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Summary 

Dendritic polymers have attracted a great deal of scientific interests due to their well-defined 

unique structure and capability to be multifunctionalized.  Here we present a comprehensive 

overview of various dendrimer-based nanoparticles that are currently being investigated for drug 

delivery and diagnostics applications.   Through a critical review of the old and new dendritic 

designs, we highlight the advantages and disadvantages of these systems and their structure-

biological property relationships.  This paper also focuses on the major challenges facing the 

clinical translation of these nanodevices, and how these challenges are being (or should be) 

addressed, which will greatly benefit the overall progress of dendrimer-based technologies for 

theranostics. 
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Introduction 

Dendrimers and other dendritic polymers have great potential as multifunctional nano-scale 

devices because of the uniqueness of their structures and precise controllability over their 

physical and biological properties.  Dendrimers are nanometer-sized (2-10 nm in diameter), 

monodispersed, regularly hyperbranched, flexible macromolecules with a large number of 

peripheral functional groups.[1-3]  Unlike conventional hyperbranched polymers, the high 

level of molecular regularity of dendrimers places these nanomaterials in a unique position to be 

used for a variety of biomedical applications.[4, 5]  The high branching degree of dendrimers 

enables facile multifunctionalization through conjugation of multiple chemical and/or biological 

moieties to their surface.[6]  Importantly, precisely controlled surface chemistry, along with 

flexibility and deformability of the dendritic structure, has enabled these molecules to effectively 

mediate the strong multivalent binding effect that substantially increases binding strength to 

biological targets.[7, 8]  The periphery and two additional functional domains of dendrimers 

(core and branches) can be tuned to modulate properties, such as: molecular weight, generation 

(size), surface charge, and functionality as shown in Figure 1A.[1, 9]  These physical properties 

play a key role in determining biological properties of the dendrimers such as toxicity, 

biodistribution, circulation time, intracellular uptake, trafficking and fate.[7, 10, 11]  Although 

further work is still warranted to achieve widespread clinical use,[1, 12] dendrimers have shown 

great potential for clinical translation, as highlighted by several recent reviews.[13-17].  

The notable success of dendrimers has inspired the design of various hybrid nanomaterials 

that incorporate dendritic wedge-shaped sections of dendrimers, or dendrons (Figure 1B).  Such 

designs have been developed with the purpose of combining the advantages of dendrimers with 

those of other organic and/or inorganic materials.[18, 19]  Inclusion of dendrons into polymer 



 4 

designs facilitates the synthesis of widely diverse and unique structures that can adopt the 

multivalent and multifunctional capabilities of dendrimers as summarized in Figure 2.  

Amphiphilic linear dendron-based block copolymers (LDBC) (Figure 2A-C) are particularly 

promising because of their ability to be mixed together using a modular approach and to self-

assemble into micelles.[18] By forming a core-shell micelle, the hydrophobic core can be used 

to carry a large number of hydrophobic drug molecules, while a dense hydrophilic layer is 

projected outward due to the dendritic topology.[20, 21]  In addition to micelle formation using 

LDBCs, unique polymersome-like self-assemblies can be formed from amphiphilic dendrimers 

(Figure 2G).  Developed by the Percec group, Janus dendrimers can self-assemble into nano-

scale polymeric vesicles exhibiting low polydispersity and material properties superior to 

liposomes and conventional polymersomes.[22]  These ‘dendrimersomes’ have received much 

attention due to their great potential for use as nanocarriers because of their well-controlled 

structure, high strength, and ability to encapsulate both hydrophilic and hydrophobic drug 

molecules.[22, 23]  Hybrid dendrimer-based nanomaterials can add to the previously enumerated 

advantages of plain dendrimers and offer unique physicochemical properties that can be 

functionally tuned to improve upon previously investigated dendritic structures.  

The combination of dendrimer-based nanomaterials with various types of polymers is a 

promising alternative approach that can be used to enhance the therapeutic efficacy and broaden 

the applications of dendritic materials.  For example, our group has been investigating hybrid 

nanoparticles (NPs) that are a combination of dendrimers and biodegradable polymeric NPs to 

enhance the control over cellular targeting kinetics of ligand-functionalized dendrimers.[24]  

Additionally, we have developed a device using antibody-functionalized dendrimers that 

displayed high sensitivity and selectivity to tumor cells for the early detection of metastatic 
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cancer.[8]  These alternative uses of dendrimers clearly demonstrate their versatility and their 

ability to be incorporated into the design of novel functional biomaterials, which has the 

potential to greatly impact the progression of disease therapy and diagnosis, particularly for 

cancer. 

In this perspective article, we summarize promising dendritic systems that have been 

designed for drug delivery and diagnostic applications.  First, we briefly describe well-

established synthetic routes of dendrimers.  Second, structure-related biological interactions of 

dendrimers are described to potentiate the importance of how toxicity, biodistribution, cellular 

uptake, and multivalent binding interactions can be controlled through the appropriate choice of 

material.  We will then continue by discussing the advantages and disadvantages of dendrimers, 

dendritic-block copolymers, dendrimersomes, and hybrid dendrimer-based nanomaterials with 

examples to ultimately summarize the challenges regarding the clinical translation of these 

materials.  Lastly, summary and future perspective sections will provide guidelines to follow for 

developing novel dendrimer-based therapies. 
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Synthetic routes of dendrimers 

The controllability of dendrimer synthesis has engendered the development of many diverse 

dendritic structures with different backbones and surface functional groups.  Two major 

synthetic routes have been developed to synthesize dendrimers as depicted in Figure 3.  First 

developed by Donald Tomalia and his colleagues, divergent synthesis utilizes a polyfunctional 

core where through successive activation and condensation reactions, the dendrimer grows 

radially from the core to the surface.[25]  In contrast, convergent synthesis, developed by Craig 

Hawker and Jean Fréchet, enables dendrimers to be synthesized radially from the surface to the 

focal point.[26]  Although the final structures produced using each method are similar, there are 

pros and cons for each method.  Divergent synthesis is most widely adopted and is the preferred 

method for large scale manufacturing of dendrimers.[2]  However, this method often results in 

dendrimer products with defects such as missing arms and dimers/trimers.  This is mostly 

encountered with higher generation dendrimers, due to the growing number of simultaneous 

reactions with each generation increase and increasing steric hindrance at the periphery.  Using 

convergent synthesis, dendrimer defects can be minimized because instead of synthesizing the 

entire dendrimer from one starting point, individual dendrons are produced and purified first 

before being combined with a polyfunctional core to complete the dendrimer structure.[27]  This 

method, however, still has its disadvantages.  For example, the additional number of steps 

necessary to produce the same dendrimer structure compared to divergent synthesis, the large 

amount of starting materials required, and low yields when synthesizing larger dendrimers 

because of steric hindrance at the focal point.  For this reason, other synthetic methods have been 

developed to overcome these shortcomings, such as double-stage convergent growth,[28] 

orthogonal synthesis,[29] double exponential growth,[30] and orthogonal coupling.[31]  
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Regardless of the synthetic route employed, the design of the dendrimer and the resulting 

parameters such as size, surface charge, and polymer backbone structure are important factors 

that will ultimately direct its biological interactions.   
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Biological Interactions 

Toxicity, biodistribution, and pharmacokinetics 

Designing dendritic polymers that exhibit low levels of toxicity with favorable 

biodistribution profiles is important for these materials to reach clinical translation.  Recognizing 

the importance of achieving controlled biological interactions; this section will provide 

guidelines as to how dendritic structures can be modulated to achieve this aim.  Dendrimer 

structure-related toxicity and biocompatibility was reviewed thoroughly by Duncan et al.[32]  

This review provided a summary of additional evidence that supports previous observations by 

Malik et al.[33] where the most important factors found to impact the cytotoxicity and 

biocompatibility of dendrimers were surface charge and generation.[32]  By far, polyamine 

dendrimers such as poly(amidoamine) (PAMAM) and poly(propylenimine) (PPI) have been 

most widely investigated in the literature due to their ease of functionalization through amine-

based chemistries and because of their commercial availability.  The toxicity of PAMAM 

dendrimers with increasing generation number can be attributed to the increased number of 

positive charges per molar concentration and increased contact area of the dendrimer with the 

cell membrane.[10]  It was further shown by Hong et al. using a combination of analytical 

techniques that the electrostatic interactions of cationic dendrimers with cell membranes induced 

nano-scale hole formation through reversible (to an extent) membrane destabilization 

mechanisms.[10, 11, 34]  Taken together, these studies by Malik et al. and Hong et al. highlight 

the need to remove positive charges from the surface of the dendrimer (by acetylation, 

carboxylation, or PEGylation (coating the surface with poly(ethylene glycol) (PEG))[35] to 

achieve desirable cytotoxicity profiles.  
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To counteract the high toxicity and poor degradability of polyamide dendrimers, alternatively 

structured dendrimers based on polyester backbones such as 2,2-bis(hydroxymethyl) propionic 

acid have been prepared.[36, 37]  These polyester dendrimers exhibited much lower toxicities 

due to the reduced non-specific cellular interactions because of the presence of hydroxyl groups 

on the surface.[38]  For example, even at a concentration of 20 mg/mL after 48 h incubation with 

B16F10 melanoma cells, polyester dendrimers maintained approximately 60% cell viability.[39]  

The reduction in toxicity is significant compared to amine-terminated dendrimers where IC50 

(half maximal inhibitory concentration) values were reported as low as 50 μg/mL after 72 h 

incubation using the same cell line.[33]  These results emphasize that the use of biodegradable 

dendrimers lacking positive surface charges (neutral or negative) enhances their biocompatibility.  

However, the use of surface charge modified-polyamine dendrimers is still appropriate for many 

biomedical applications and should not be excluded from use based only on this fact. 

The biodistribution of dendrimers has been investigated to establish similar relationships 

with regard to generation and surface composition as accomplished for toxicity.  For multimodal 

imaging, Margerum et al. reported a generation-dependent biodistribution of PAMAM 

dendrimers that were radiolabeled with gadolinium (Gd) using magnetic resonance imaging 

(MRI).[40]  The liver accumulation of G5 dendrimers after 7 days was significantly higher than 

lower generations evaluated (G2-4).  Due to the need to modify the surface of each dendrimer for 

imaging purposes, their biodistribution profiles may be significantly altered by the choice of the 

imaging probe depending on their molecular weight and surface composition.  125I-labeled 

anionic dendrimers displayed 10-20 fold enhancements in circulation times when given to Wistar 

rats compared to cationic dendrimers.[33]  However, both types of dendrimers primarily 
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accumulated in the liver after 1 h; thus indicating that the choice of dendrimer surface 

functionality must be carefully considered to enhance their biodistribution profiles. 

PEGylation is another frequently used method to enhance the pharmacokinetic parameters of 

dendrimers and other nanoparticles by providing stealth-like attributes.[41]  Avoidance of 

opsonization and reduced recognition by the mononuclear phagocyte system (MPS) can 

ultimately enhance the blood circulation times of dendrimers.  For example, PEGylated G4 and 

G5 Lysine-modified PAMAM dendrimers showed dramatically increased circulation times 

compared to non-PEGylated dendrimers where only less than 10% of the injected dose was 

detected in the blood after 15 min.[42]  The authors surmised that the enhancement in circulation 

time was probably due to the increased molecular weight and high degree of PEG surface 

coverage.  Based on these findings, a full surface coverage of PEG would be important for long-

circulating dendrimers and to achieve a favorable pharmacokinetic profile. 

As dendron-based materials have been less investigated than dendrimers, generalities with 

respect to toxicity and in vivo properties cannot be made.  Each system is inherently different and 

therefore it is necessary to evaluate each property on an individual basis to ensure that each 

desired biological property is satisfied.  It is expected, however, that structural properties such as 

size, backbone composition, and surface charge will follow trends observed with dendrimers.  

Poon et al. studied the biodistribution of 111In-labeled PEGylated G4 LDBC micelles in tumor-

xenografted nude mice.[43]  After 5 days, LDBC micelles accumulated in all vessel-rich organs 

initially, and most of the micelles were cleared from the body by day 5.  The blood concentration 

decreased three times more rapidly for LDBC micelles in non-tumored control mice than tumor-

bearing mice, which was attributed to the accumulation of micelles into the tumor by the 

enhanced permeability and retention (EPR) effect.  Hybrid “bow-tie” dendrimers were 
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synthesized by Gillies et al. comprised of two non-symmetric polyester dendrons.[44]  The 

“bow-tie” dendrimers with molecular weights greater than 40 kDa displayed significantly 

increased circulation times most likely due to the decreased molecular flexibility of higher 

generation dendrimers and difficulty to be eliminated by the filtration mechanisms present in the 

kidney as was similarly observed for dendrimers.[42]  The conclusions that can be drawn from 

these studies are that PEGylated dendron-based nanocarriers exhibit low toxicity because of their 

biocompatible/degradable polyester backbone structure and the lack of high-density positive 

charges.  The presence of high density PEG layers also increases the circulation time by 

decreasing the clearance rates of the polymers through glomerular filtration mechanisms in the 

kidney.  

 

Intracellular uptake 

Once a dendritic polymer successfully reaches the appropriate site of action in vivo, it is 

faced with another barrier, cell entry.   For a dendrimer to elicit the desired biological response, 

whether therapeutic or diagnostic, it is crucial that it be able to cross cell membranes.  Many 

pathways have been proposed as mechanisms responsible for the internalization of dendrimers.  

It is not surprising that just as toxicity and biodistribution can be controlled through the choice of 

dendrimer generation, shape, surface charge, and surface ligands, the same can be applicable for 

internalization mechanisms.[45]  Many groups have revealed various mechanisms of PAMAM 

dendrimer internalization and have been summarized elsewhere.[46]  The mechanisms 

underlying cellular internalization of dendrimers have been the subject of considerable scientific 

debate.  Using Caco-2 cells, Kitchens et al. found that amine-terminated PAMAM and 

carboxylated PAMAM dendrimers internalized using clathrin-dependent endocytosis.[47]  This 
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result was independently confirmed using HeLa cells where amine-terminated PAMAM and 

partially acetylated PAMAM dendrimers internalized using a combination of clathrin-mediated 

endocytosis and macropinocytosis.[48]   

The confusion related to cellular internalization occurred when Perumal et al. showed using 

A549 cells that carboxylated PAMAM dendrimers internalized via a caveolae-mediated 

mechanism, while neutral or amine-terminated PAMAM dendrimers internalized using non-

clathrin/non-caveolae-mediated mechanisms.[49]  Hong et al. studied the cellular internalization 

mechanisms of amine, carboxyl, and acetylated G7 PAMAM dendrimers.[11]  A combination of 

fluorescently-labeled endocytic markers (cholera-toxin subunit B (CTB), transferrin (Tf), and 

ganglioside GM1-pyrene) were employed to study the different endocytosis mechanisms of 

PAMAM dendrimers.  As observed using confocal microscopy, amine-terminated G7 PAMAM 

dendrimers co-localized with CTB in KB and Rat2 cells.  Acetylated and carboxylated 

dendrimers did not internalize into these cells at the incubation times tested.  CTB internalizes 

via a caveolae-mediated mechanism after interaction with membrane bound GM1.  Thus the co-

localization of amine-terminated PAMAM dendrimers with CTB indicated a caveolae-mediated 

uptake mechanism, which agreed with the results of Perumal et al.  To determine the role of GM1, 

if any, in moderating the internalization of G7 PAMAM dendrimers, experiments were repeated 

using C6 cells, which are deficient in GM1.  Surprisingly, amine-terminated PAMAM 

dendrimers were still internalized at 37 °C, indicating that there may be multiple internalization 

pathways activated during dendrimer internalization.  Experiments performed at 4 °C (inhibition 

of energy dependent cellular uptake) still showed the internalization of amine-terminated 

PAMAM dendrimers suggesting that the uptake was not necessarily energy dependent.  Each of 
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the studies mentioned clearly demonstrate that cellular internalization is complex and highly 

dependent on a number of material properties and cell type.   

The conclusion that can be drawn from these studies is that just as the toxicity and 

biodistribution profiles of different dendritic structures are influenced by material properties, 

internalization data can be used to design nanocarriers with desired routes of cellular uptake for 

an additional level of drug delivery, subcellular targeting.[50]  In all cases, a new dendrimer-

based material should be evaluated individually to ensure an appropriate description of its 

biological properties.      

 

Multivalent interactions 

Multivalent interactions are characterized by the simultaneous binding of multiple ligands to 

multiple receptors.[51]  These interactions have been found to play a pivotal role in numerous 

biological processes from adhesion of viral particles to cell surfaces, bacterial, cell-to-cell 

binding, efficient signaling between cells, antibody-antigen interactions, and prevention of 

undesired interactions.[51-53]  These physiological and pathological processes have spawned the 

development of many new biomimetic materials attempting to exploit these interactions.  Many 

advantages are observed when using materials that employ multivalent ligands.  Most notably, 

this binding results in an enhancement of binding strength through amplification of pre-existing 

ligand-receptor interactions.[51, 53, 54]  For this reason, ligands for multivalent binding have 

been engineered into a multitude of nanocarriers with the aim to improve nanocarrier-target cell 

binding interactions and increase specificity.  Dendrimers are an ideal platform to study 

multivalent interactions because of their high number of surface groups and ability for structural 

deformation to optimize ligand orientation and maximize substrate binding.[55]  The earliest 
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studies describing the multivalent binding of dendrimers were performed using mannoside-

functionalized dendrimers.  When 16 mannoside moieties were conjugated to the dendrimer, a 

significant enhancement in the binding avidity towards concanavalin A (Con A) and pea lectins 

was observed compared to single binding pairs.[56]  However, the enhancement in binding 

avidity can only be increased to a certain level before saturation of available binding sites and/or 

steric hindrance from additional ligands on the dendrimer surface will negatively affect 

binding.[57]  

To enhance the multivalent binding effect, incorporation of flexible chemical linkers such as 

PEG can confer preferred geometric orientation of ligands towards their appropriate receptor in a 

thermodynamically favorable manner.[58-61].  Ligand numbers and parameters of the polymer 

such as size, shape, and density of ligands can greatly affect multivalent interactions.  To 

investigate the role of polymer architecture and ligand presentation on receptor binding, 

Gestwicki et al. evaluated a set of 28 mannose-containing ligands, which varied in size, shape, 

and number.[62]  Ligands from five architectural classes (low molecular weight, dendrimer, 

bovine serum albumin (BSA), linear, and polydisperse polymers) were subjected to high-

throughput assays to evaluate receptor clustering (number and rate) and receptor proximity to 

Con A.  The results obtained indicate that the number of ligands and their surface presentation 

were the most important parameters, in addition to the multivalent ligand architecture.  

Dendrimer-mediated multivalent interactions can also have a significant impact on improving 

the efficacy of targeted drug delivery systems for the treatment of cancer.[7, 8, 63-66].  To 

quantify the dendrimer-mediated multivalent binding effect, Hong et al. measured the binding 

avidities of G5 PAMAM dendrimers functionalized with different numbers of folic acid (FA) 

using surface plasmon resonance (SPR).[7]  Binding avidities of multi-functionalized dendrimers 
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towards folate binding protein (FBP) were enhanced up to 170,000-fold greater compared to free 

FA.  However, increased numbers of FA conjugated per dendrimer (~7 FA) led to the 

deterioration of material properties (increased polydispersity index (PDI) and poor water 

solubility).  Using fluorescence-activated cell sorting (FACS), saturation behaviors were 

observed in KB cells overexpressing FA receptor (FAR).  When the number of FA per dendrimer 

was increased to over 7, marginal improvement in cell binding was observed.  These results 

indicate that there is an optimal number of ligands that should be conjugated per dendrimer to 

achieve maximal multivalent binding effect without decreasing the structural homogeneity of the 

materials.  Therefore, to optimize multivalent interactions for any material, architectural 

parameters of the mediator such as size, shape, and surface ligand density should be considered 

critically.[62]  Additionally, the incorporation of flexible chemical linkers and less than complete 

surface coverage by ligands would likely increase the multivalent binding effect.  Overall, the 

large variation in materials, ligands, and receptors indicates that multivalent interactions should 

be optimized on a case-by-case basis.   
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Advancement of dendritic designs for drug delivery and other applications 

Dendrimers 

Advantages and Disadvantages 

The success of dendrimers as targeted drug delivery vehicles has fostered their use in a 

variety of therapeutic applications from cancer therapy to diagnostic imaging.[13, 15, 46, 67, 68]  

For biological applications in particular, dendrimers possess a number of advantages in terms of 

both structure and function.  The well-defined architectures, precise controllability of the 

functionality of their large number of surface groups, and high deformability allow their 

biological interactions to be engineered at a molecular level.  The synthesis of dendrimers with 

extremely low PDIs (1.0005 to 1.1)[2] can now be easily achieved at large scales, which 

separates them from other nanocarriers based on conventional polymers (note that most of the 

condensation polymers typically exhibit PDI values higher than 2.0).  The well-defined 

architectures offer great promise because of their ability to be characterized with minimal batch-

to-batch variations, which could ultimately facilitate their translation to the clinic.  Due to the 

vast array of small chemical building blocks that dendrimers can be synthesized from, functions 

such as biodegradability, stimuli-responsiveness (pH, temperature, enzyme, reducible, ultraviolet 

light), and surface functionality (targeting, imaging, therapeutic) can be incorporated into their 

designs.  Notably, the flexibility of their structure has been shown to enable the formation of 

strong multivalent interactions between surface-conjugated ligands and receptors, leading to 

enhanced targeting efficacy of drug payloads.[7, 69]  

Despite the advances made with dendrimers as drug delivery vehicles, they are still faced 

with challenges related to synthesis and in vivo performance.  For example, the multiple steps 

involved in the synthesis of multifunctional dendritic nanodevices can often result in great batch-
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to-batch variability and deterioration of the material’s homogeneity.[70]  The Baker group 

developed a one-pot synthetic approach to address this issue.[71]  By precisely controlling the 

mixing ratio of ligand to dendrimer, well-defined materials can be created without the need for 

sequential conjugation and purification.  Another potential pitfall of dendrimer conjugates is that 

the attachment of multiple molecules can often result in a population of conjugates with a wide 

distribution of number of ligands where the arithmetic mean of the number of ligands does not 

necessarily represent the most common species in the population.[72]  This could potentially 

lead to inconsistent and sometimes biologically inactive batches of conjugates during large-scale 

production.  In a recent attempt to achieve better control over dendrimer-ligand distribution, FA-

targeted dendrimer-MTX conjugates were synthesized with precisely controlled ratios of FA and 

MTX, by attaching those molecules to a triazine linker first, followed by conjugation to 

dendrimer surfaces by click chemistry.[73]    

The in vivo fate of targeted dendrimer conjugates remains a challenge by itself.  Due to their 

relatively small size, dendrimers are easily excreted through the renal route.[69, 74]  Attachment 

of targeting ligands such as FA has also resulted in significant liver accumulation.[69]  Surface 

modification by PEGylation is one approach by which the blood circulation time of dendrimers 

can be prolonged, which is thought to occur through a combination of increased molecular 

weight and size of the dendrimers.[42, 75]   

Applications 

Table 1 summarizes the recent advances in the in vivo applications of different types of 

dendrimers.  PAMAM dendrimers are among the most widely investigated family of dendrimers 

for drug delivery.  The internal tertiary amines and amide linkages also contribute to their unique 

architecture, allowing their cavities to host metals or other guest molecules.  One of the early 
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attempts to use PAMAM dendrimers as targeted MRI agents was using Gd-complexed, FA-

conjugated dendrimers to target tumor tissues with high expression levels of FAR.[76]  The first 

reported in vivo antitumor efficacy of PAMAM dendrimers as anticancer drug carriers was using 

cisplatin-conjugated G4 dendrimers.[77]  The conjugates (30-40 nm in size) passively targeted to 

murine subcutaneous tumors through the EPR effect.  This allowed tumor levels of platinum to 

be fivefold higher than the free drug, and led to a significant reduction in tumor growth rate 

compared to unconjugated cisplatin.  FA-targeted, fluorescein isothiocyanate (FITC)-labeled 

PAMAM dendrimers have also been investigated in vitro and in vivo for the same purpose, while 

also delivering therapeutic agents such as methotrexate (MTX) and Taxol.[69, 78, 79]  In a 

mouse xenograft model of human KB tumors overexpressing FAR, FA-targeted MTX-

conjugated dendrimers selectively accumulated and were taken up by KB cells, leading to a 5-

10-fold increase in intracellular dendrimer concentration compared to non-targeted 

dendrimers.[69]  However, the small diameter of the dendrimer conjugates (<5 nm) resulted in 

rapid renal clearance, which demonstrates the need for structural modification to prolong the in 

vivo circulation times in order to maximize their efficacy. 

Positively charged dendrimers have also been investigated for gene delivery applications.[80]  

These efforts have resulted in the production of commercially available dendrimer-based 

transfection kits (SuperFect®, Qiagen, Hilden, Germany).  Successful inhibition of tumor growth 

and angiogenesis has also been reported using dendrimers as gene delivery vectors in a murine 

xenograft model.[81]  However, the major hurdle facing the successful in vivo application of 

these nanocarriers for gene delivery remains the toxicity associated with the strong cationic 

surface charge of the dendrimers,[10, 11, 34] which is essential for their ability to condense the 

genetic material.  Modification of the structure may be able to solve these issues, but in order for 
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this technology to reach clinical relevance, careful optimization of the polymer properties and 

transfection efficiency needs to done order to harness the full potential of dendrimer-based non-

viral gene delivery vectors. 
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Dendritic-block copolymers 

Advantages and disadvantages 

As highlighted in previous sections, dendrimers provide many advantages over current 

therapeutic and diagnostic devices.  Synthesis of hybrid nanomaterials with similarly controlled 

molecular properties as dendrimers can be achieved through the combination of dendrons with 

other polymeric materials.  One of the most interesting types of dendronized materials is the 

LDBC.[18]  These materials can combine the advantages of dendrimers (mentioned in the 

previous section) with those of linear block copolymers (high drug loading and modularity).  The 

appropriate engineering of hydrophilic-lipophilic balances (HLB) into each LDBC will allow 

self-assembled structure formation to occur (Figure 4A).[20, 21, 82]  Unlike dendrimers, which 

are small (<10 nm) and unimolecular, dendron-based micelles are larger (typically >20 nm) due 

to their multimolecular nature, and can encapsulate hydrophobic drugs within their core during 

the self-assembly process.  Their increased size allows passive targeting of the nanocarriers to 

tumor sites, which possess leaky vasculature and decreased lymphatic drainage by the EPR effect 

and encapsulation of drug molecules within the nanocarrier has certain advantages compared to 

covalent conjugation.  Drug encapsulation does not involve any chemical modification of the 

drug molecules and eliminates the need to present potentially antigenic molecules at their surface 

that can result in increased in vivo clearance.[69]  This drastically simplifies the manufacturing 

process and decreases the potential of observing reduced efficacy or toxicity of the delivered 

drugs because of the alteration of the chemical structure of the drug.  However, it should be 

noted that the release kinetics of encapsulated drug molecules are often more difficult to control 

than drug-conjugates;[83] but the HLB of the nanocarrier can be used to control the drug 

release.[20]  To enhance the delivery of the encapsulated drug payloads, targeting ligands can be 
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added to dendritic-block copolymers.  The modularity of their design can allow similar studies to 

those of Hong et al.[7] to be performed to find the optimal density of targeting ligands on the 

surface of dendron-based micelles.[21, 43]  This indicates that the micelles formed by dendritic-

block copolymers still preserve the multivalent targeting effect of dendrimers.  A previous report 

by our group has identified key advantages of PEGylated dendron-based copolymers (PDC) 

compared to linear-block copolymers at similar HLBs.[20]  The preorganized conical molecular 

architecture of each PDC provided a decreased entropic cost for self-assembly resulting in 1-2 

orders of magnitude lower CMCs observed for PDC micelles compared to linear copolymer 

micelles at similar HLBs (Figure 4B).  Molecular dynamic simulations of the micelle structures 

showed that the surface of the PDC micelles was completely covered by a PEG layer, whereas a 

significant portion of the hydrophobic core of the linear copolymer micelle was observed at the 

surface.  This high surface coverage by a short non-fouling PEG layer is highly beneficial to 

enhance the in vivo circulation time of nanoparticles.[84]  

It should also be noted that nanocarriers formed by micellization of dendritic-block 

copolymer still have certain innate disadvantages that are similar to polymeric micelles.  First, 

the combination of dendrons with linear polymers will certainly increase the PDI of the block 

copolymer, which could affect the reproducibility of the nanostructures formed.  Secondly, 

although dendritic-block copolymer micelles can provide lower CMCs than linear-block 

copolymer micelles, their structural stability in the blood has only been investigated in a few 

studies.[43, 85]  Lastly, these nanocarriers can only encapsulate relatively hydrophobic drugs 

due to the hydrophobic nature of the core, making the loading of hydrophilic drugs a challenge, 

unless they are conjugated to the surface of the nanocarrier.  
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Applications 

For drug delivery applications, hydrophobic polymers can be dendronized at one end and 

conjugated with a hydrophilic polymer on the branches to form an amphiphilic copolymer.  As 

we reported, the conical structure of the dendron stabilizes the structure of the micelles and 

results in extremely stable structures (CMC ~10-8 M),[20] which is important for micellar drug 

delivery carriers due to the immediate dilution factor upon injection into the blood stream.  

Furthermore, the enhancement in the targeting effect provided by the optimization of ligand 

clusters on the micelle surface demonstrates the great potential of these novel nanocarriers to be 

more effective than linear-block copolymer micelles for targeted drug delivery.[21, 43]  

Alternatively, the dendron can be used to mediate the conjugation of multiple hydrophobic 

moieties to a single hydrophilic tail (Figure 2C and F).[82, 86]  Using this approach, linear PEG-

block dendritic cholic acid (CA) copolymers, or telodendrimers, for the delivery of paclitaxel 

targeting the overexpression of α-3 integrin on ovarian cancer cells.[85]  These targeted 

telodendrimers exhibited superior antitumor efficacy in mice bearing SKOV-3 xenografts 

compared to non-targeted telodendrimers and the clinical formulation Taxol.  Dendritic block 

copolymers have also been used for gene delivery purposes.[87-91]  In this case, positively 

charged branches are needed for the dendritic copolymers to form a complex with negatively 

charged DNA.  By conjugating the dendron with a hydrophilic polymer such as PEG, it forms a 

PEG layer on the complex surface which further protects the DNA from enzymatic cleavage and 

prolongs the circulation time in vivo by shielding the positive charge.  Targeted gene delivery 

can also be achieved by incorporating targeting ligands or tumor homing peptides into the design 

of the dendron-based gene delivery platforms.[91, 92]  Dendron-based drug delivery systems 
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represent a novel class of materials that can be used to potentiate the advancement of targeted 

therapies from the bench to the clinic.  
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Dendrimersomes 

Dendrimersomes are self-assembled, double-layered vesicles formed from amphiphilic Janus 

dendrimers.[22] Percec et al. prepared a total of 107 amphiphilic Janus dendrimers from 11 

distinct libraries. Unlike liposomes or polymersomes, dendrimersomes can be easily prepared 

using the ethanol injection method and form stable and monodisperse vesicles that have 

mechanical stability and impermeability to be applied as a drug carrier.  Through their unique 

well-organized structure, dendrimersomes combine the structure and function of liposomes, with 

the mechanical properties and stability of polymersomes.  In addition, by selecting the type of 

Janus dendrimer, pH-dependent drug release can be achieved to target subcellular compartments.  

Fluorescent dye-conjugated and blank Janus dendrimers can be combined in a modular fashion 

to form unilamellar fluorescent-labeled dendrimersomes without affecting their morphology, 

indicating that they can also be used for diagnostic imaging purposes.  The size and material 

properties of many of the dendrimersomes synthesized was evaluated using a variety of 

experimental techniques.[23]  With a fixed hydrophobic alkyl chain length, the most stable and 

largest dendrimersomes were the ones with the thinnest membrane, which is attributed to the 

large degree of interdigitation between the alkyl groups of the Janus dendrimers.  Although our 

understanding of dendrimersomes is still limited, these nanocarriers present are a versatile 

platform in addition to the amphiphilic LDBCs that can be further engineered for biomedical 

applications.  
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Other dendrimer-based nanomaterials for improving cancer diagnosis and therapy 

Dendrimer-based nanodevices for circulating tumor cell (CTC) capturing 

The presence of circulating tumor cells (CTCs) in the peripheral blood of cancer patients has 

been found to be of prognostic significance for different types of solid tumors such as breast 

cancer.[93, 94]  The detection and characterization of these cells is a promising method for both 

diagnosis and clinical management of cancer patients as well as monitoring treatment.  The 

frequency of CTCs in peripheral blood can be as low as one out of a billion (109) hematologic 

cells.  This represents a major challenge for the available analytical methods, and necessitates the 

development of a very sensitive and highly specific detection strategy in order to achieve 

clinically significant CTC detection.   

Previous efforts to increase the sensitivity of CTC devices were engineering-based, such as 

topographical modification of surfaces[95] and chaotic mixer fluidics.[96]  In a recent report by 

our group,[8] a novel approach for the enhanced capture of CTCs has been investigated using a 

dendrimer-based biomimetic device that takes advantage of naturally occurring processes such as 

multivalent binding and cell rolling (Figure 5).[97, 98]  Using generation 7 (G7) PAMAM 

dendrimers coated with anti-epithelial cell adhesion molecule (aEpCAM) (a commonly used 

antibody for CTC capturing),[95, 96, 99] our CTC capturing device also combined the 

physiologic process of cell rolling mediated by E-selectin.  The latter approach has been applied 

to further enhance the sensitivity and specificity of the device towards tumor cells, by mimicking 

the process of CTC recruitment to the endothelium.[8, 100]   

Using SPR, the binding avidities between G7-aEpCAM conjugates and EpCAM-

immobilized sensor chips were significantly increased compared to free aEpCAM by 106-fold, 

which translated into enhanced binding stability of tumor cells on the dendrimer-functionalized 
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surfaces during flow chamber experiments.  Additionally, the biomimetic combination of 

multivalent binding and E-selectin-mediated cell rolling resulted in substantially enhanced tumor 

cell detection.  This example demonstrates the great potential for dendrimers in bringing together 

nanotechnology and biomimicry for the advancement of existing diagnostic and prognostic tools.   
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Hybrid nanoparticles using targeted dendrimers and polymeric nanoparticles  

 Polymeric nanoparticles (NPs) have also demonstrated great potential for targeted drug 

delivery to tumors.  As with dendrimers, the clinical application of these nanocarriers has been 

hindered by the lack of control over their targeting kinetics.  Surface decoration of polymeric 

NPs and other nanocarriers such as liposomes with targeting agents can also lead to MPS uptake 

and rapid clearance, despite the presence of PEG outer layers.[101, 102]   

 In order to exploit the strengths and to address the limitations of the two nanocarriers 

(dendrimers and polymeric NPs), our group has designed a novel multi-scale hybrid NP 

(nanohybrid) platform that allows targeting kinetics to be effectively controlled.[24]  The 

nanohybrid platform consisted of FA-targeted generation 4 (G4) PAMAM dendrimers 

encapsulated within poly(ethylene glycol)-b-poly(D,L-lactide) (PEG-PLA) NPs (Figure 6).  

Through this design, the encapsulated targeted dendrimer conjugates selectively interacted with 

FAR-overexpressing KB cells upon their release depending on the MW of the encapsulating 

copolymers, which determined their targeting kinetics.  The nanohybrid system provides 

evidence that selective cellular interactions of actively targeted polymer conjugates can be 

kinetically controlled to potentially enhance dendrimer targeting to tumors in vivo.  We expect 

that the biodegradable shell (e.g. PEG-PLA), can protect the targeted dendrimers from 

nonselective interactions and also premature elimination, as what has been previously observed 

with targeted nanocarriers with surface-exposed ligands.[103]  The multiscale design afforded by 

the nanohybrid system can also enable the sequential utilization of passive and active targeting.  

By controlling the size of the hybrid NPs, passive accumulation at the tumor site is made 

possible through the EPR effect.  This is followed by the controlled release of targeted 
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dendrimers, which allows active targeting to individual tumor cells, with the advantage of 

multivalent binding and more efficient tumor penetration due to their small size.[104] 

 

Challenges with clinical translation of dendrimer-based nanodevices 

Dendrimer-based technologies for cancer therapy and diagnosis have made significant 

progress over the past two decades.  However, the advancement of clinical trials is still hindered 

by several limitations.  Some of these issues include the sometimes complex, multistep 

procedures involved in the synthesis and processing of dendrimer-based nanoparticles.  The 

covalent attachment of drug payloads, which presents a more controllable approach to drug 

loading and release compared to simple dendrimer-drug inclusion complexes, can result in 

limited drug loading capacities and increased amounts of polymers to be injected to reach a 

therapeutic dose of drug.  Excessive conjugation of drug and other molecules to the surface of 

dendrimers can also induce undesirable changes in the material properties and polydispersity.[1, 

7, 105]  Additionally, issues pertaining to the biodistribution and the in vivo fate of dendritic 

nanomaterials[75, 106] need to be properly addressed, which will influence the successful 

translation of these therapies from the bench to the clinic.  Lastly, the major obstacle that these 

technologies need to overcome in order to reach widespread clinical use is the poor and 

sometimes unpredictable correlation between in vivo efficacy in animal models and in humans.  

Even if the animal studies demonstrate enhancement in therapeutic efficacy, this enhancement 

needs to be significant enough so that it is still maintained when translated into humans. 
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Summary 

The great potential of dendritic nanomaterials has been demonstrated through numerous 

examples.  Implementation of rational design strategies as outlined in the previous sections will 

result in the progression of these materials to clinical use.  Biological properties of dendrimers 

such as: toxicity, biodistribution, and intracellular uptake have all been successfully controlled 

by the appropriate choice of dendrimer generation (size), backbone, and surface composition.  

Optimization of multivalent interactions can substantially enhance active targeting of dendritic 

nanoparticles by exponentially increased targeting ligand-receptor binding avidities (up to 

170,000-fold).[7]  This can be exploited to ensure the dendrimer persistence in the tumor site and 

increase cellular uptake.  The design of bio-applicable dendrimers should also include a neutral 

surface charge, an optimized density of targeting ligands, a hydrophilic PEG layer (to increase 

size for passive targeting and increase blood circulation times), and a combination of therapeutic 

(chemical- and/or nucleic acid-based) and diagnostic (fluorophore/MRI) molecules to endow 

multifunctionality to the dendrimer.  

Alternative dendrimer-based nanomaterial such as LDBCs-based micelles, dendrimer-coated 

surfaces,  and hybrid NPs are the examples of recent development in the field of nanomedicine.  

The ease with which different LDBCs can be combined to form multifunctional micelles is 

advantageous to develop personalized therapeutics for the treatment of a variety of diseases.  

Dendrimer-based CTC detection devices have great promise for the diagnosis of early metastatic 

disease.  The results obtained from such a sensitive and specific device will ultimately decrease 

the time necessary to diagnose tumor metastasis by clinicians, subsequently enhancing patient 

treatment and probably life span.  Hybrid NPs offer some unique design characteristics such as 

controllable targeting kinetics by first accumulating into tumor sites by passive targeting (using 
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polymeric NPs), followed by release of actively targeted dendrimer-based therapeutics.  Each of 

the nanotechnologies described here will have a significant impact on how targeted therapies and 

detection devices are designed and translated in the future. 
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4) Future perspective 

Dendritic nanomaterials are making a high impact on the field of nanomedicine, and will 

continue to do so for years to come.  As demonstrated in this perspective article, dendritic 

nanomaterials offer many advantages for effective cancer diagnosis and therapy.  Although their 

clinical translation has been slower than expected due to issues in toxicity, scalability, and 

reproducibility, the ever-growing development in dendrimer chemistry, together with extensive 

biological validation, will produce more biocompatible, scalable, and reliable dendrimer-based 

devices.  This in turn will help address the challenges on the road to their successful clinical 

applications, resulting in profound impact on human health.  
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Table 1.  Recent advances in in vivo biological applications of dendrimers. 
 
Application Dendrimer chemistry References 

Anticancer drug 
delivery 

PAMAM  [69, 75, 77, 107, 108] 

 PE [39] 
 Polypeptide [109, 110] 
 PLL [111] 
 PEA  [112] 
 PEPE  [113] 
Gene delivery PAMAM [81] 
 PPI  [114] 
Drug/Vaccine PLL [115-119]  
Bioimaging PAMAM [40, 76, 120-122] 
 PLL [123, 124] 
 PPI [125] 
 PE  [126, 127] 

Poly(amidoamine); PAMAM, Poly(l-lysine); PLL, Poly(propylenimine); PPI, Polyester; PE, 
Polyether-copolyester; PEPE, Poly(ester-amide); PEA. 
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Figure 1: Chemical structures of the PAMAM (A) dendrimer and (B) dendron. The shaded 

regions represent the three domains of each structure (blue; core, purple; branches, red; 

periphery). 
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Figure 2: Various dendritic structures: (A) Dendritic block copolymer with multiple hydrophilic 

chains and single hydrophobic chain,[20] (B) Tree-shaped comb-dendritic block copolymer,[128] 

(C) Dendritic block copolymer with multiple hydrophobic chains and single hydrophilic 

chain,[86] Bow-tie shaped dendritic scaffold I (D) and II (E),[129] (F) telodendrimer,[82] (G) 

Janus dendrimer,[22] (H) ssDNA functionalized dendron,[130] (I) PEGylated PAMAM 

dendron,[90] and (J) Modified PAMAM dendron with hydrophilic tail.[91] 
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Figure 3: Major synthesis routes for synthesis of dendrimers and other dendritic polymers.  In 

divergent synthesis, the dendrimer grows radially from the core to the surface.  In convergent 

synthesis, individual dendrons are synthesized from the surface to the focal point and are 

combined in the final step.  This figure is adapted from ref.[2] with modification. 
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Figure 4. Self-assembly of dendron-based copolymers.  (A) The conical molecular architecture 

of the PEGylated dendron-based copolymer (PDC) facilitates the formation of highly PEGylated 

micelles, (B) critical micelle concentration (CMC) versus HLB for linear-block copolymers and 

PDCs demonstrating the remarkable thermodynamic stability of PDCs at high HLBs [Bae et al. 

(2011). Chemical Communications, 47, 10302-10304] - Reproduced by permission of The Royal 

Society of Chemistry.[20] 
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Figure 5:  Dendrimer-mediated multivalent capture of cancer cells.  (A) aEpCAM-conjugated G7 

PAMAM dendrimers immobilized on a PEGylated glass surface, (B) aEpCAM directly 

immobilized on the PEGylated glass surface.  This figure is adapted from Myung et al.[8] with 

modification.  
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Figure 6:  Hybrid NPs of FA-targeted dendrimers and PEG-PLA copolymers for temporally 

controlled targeting to FAR-overexpressing cancer cells. Reprinted (adapted) with permission 

from (Sunoqrot et al. (2012). Biomacromolecules, 13, 1223-1230).  Copyright 2012 American 

Chemical Society. 
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Per the guidelines for Therapeutic Delivery, below are the Key Terms with definitions/facts, 
Executive Summary, and Reference Annotations 
 
Key Terms (5-10 key words/technical terms/definitions) 
 
Dendrimer— A word derived from Greek origin ‘dendros’ meaning trees, and ‘meros’ meaning 
parts.  It speaks to its highly branched, symmetrical architecture.  
 
Hyperbranched polymer— Polymers synthesized from condensation or addition 
polymerizations using monomers with more than 2 functional groups, yielding highly branched, 
irregular structures.   
 
Biodistribution— The accumulation and distribution of compounds of interest within organs of 
living animals after administration. 
 
Hybrid nanomaterials— A combination of multiple organic and/or inorganic components into 
a single nano-scale material. 
 
Dendron— A single branch of a dendrimer, which is usually synthesized using the Convergent 
synthesis method. 
 
Core-shell micelle— A self-assembled structure produced by amphiphilic copolymers or lipids 
where a water-insoluble component forms the core and a water-soluble component forms the 
shell.  
 
Nanocarrier— A nano-sized drug delivery system capable of performing a targeted therapeutic 
and/or diagnostic function with a size typically less than 200 nm. 
 
Hybrid nanoparticle— The result of the combination of multiple polymeric components into a 
multilayered, structurally well-defined nanocarrier.  
 
Biocompatibility— A generic term describing biological properties for a material in terms of 
toxicity and immune responses to biological systems  
 
Binding Avidity— The combined strength of multiple simultaneous ligand-receptor binding 
interactions – not to be confused with affinity, which refers to a single binding interaction. 
 
Polydispersity Index (PDI)— A measure of the molecular weight distribution of polymeric 
materials defined as weight-average molecular weight divided by number-average molecular 
weight (PDI = Mw/Mn).  PDI of 1.0 indicates monodispersity. 
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Executive Summary  
 
Introduction 
 

• Dendrimers and dendritic polymers can be rationally designed and functionally tuned to 
control their biological interactions. 

• The toxicity of amine-terminated dendrimers can be mitigated through modification of 
positively charged surface functional groups to charge neutral, negatively charged, or 
PEGylated groups. 

• Cellular uptake mechanism of dendritic nanomaterials could be various and highly 
dependent on their size, surface group, architecture, and composition. 

• Multivalent interactions enable exponentially increased ligand-receptor binding strength. 
 
Advancement of dendritic systems for drug delivery and other applications 

 
• Dendritic nanomaterials that incorporate multifunctionality such as therapeutic, 

diagnostic, and targeting capabilities have demonstrated the great potential toward 
clinical translation. 

• Dendritic-block copolymers can combine advantages of dendrimers with those of self-
assembling polymers to create hybrid nanomaterials using modular approaches. 

• Alternative uses of dendrimers such as in hybrid nanoparticles and as surface-coatings for 
a biosensor demonstrates the versatility of dendrimer-based nanomaterials. 

 
Challenges with clinical translation of dendrimer-based nanodevices 
 

• Dendrimers still need to overcome issues related to their complicated, multistep synthesis, 
limited capacity for drug encapsulation, inability to be extensively surface modified, and 
in vivo efficacy. 

• Dendritic nanomaterials in general need to address issues related to scalability and 
reproducibility. 
 

Summary 
 

• Dendritic nanomaterials are some of the most promising platforms for drug delivery and 
diagnosis. 

• Choice of material composition (core, backbone, and surface functionality) is critical to 
design dendrimers. 

• Due to differences in analysis conditions, each newly designed dendritic nanomaterial 
should be evaluated on an individual basis to ensure appropriate biological interactions 
and responses are achieved. 
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 51 

 
7) Kukowska-Latallo, J.F., Candido, K.A., Cao, Z., Nigavekar, S.S., Majoros, I.J., Thomas, T.P., 
Balogh, L.P., Khan, M.K., Baker, J.R. (2005). Nanoparticle Targeting of Anticancer Drug 
Improves Therapeutic Response in Animal Model of Human Epithelial Cancer. Cancer Research, 
65, 5317-5324. 
 
**Demonstrated the marked anti-tumor activity and reduced non-specific toxicity of folic 
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