 29.85, 31.28, 57.56, 92.47, 170.46, 172.76. 

Synthesis of (Dendron:G3) 12. To a sealed 250 mL three neck round bottom flask, a 

solution of nona-acid (1.93 g, 2.01 mmol) in dried DMF (50 mL), 1-

hydroxybenzotriazole (HOBt) (2.92 g, 21.65 mmol), and DCC (4.47 g, 21.65 mmol), 

were added sequentially and stirred under argon at 4 °C. After 2.5 h, Behera’s amine, 2, 

(9.00 g, 21.65 mmol) was added to the reaction mixture and the reaction was run at room 

temperature for 40 h. The reaction mixture was filtered and dialyzed (MWCO:1000) in 

methanol and then dichloromethane. After dialysis, the product was collected and 

concentrated in vacuo to yield a white solid (6.21 g, 77%). 
1
H NMR (300 MHz, MeOD): 

! =1.44 (s, CH3, 243H) 2.17 (t, CH2, 84H), 1.98 (t, CH2, 72H). 
13

C NMR (400 MHz, 
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MeOD): ! = 26.13, 26.99, 27.73, 28.29, 28.98, 29.20, 30.30, 30.95, 32.54, 32.70, 33.68, 

33.87, 50.84, 50.92, 57.29, 67.78, 80.18, 92.59, 172.91, 177.26.  

Deprotection of Dendron G3. To a 250 mL round bottom flask, dendron (G3), 12, was 

dissolved in formic acid (40 mL) and stirred for 12 h at room temperature. The solvent 

was removed under reduced pressure, and the crude product was dialyzed in methanol 

and dichloromethane (MWCO: 1000). After dialysis, the product was collected and 

concentrated in vacuo to yield a white solid (3.52 g, 85%).  
1
H NMR (300 MHz, MeOD): 

! = 2.17 (t, CH2, 84H), 1.98 (t, CH2, 72H). 
13

C NMR (400 MHz, MeOD): 26.13, 27.73, 

28.29, 28.98, 29.20, 30.30, 30.95, 32.54, 32.70, 33.68, 33.87, 50.84, 50.92, 57.29, 67.78, 

92.59, 172.91,177.26. 

G3(LLBoc27), (N-Boc-1,6-diaminohexane attachment to G3 dendron acid G3OH) 

14. G3OH (1.04 g, 0.34 mmol) was dissolved in dry DMF (150 mL) and was stirred in a 

sealed 250 mL round bottom flask under argon at 4 °C with HOBt (3.75 g, 27.78 mmol) 

and DCC (5.73 g, 27.78 mmol). After 2.5 h N-Boc-1,6-diaminohexane (6.00 g, 27.78 

mmol) was dissolved in DMF and added, and the  reaction was allowed to proceed for 48 

h. Upon completion, the material was filtered, concentrated, and dialyzed (MWCO: 

1000) in methanol and dichloromethane and concentrated in vacuo to yield a brown solid 

(2.50 g, 87%). 
1
H NMR (300 MHz, MeOD): ! =1.44-1.35 (s, CH3, CH2, 459H) 2.17 (t, 

CH2, 84H), 1.98 (t, CH2, 72H), 3.03 (t, CH2, 54H), 3.16 (t, CH2, 54H).
 13

C NMR (400 

MHz, MeOD): 24.62, 25.66, 26.03, 27.02, 28.73, 29.88, 30.26, 30.58, 38.92, 39.19, 

57.52, 78.33, 112.41, 115.32, 118.24, 160.98, 161.32, 161.67, 174.05.  
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Deprotection of G3(LLBoc27). G3(LLBoc27) was dissolved in (50/50) 

dichloromethane/TFA (30 mL) solution and allowed to stir at room temperature for 12 h 

in a 250 mL round bottom flask. The crude product was concentrated and dialyzed 

(MWCO: 1000) in methanol for 2 days. After dialysis, the material was concentrated in 

vacuo to yield a white solid G3(LLNH2)27,  (1.08 g, 64%). 
1
H NMR (300 MHz, MeOD): 

! =1.10-1.60 (s, CH3, CH2, 216H) 1.7-2.2 (t, CH2, 156H), 3.03 (t, CH2, 54H), 3.16 (t, 

CH2, 54H). 
13

C NMR (400 MHz, MeOD): 25.66, 26.03, 27.02, 28.73, 29.88, 30.26, 

30.58, 38.92, 39.19, 57.52, 112.41, 115.32, 118.24, 160.98, 161.32, 161.67, 174.05. 

G3LL(NH2)14-Cyclohexyl13, (2-cyclohexyl acetyl aldehyde attachment) 17. 

G3(LLNH2)27, (0.412  g, 72.52 "mole) was dissolved in dry 1:1 THF/DCM (10 mL)  

together with dry methanol (1 mL) in a 6 dram vial. 2-cyclohexylacetyl aldehyde (0.169 

g, 1.34 mmol) was added and allowed to react for 30 min at room temperature. Sodium 

cyanoborohydride (0.123 g, 1.96 mmol) and saturated sodium bicarbonate were then 

sequentially added and allowed to stir for 1 h. The crude materials were filtered and 

dialyzed (MWCO: 1000) in methanol. The dialyzed material was then concentrated to 

afford a white solid (102.1 mg, 20%). 
1
H NMR (300 MHz, MeOD): ! =1.20-1.85 (s, 

CH3, CH2, 385H) 1.98 (broad s, CH2, 72H), 2.17 (broad s, CH2, 84H), 2.59 (broad s, 

CHNHCH2, 52H), 2.87 (broad s, NH2CH2, 28 H), 3.16 (broad s, CONHCH2, 54 H). 
13

C 

NMR (400 MHz, MeOD): 24.65, 24.69, 24.74, 25.74, 25.87, 25.93, 26.01, 26.11, 26.36, 

26.48, 29.02, 29.02, 32.42, 32.68, 32.77, 32.92, 33.02, 35.90, 41.24, 44.81, 51.17, 68.23, 

160.98, 161.32, 161.67, 174.14. 

G3LL(Cyclohexyl13)(Guanidine14) 18. A solution of G3LL(NH2)14-Cyclohexyl13 

dendrimer (102.1 mg, 14.36 "mmol), was dissolved in cooled dichloromethane (12 mL) 
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in a 100 mL round bottom flask. Triethylamine (TEA) (0.315 mL) was added, followed 

by addition of N,N’-diboc-N”-trifylguanidine (101.1 mg, 0.258 mmol) and the reaction 

was stirred for 48 h at room temperature. The crude material was dialyzed (MWCO: 

1000) in methanol and after dialysis concentrated to yield a white solid (75.1, 31%). 
1
H 

NMR (400 MHz, MeOD): ! =1.20-1.85 (s, CH3, CH2, 459H) 1.98 (broad s, CH2, 72H), 

2.17 (broad s, CH2, 84H), 2.59 (broad s, CHNHCH2, 52H), 2.87 (broad s, NH2CH2), 3.16 

(broad s, CONHCH2, 54). 
13

C NMR (400 MHz), MeOD): ! = 25.68, 25.75, 25.84, 25.91, 

25.99, 26.71, 26.80, 26.87, 27.22, 27.24, 29.70, 30.44, 32.39, 32.59, 32.64, 35.38, 50.86, 

50.97, 80.66, 82.48, 82.57, 83.88, 115.01, 115.11, 115.21, 118.20, 118.28, 118.40, 

121.39, 121.45, 121.59, 124.57, 124.63, 124.78, 149.97, 151.72, 151.75, 153.00, 157.19, 

173.91. 

Hydrogenation of G3LL(Cyclohexyl13)(Guanidine14) dendrimer 19. To a Parr 

hydrogenation bottle G3LL(Cyclohexyl13)(Guanidine14) dendrimer (47.1 mg, 22.4 

"mole) was added and dissolved in dichloromethane (5 mL). Raney nickel (200 mg) and 

ethanol (100 mL) were added to the Parr vessel and the reaction mixture was 

hydrogenated at 65 psi for 5 days. Product development was confirmed using thin layer 

chromatography, and the material was filtered through filter paper and concentrated to 

afford a brown solid (32.3 mg, 68%). 
1
H NMR (400 MHz, MeOD): ! =1.20-1.85 (s, CH3, 

CH2, 459H) 1.98 (broad s, CH2, 72H), 2.17 (broad s, CH2, 84H), 2.59 (broad s, 

CHNHCH2, 52H), 2.87 (broad s, NH2CH2), 3.16 (broad s, CONHCH2, 54). 
13

C NMR 

(400 MHz), MeOD): ! = 25.68, 25.75, 25.84, 25.91, 25.99, 26.71, 26.80, 26.87, 27.22, 

27.24, 29.70, 30.44, 32.39, 32.59, 32.64, 35.38, 50.86, 50.97, 80.66, 82.48, 82.57, 83.88, 
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115.01, 115.11, 115.21, 118.20, 118.28, 118.40, 121.39, 121.45, 121.59, 124.57, 124.63, 

124.78, 149.97, 151.72, 151.75, 153.00, 157.19, 173.91. 

 

Labeling 

Amine G3LL(Cyclohexyl13)(Guanidine14 ) dendrimer (8.33 mg, 0.793 "mole) 

was dissolved in DMSO (20 "L). Alexa Fluor ® 488 succimidyl ester (2.00 mg, 3.11 

"mole) dissolved in DMSO was added to the solution in a 1 dram vial and  allowed to 

stir for 2 h at room temperature. The crude material was dialyzed (MWCO: 1000) in 

methanol and dichloromethane. Then the dialyzed material was concentrated to afford 

the labeled product (7.12 mg, 71%). The labeled Cyclohexyl13 Guanidine14 G3 dendrimer 

was dissolved in (50/50) dichloromethane/TFA (30 mL) solution and allowed to stir at 

room temperature for 3 h in a 1 dram vial. The crude product was concentrated, and then 

dialyzed (MWCO: 1000) in methanol and dichloromethane. The dialyzed material was 

then concentrated to yield product (4.31 mg, 89%). 

Confocal Microscopic Analysis 

For colocalization studies, the culture medium was removed, and the cells were 

washed in phosphate-buffered saline (PBS), pH 7.4. The cells were incubated with !5 

µM Cyclohexyl13 Guanidine14 G3 dendrimer in serum-free MEM (#-MEM [no phenol 

red]; Invitrogen) for 45 min.  Mitotracker CMXRos was added to achieve a final 

concentration of 100 nM for the last 15 min of the incubation. Cells were washed three 

times with serum-free MEM. After washing, serum-free MEM was added and live cell 

imaging was performed using an inverted Zeiss LSM 510 confocal microscope (40$). 
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The excitation wavelength for imaging of the labeled dendrimer was 488 nm, and 

emission was collected from 505 to 530 nm. The excitation wavelength for visualization 

of Mitotracker CMXRos was 543 nm, and emission was collected with a long-pass 560 

nm filter. Differential interference contrast (DIC) images were taken along with both 

fluorescence channels, and no bleed-through was observed during colocalization studies 

using these parameters. The fluorescence images were processed using Image J software 

program to determine Pearson’s Correlation Coefficient  (Rr), and values reported reflect 

an average of values obtained from cells (~30 cells) over multiple experiments (%3 days). 

The background was subtracted from the images with a manually selected region of 

interest. Mitotic and unhealthy cells, as assessed by DIC, were excluded from analysis. 

To avoid large differences in signal intensity between fluorescence channels that can 

introduce artifacts, cells with comparable signals from both channels were used for 

calculations. 
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 CHAPTER V 

 

CONCLUSION AND FUTURE OUTLOOK 

 

The work presented demonstrates the development of dendrimer systems as 

delivery platforms. The systems were created using two structural approaches, which 

include second generation and third generation molecular transporters. In one approach, 

the second generation transporter was attached to a recombinant antibody to form a 

bioconjugate. To construct the conjugate, several investigations were conducted to 

determine the optimized attachment conditions. The bioconjugate was then used to 

provide delivery of the antibody to the cytosol for neutralization against rotavirus in vitro.  

The neutralization of rotavirus by the bioconjugate indicates promise as an effective 

design for viral treatment and suggest potential to be used for other applications. 

Furthermore, as cellular entry is a critical component in many forms of therapeutics and 

other compounds alike, providing transport of compounds for biological application, 

cellular labeling, or even diagnostic approaches are viable directions for using the second 

generation dendrimer. 

In another investigation, third generation dendrimers were developed with the 

desire to investigate new libraries of dendritic structures. The macromolecules were 

synthesized to feature ethyl and alkyl dendritic peripheral arms. In addition, structures 

were synthesized that could be well characterized. Future investigations to evaluate 

cellular distribution of dendrimers in vitro are of interest. Furthermore, because the 

higher order generation structures feature regions of void space, these regions can be 
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investigated for compound retention as an additional approach for delivery of 

therapeutics.   

 Due to the ability to synthesize facile structures using third generation platforms, 

several compounds were synthesized to feature multi-valent peripheries. The 

investigation of the constructs was found to provide targeting to cellular mitochondria. 

This was achieved using a variation in termini head groups to feature a 50/50 ratio of 

lipohilic and cationic functionality. The results from these findings highlight the ability of 

to develop structures for organelle targeting to mitochondria. Using this strategy, 

additional structures featuring different end group functionalities may prompt further 

advancement as an approach for delivery systems. The use of structures featuring large 

generations of structures enables the most facile approach for creating such architectures 

and may be expanded to incorporate other functional groups. Furthermore, there are other 

intracellular compartments that would benefit from targeted systems and the 

manipulation of these termini groups suggest potential for creating additional targeted 

structures specific to those organelles. The development and application of targeted 

structures provide a means of intracellular identification and vehicle of delivery for 

therapeutic treatment and could be used to probe further understanding of other 

deleterious conditions linked to organelle dysfunctions.   

 The macromolecules reported provide a useful platform for the use of 

dendrimers as compounds for potential vehicles for selective delivery. They also suggest 

potential as effective building blocks that could enhance the delivery of current and novel 

therapeutic formulations. While guanidine functionalized dendrimers suggest the greatest 



! #$#!

potential in vitro system combinatorial approaches using hybrid systems featuring 

dendrimers may pave the way for further uses of dendrimers in vivo. 

 


