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           2.1   Introduction 

 Therapeutic nanoparticle (NP) technologies have the potential to revolutionize the 
drug development process and change the landscape of the pharmaceutical industry 
 [  1–  5  ] . By virtue of their unique physicochemical properties, nanoparticles have 
shown promise in delivering a range of molecules to desired sites in the body. 
Nanoparticle technologies may improve the therapeutic index of drugs by enhancing 
their effi cacy and/or increasing their tolerability in the body. Nanoparticles could 
also improve the bioavailability of water-insoluble drugs, carry large payloads, 
protect the therapeutic agents from physiological barriers, as well as enable the 
development of novel classes of bioactive macromolecules (e.g., DNA and siRNA). 
Additionally, the incorporation of imaging contrast agents within nanoparticles can 
allow us to visualize the site of drug delivery or monitor the in vivo effi cacy of the 
therapeutic agent  [  6,   7  ] . Thus far, over two-dozen nanotechnology products have 
been approved by the US Food and Drug Administration (FDA) for clinical use, 
and many are under clinic and preclinic development  [  2,   8,   9  ] . Interestingly, the 
majority of these clinically approved, fi rst-generation nanotechnology products are 
comprised of liposomal drugs and polymer–drug conjugates, which are relatively 
simple and generally lack active targeting or controlled drug release components. 
To develop safer and more effective therapeutic nanoparticles, researchers have 
designed novel multifunctional nanoparticle platforms for cell/tissue-specifi c targeting, 
sustained or triggered drug delivery, co-delivery of synergistic drug combinations, 
etc. Among these functions, we believe that spatial and temporal controls in drug 
delivery may be critical for the successful development of next-generation nano-
technology products  [  5  ] . 

    A.   Swami   •     J.   Shi   •     S.   Gadde   •     A.  R.   Votruba   •     N.   Kolishetti   •     O.  C.   Farokhzad   (*)
     Department of Anesthesiology, Laboratory of Nanomedicine and Biomaterials , 
 Brigham and Women’s Hospital, and Harvard Medical School ,   Boston ,  MA   02115 ,  USA    
e-mail:  ofarokhzad@zeus.bwh.harvard.edu   

    Chapter 2   
 Nanoparticles for Targeted and Temporally 
Controlled Drug Delivery       

       Archana   Swami   ,    Jinjun   Shi   ,    Suresh   Gadde   ,    Alexander   R.   Votruba   , 
   Nagesh   Kolishetti   , and    Omid   C.   Farokhzad         
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 Spatially controlled drug delivery can be obtained by conjugating drug-encapsu-
lated nanoparticles with targeting ligands, which could facilitate the preferential 
delivery of nanotherapeutics to the sites of interest while reducing undesired side 
effects elsewhere. Since the fi rst description of cell-specifi c targeted liposomes in 
1980  [  10,   11  ] , targeted nanoparticles have shown some promising clinical and pre-
clinical results in the treatment of different diseases. For tumor cell targeting, the 
presence of targeting ligands could enhance cellular uptake and retention of drugs via 
receptor-mediated endocytosis, although tumor accumulation through the enhanced 
permeability and retention (EPR) effect  [  12  ]  is largely determined by the physico-
chemical properties of nanoparticles and long circulation half-life (Fig.  2.1 )  [  3  ] . 

  Fig. 2.1    Schematic presentation of passive  vs . active targeting of nanoparticles. (i) Nanoparticles 
extravasate through the leaky vasculature and preferentially accumulate through the EPR effect. 
In this case of “passive targeting,” the drugs may be released in the extracellular matrix and diffuse 
throughout the tissue for bioactivity. Some of these nanoparticles might also be taken up nonspecifi -
cally. (ii) After extravasation in the target tissue, the ligand-conjugated nanoparticles actively interact 
with the receptors present on target cell or tissue, resulting in cellular uptake through receptor-medi-
ated endocytosis. This is referred as “active targeting.” (iii) The targeted nanoparticles can be equipped 
for vascular targeting as well by incorporating ligands specifi c to endothelial cell    surface receptors       
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Active nanoparticle targeting is particularly essential for the delivery of biomacro-
molecules (e.g., DNA and siRNA) that require intracellular delivery for bioactivity 
 [  3  ] . In the case of vascular endothelial targeting for oncology or cardiovascular 
indications, ligand-mediated targeting may be critically important as nanoparticle 
localization is not a function of EPR (Fig.  2.1 )  [  13–  15  ] . In addition, efforts have 
been made to transport drugs across tight epithelial and endothelial barriers with 
nanotherapeutics (e.g., the blood–brain barrier) via ligand-mediated transcytosis 
 [  16  ] . More recently, targeted nanoparticles have been employed in solving the com-
plex problems of multidrug resistance  [  8  ] .  

 Controlled release polymer technology, resulting in the temporal control of drug 
exposure, has benefi ted virtually every branch of medicine over the past 4 decades. 
Many products utilizing this technology are now in clinical use, including Atridox®, 
Lupron Depot®, Gliadel®, Zoladex®, Trelstar® Depot, and Sandostatin® LAR  [  17  ] . 
Polymeric nanoparticles can encapsulate drugs and release them at sustained rates 
in the optimal range of drug concentration, thus enhancing the in vivo therapeutic 
effi cacy, maximizing patient compliance, and facilitating the use of highly toxic, 
poorly soluble, or relatively unstable drugs  [  17,   18  ] . In general, drug release can be 
regulated by diffusion of the drug molecules through the polymer matrix or by dif-
ferential surface and bulk erosion of the polymer  [  19  ] . Alternatively, drug release 
can be triggered by specifi c microenvironments in the body (e.g., changes in pH, 
temperature, and enzymatic activities) or manipulated by external events (e.g., elec-
tric fi eld, magnetic fi eld, and ultrasound)  [  20–  22  ] . By further functionalization with 
targeting ligands, controlled release polymeric nanoparticles could deliver thera-
peutic agents in a spatiotemporally regulated fashion, which may be essential to 
many medical applications. 

 In this chapter, we focus on the major classes of organic nanoparticle platforms 
( i.e. , liposomes, polymeric nanoparticles, lipid–polymer hybrid nanoparticles, and 
dendrimers), their applications in targeted and/or temporally controlled delivery of 
therapeutic molecules, and their optimal design for escaping immune surveillances, 
as well as review the various available classes of ligands for targeted drug delivery 
applications.  

    2.2   Nanoparticle Platforms for Targeted 
and Temporal Delivery 

 Over the past few decades, different nanotechnology platforms were studied for 
their use in therapeutic applications  [  8,   9  ] . These nanoparticle platforms have been 
developed to enhance the pharmacological properties and therapeutic index of a 
myriad of drugs  [  1,   23  ] . Herein, we discuss four major classes of organic nanopar-
ticle delivery systems, including liposomes, polymeric nanoparticles, lipid–polymer 
hybrid nanoparticles, and dendrimers (Fig.  2.2 ), which can encapsulate drugs 
with high loading effi ciency and protect them from undesired effects of external 
conditions  [  3  ] .  



12 A. Swami et al.

    2.2.1   Liposomal Platforms 

 Liposomes are artifi cial, single, or multilaminar vesicles made with bilayered 
membrane structures, composed of natural or synthetic amphiphilic lipid molecules 
(Fig.  2.2a ). As drug delivery carriers, liposomes exhibit several unique properties 
including favorable safety profi les, long systemic circulation half-life, and ease of 
surface modifi cations  [  24  ] . Among the clinically validated nanotechnology products, 
liposomal drugs were the fi rst nanotherapeutics to get FDA approval for clinical 
use. Since the approval of DOXIL® (doxorubicin liposomes) for the treatment of 
AIDS associated with Kaposi’s sarcoma in 1995  [  9  ] , several other liposomal drugs 
have been approved for clinical use, and many are in the various stages of clinical 
development, as shown in Tables  2.1  and  2.2 . In addition to small molecule drugs, 
liposome systems also allow for the delivery of bioactive macromolecules (e.g., 
DNA) for therapeutic applications  [  25  ] . For example, Allovectin-7, composed of 
cationic lipid-based liposomes (DMRIE–DOPE), can carry plasmid DNA encoding 
HLA-B7 and  b 2 microglobulin that stimulate both innate and adaptive immune 
responses for cancer treatment  [  26  ] .   

 Ligand-conjugated liposomes have also shown potential to enhance the thera-
peutic effi cacy of drugs through targeted delivery. Three targeted liposomal systems 
have already entered clinical trials. MCC-465, a PEGylated liposome, is tagged 
with the F(ab ¢ ) 

2
  fragment of the human monoclonal antibody GAH. Although this 

product does not appear to have progressed through development after a Phase 
I clinical trial, it has demonstrated superior cytotoxic activity against several human 
stomach cancer cells  [  27  ] . Recently, a novel  N -glutaryl phosphatidylethanolamine 
(NGPE)-liposome formulation, MBP-426, which is conjugated to the human trans-
ferrin (Tf) ligand, improved the safety and effi cacy of oxaliplatin through prolonging 
the drugs circulation time and by specifi cally targeting Tf receptors on tumor cells 
 [  28  ] . Another liposomal drug (SGT-53) also targets the Tf receptor on tumor cell 
surfaces by using the ligand of the anti-Tf receptor single-chain antibody fragment 
(Tf-R-scF 

v
 ) for the delivery of the tumor suppressor gene p53  [  8  ] . 

 The signifi cance of targeted liposomes is further highlighted by extensive preclinical 
studies. For example, the monoclonal antibody 2C5 (mAb 2C5) recognizes intact 

Liposome

Lipid 
Bilayer

Drug 

a b c d

Polymeric NP Lipid-polymer hybrid NP

Polymer core Lipid cover

Drug 

Targeting
Ligand

Dendrimer

Spacer
Arm/PEG

  Fig. 2.2    Schematic representation of several major therapeutic nanoparticle platforms including 
liposome, polymeric nanoparticles, lipid–polymer hybrid nanoparticles, and dendrimers for the 
targeted and/or temporally controlled delivery of drugs       
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nucleosomes (originating from apoptotically dying neighboring tumor cells), bound 
to the surface of live tumor cells. Conjugation of mAb 2C5 to DOXIL liposomes 
resulted in improved biodistribution and cell targeting and in increased drug effi cacy 
 [  29  ] . Liposomes carrying poly(ethylene glycol) (PEG) chains on their surface and 
loaded with doxorubicin have been coupled with RGD peptides to target the integrins 
of tumor vasculature and have demonstrated increased effi cacy against C26 colon 
carcinoma in murine model  [  30  ] . Folate-functionalized liposomes, encapsulating 
fl uorescent calcein and doxorubicin, and targeting the folate receptor (type- b ), have 
been used for the treatment of acute myelogenous leukemia  [  31  ] . However, while 
liposomes are commonly explored for drug delivery applications, they do not read-
ily allow for sustained release of therapeutic molecules, which marks a signifi cant 
shortcoming of this class of nanocarriers  [  32  ] .  

    2.2.2   Polymeric Nanoparticles 

 Polymer–drug conjugates have made a signifi cant clinical impact by improving the 
pharmaceutical effi cacy and dosing of a variety of already approved drugs  [  8,   33  ] ; 
however, their drug loading effi ciency may be limited by the number of conjugation 
sites in the polymer, and most of them lack the ability of active targeting or control-
ling drug release. In order to further enhance the drug loading capacity and incorpo-
rate the spatial and/or temporal control over drug delivery, many biocompatible 
polymeric nanoparticle platforms have been developed  [  34–  36  ] . 

 Polymeric micelles have attracted substantial attention for their remarkable 
potential as therapeutic carriers  [  37  ] . Polymeric micelles can be formed by self-
assembly of amphiphilic polymers with two or more polymer chains of different 
hydrophobicity. In aqueous environments, these block copolymers can spontane-
ously self-assemble into core-shell nanostructures, with a hydrophobic core and a 
hydrophilic shell (Fig.  2.2b )  [  35,   37  ] . To date several polymeric micelles have 
reached different stages of clinical development, and these systems have demon-
strated enhanced accumulation of therapeutic agents at the target site and/or reduced 
adverse effects of therapeutic agents (Table  2.1 )  [  9,   38  ] . Among them, NK911  [  39  ]  
and NK105  [  40  ]  utilize PEG-poly(aspartic acid) copolymer to carry and protect the 
anticancer agents doxorubicin and paclitaxel, respectively. Notably, NK105 was 
shown to reduce the reported adverse effects of paclitaxel, which include neurotox-
icity, myelosuppression, and allergic reactions  [  40  ] . A cisplatin-incorporated poly-
meric micelle-based system, NC-6004, is being examined in Phase I/II clinical trials 
and has demonstrated several distinct features, including sustained cisplatin release, 
promoted accumulation of cisplatin in cancer cells, and reduced nephrotoxicity and 
neurotoxicity associated with cisplatin  [  41  ] . Another PEG-poly(glutamic acid)-
based polymeric micelle, NK012, loaded with 7-ethyl-10-hydroxycamptothecin 
(SN-38), has been shown to exert more potent antitumor activity against various 
human tumor xenografts than irinotecan (CPT-11), a water-soluble prodrug of 
SN-38  [  42  ] . More impressively, the nontargeted polymeric micelle composed of 
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poly( l -lactic acid) (PLA)-PEG (Genexol®-PM), for delivery of paclitaxel, was fi rst 
approved for cancer therapy in Korea in 2007  [  8  ]  and is currently being evaluated 
in a clinical Phase II trial in the United States for the treatment of metastatic pancre-
atic cancer  [  43,   44  ] . 

 The conjugation of polymeric nanoparticles with targeting ligands could also 
enable drug delivery in a spatially and temporally controlled manner, which may 
further enhance the therapeutic effi cacy of drugs and reduce their toxic side effects. 
Our group has pioneered the development of aptamer-targeted polymeric nanopar-
ticles and applied these nanoparticles to cancer therapy  [  14,   45–  48  ] . For example, 
we have developed A10 RNA aptamer-conjugated poly(lactide- co -glycolide)-
poly(ethylene glycol) (PLGA–PEG) nanoparticles that can recognize PSMA 
(prostate-specifi c membrane antigen), expressed on the cancer cell surface  [  49  ] . 
This PLGA–PEG-aptamer nanoparticle can substantially reduce tumor growth in a 
human prostate cancer tumor xenograft mouse model. More recently, we have 
reported a strategy for precisely engineering PLGA–PEG-aptamer nanoparticles 
with different biophysicochemical properties in a reproducible manner, whereby 
enabling the systematic screening of the targeted polymer nanoparticles for optimi-
zation  [  50  ] . Building on these efforts, BIND Biosciences has developed a self-
assembled, targeted polymeric nanoparticle (BIND-014) and is currently evaluating 
this nanotherapeutic candidate in Phase I/II clinical trials for the treatment of solid 
tumors  [  51  ] .  

    2.2.3   Lipid–Polymer Hybrid Nanoparticles 

 The success of polymeric nanoparticles and liposomes has also motivated the devel-
opment of lipid–polymer hybrid nanoparticles (Fig.  2.2c ), which could integrate the 
unique advantages of both polymeric nanoparticle and liposome systems, while 
overcoming some of their limitations. Thus far, several important lipid–polymer 
hybrid nanoparticles have been developed. For example, lipid-coated polymeric 
nanoparticles comprising a PLGA core, a PEG shell, and a lipid monolayer at the 
interface were recently described and characterized  [  13,   52–  56  ] . The PLGA core is 
capable of carrying poorly water-soluble drugs, while the PEG shell helps to 
decrease biofouling and increase circulation half-life. The lipid monolayer that 
resides at the interface between PLGA core and PEG shell acts as a molecular fence, 
promoting drug retention and sustained release from the polymeric core  [  52,   56  ] . 
When compared to PLGA and PLGA–PEG nanoparticles, this lipid-coated PLGA 
nanoparticle allows for higher drug encapsulation, tunable and sustained drug 
release over a longer period of time, and excellent serum stability  [  56  ] . In another 
example, a liposome-enveloped PLGA nanoparticle, known as “nanocell,” was 
developed in a multistep manner for the effective treatment of cancers. The nanocell 
has a PLGA core encapsulating the PLGA-conjugated anticancer drug doxorubicin, 
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and a lipid multilayer shell containing the antiangiogenic agent, combretastatin. 
The synergistic effect of the two drugs is obtained through temporally controlled 
release, where combretastatin is fi rst released to reduce vascularization, while the 
sustained release of doxorubicin from the nanocell directly kills the tumor cells  [  57  ] . 

 Lipid-coated polymeric nanoparticles, developed by Zhang  et al ., showed 
enhanced uptake in prostate cancer cells overexpressing PSMA antigens when con-
jugated with A10 aptamer, as compared to nontargeted hybrid nanoparticles  [  56  ] . 
More recently, Wang  et al . have applied A10 aptamer-targeted lipid–polymer hybrid 
nanoparticles for the concurrent administration of a chemotherapeutic agent 
(docetaxel) and a radiotherapeutic agent (111-indium or 90-yttrium), which demon-
strated higher level of cellular cytotoxicity, as compared to targeted nanoparticles 
containing only a single agent or nontargeted nanoparticles  [  55  ] . For the treatment 
of injured vasculature, Chan  et al . developed a “nanoburr” system by conjugating 
the lipid-coated PLGA hybrid nanoparticle with a novel peptide ligand, screened 
from a combinatorial library of heptapeptide ligands against human collagen IV, 
which represents 50% of the vascular basement membrane  [  13  ] . The peptide-
conjugated “nanoburr” demonstrated effi cient targeting toward vascular basement 
membrane, high nanoparticle accumulation in the region of injured vasculature in a 
rat model, and sustained drug release over 2 weeks.  

    2.2.4   Dendrimers 

 Dendrimers are synthetic, branched macromolecules with a well-defi ned chemical 
structure (Fig.  2.2d ), consisting of an initiator core and multiple layers with active 
terminal groups  [  9,   58  ] . Their specifi c molecular structure enables dendrimers to carry 
various drugs via covalent conjugation to the multivalent surfaces or encapsulation in 
the cavities of the cores through hydrophobic interaction, hydrogen bond, or chemical 
linkage  [  59,   60  ] . Besides, dendrimers can also carry bioactive macromolecules such as 
DNA by condensing them through electrostatic interactions  [  61  ] . The rigidity and the 
density of the branched units of dendrimers affect drug release kinetics. By use of pH- 
or enzyme-sensitive linkages, stimulus-responsive dendrimers can be generated  [  62  ] . 

 Dendrimers are emerging as an important class of nanoparticle carriers for thera-
peutic delivery. For example, SPL7013 ( l -lysine-based dendrimer) can be used in 
delivering microbicide for prevention of HIV and other sexually transmitted infec-
tions (STI)  [  63  ] . Frechet  et al . have developed a biodegradable polyester dentritic 
drug delivery system with different architectures and molecular weights, for the 
delivery of doxorubicin  [  64  ] . Dendrimers composed of poly(amidoamine) (PAMAM) 
polymers have also been extensively investigated for the effective delivery of small 
molecular drugs  [  65  ] . Besides, the cationic nature of PAMAM, dendrimers allow 
them to effectively deliver macromolecular drugs such as DNA across cellular and 
subcellular barriers ( e.g ., cell membrane and endosome)  [  66  ] . Attaching targeting 
ligands to their surface could further enhance the potential of PAMAM dendrimers 
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in drug delivery. A case in hand is a folate-conjugated, methotrexate-loaded 
PAMAM(G5) dendrimer, which has demonstrated a tenfold reduction in tumor size 
and exhibited less systemic toxicity, compared to free methotrexate  [  67  ] .   

    2.3   Optimal Design of Nanoparticles 

 One signifi cant challenge for the successful development of therapeutic nanoparticles is 
rapid clearance during systemic delivery. When nanoparticles enter the bloodstream, the 
particle surface may experience nonspecifi c protein adsorption (opsonization), thereby 
making them more visible to phagocytic cells  [  67–  69  ] . After opsonization, nanoparticles 
could be rapidly cleared from the bloodstream through phagocytosis by the mononu-
clear phagocyte system (MPS) in the liver and by spleen fi ltration  [  70,   71  ] . Therefore, 
the factors that could affect the clearance and biodistribution of nanoparticles, such as 
particle physicochemical properties and targeting ligand functionalization  [  68  ] , should 
be carefully considered for the optimal design of therapeutic nanoparticles. 

    2.3.1   Size 

 On the basis of physiological parameters such as hepatic fi ltration, tissue extravasa-
tion/diffusion, and kidney excretion, it is clear that particle size plays a key factor in 
the long circulation and biodistribution of nanoparticles. Nanoparticles smaller than 
10 nm can be rapidly cleared by the kidneys or through extravasation, while larger 
nanoparticles may have higher tendency to be cleared by cells of the mononuclear 
phagocyte system (MPS also referred to as reticuloendothelial system, RES)  [  4  ] . 
For example, in vivo biodistribution results of polystyrene nanoparticles with con-
sistent composition and varying particle size of 50 and 500 nm showed higher level 
of agglomeration of the larger nanoparticles in the liver  [  72  ] . Another study com-
pared different size ranges of PEGylated spherical nanoparticles (<100 nm, 100–
200 nm, and >200 nm) for protein absorption, nanoparticle uptake by murine 
macrophages, and blood clearance kinetics  [  73  ] . It was observed that nanoparticles 
<100 nm have a higher potential to circulate in the blood for long periods of time 
and experience reduced hepatic fi ltration. Nanoparticle size also plays a key role in 
tumor accumulation through the EPR effect. Several studies have tried to determine 
the gap size in the leaky vasculature. For example, sterically stabilized liposomes of 
100–600 nm were used for transvascular transport, and the cutoff size of the pores 
was estimated to be 400–600 nm in diameter  [  74  ] . In another study, the pore cutoff 
size was estimated to be between 7 and 100 nm at 34°C and was increased to 
>400 nm at 42°C, allowing all nanoparticles tested (~7 nm albumin, and 100, 200, 
and 400 nm liposomes) to be delivered to the tumor interstitium to some degree 
 [  75  ] . Therefore, to capitalize on the EPR effect and to effi ciently escape from the 
physiological barriers, many studies advocate the optimal nanoparticle size range of 
approximately 10–250 nm  [  68  ] .  
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    2.3.2   Surface Charge 

 It has been established that the surface charge of nanoparticles also could affect 
their uptake by the MPS cells. Neutrally charged particles have demonstrated much 
lower opsonization rates than charged particles  [  76,   77  ] . It was found that positively 
charged nanoparticles generate a higher immune response (complement activation 
and conjugate activation) compared to neutral or negatively charged nanoparticle 
formulations  [  53  ] . For example, nanoparticles with a primary amine at the surface 
promote higher rates of phagocytic uptake when compared to those having sulfate, 
hydroxyl, or carboxyl groups at the surface  [  53,   68  ] . In a review study, Davis  et al . 
have proposed that the optimal range of nanoparticle surface charge should be 
between −10 and +10 mV for reduced phagocytosis and minimized nonspecifi c 
interactions of nanoparticles  [  78  ] .  

    2.3.3   PEGylation 

 Surface modifi cation of nanoparticles with PEG, which has favorable intrinsic 
physicochemical properties ( e.g. , high fl exibility and hydrophilicity, and low toxicity 
and immunogenicity), was found to reduce nanoparticle accumulation in off-target 
organs such as liver and spleen  [  79  ] . A PEG shell on the nanoparticle surface shields 
hydrophobic or charged particles from attachment by blood proteins, leading to 
prolonged circulation half-life compared to non-PEGylated nanoparticles  [  25,   80  ] . 
The length, shape, and density of PEG chains on the nanoparticle surface largely 
affect its surface hydrophilicity and phagocytosis  [  81  ] . For example, at low PEG 
surface density, the PEG chains would be closer to the surface of the nanoparticle with 
a “mushroom” confi guration, while as the density increases, most of the chains are 
extended away from the surface in a “brush” confi guration, which decides the thick-
ness of the PEG shell on the nanoparticle corona  [  69  ] . It has been postulated that the 
brush confi guration would create more effective blocking or repulsion of opsonins 
than the mushroom one  [  80  ] . In addition to PEG, some other promising hydrophilic 
polymers are under investigation for the same purpose, including natural polymers 
( e.g. , heparin, dextran, and chitosan) and synthetic polymers ( e.g. , poly(amino acids), 
poly(glycerols), poly(2-oxazolines), and some vinyl polymers)  [  79,   82  ] .  

    2.3.4   Ligand Functionalization 

 The conjugation of targeting ligands to the surface of PEGylated nanoparticles has 
also been shown to affect their biodistribution  [  83  ] . Although targeting ligands 
could improve the cell- or tissue-specifi c delivery of nanoparticles, they may com-
promise the particle surface properties by masking the PEG layer and adversely 
affecting the nanoparticles’ antibiofouling properties in vivo. Our recent study on 
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the effect of ligand density has also revealed a relatively narrow window of ligand 
density that could result in favorable tumor targeting, while minimizing nanoparti-
cle accumulation in the liver and spleen  [  50  ] . Thus, the successful development of 
targeted nanoparticle technology for effi cient drug delivery strongly depends on 
striking a balance between cellular targeting and immune evasion.   

    2.4   Targeting Ligands 

 Despite their enormous potential for drug delivery, the translation of targeted nano-
particle systems has faced considerable challenges, and only a handful of candidates 
have made it to clinical trials (Table  2.2 ). The reason targeted nanoparticles have 
demonstrated limited success in clinical development is complex and could be mul-
tifaceted  [  3  ] . Among others, an essential aspect for the successful development of 
targeted nanoparticles relies on the choice of targeting ligands. Several variables 
that could be considered include ligand biocompatibility, cell specifi city, binding 
affi nity, and purity of the ligand  [  84  ] . Other important factors that have to be taken 
into account are the size and charge of the ligand molecule, and their ease of modi-
fi cation and conjugation to the nanoparticles. The choice of ligand, from a practical 
perspective, is also dependent on production cost, scalability, and stability ( e.g. , 
organic solvent and high temperature stability) in mass production. In this section, 
we discuss fi ve different classes of targeting ligands, including antibodies and anti-
body fragments, aptamers, peptides, sugars, and small molecules. 

    2.4.1   Antibodies and Antibody Fragments 

 Antibodies and antibody fragments form an important class of targeting ligands 
with a high degree of specifi city for cellular receptors and a wide range of binding 
affi nities and have been extensively investigated in targeted drug delivery  [  85  ] . Over 
the past 2 decades, the feasibility of antibody-based tissue targeting has been clini-
cally demonstrated with several different monoclonal antibodies (mAbs) approved 
by the FDA  [  86  ] . The recent advances in hybridoma technology have led to the 
development of chimeric, humanized, and fully human mAbs to reduce their immu-
nogenicity. The ability of engineered mAbs to target disease processes has been 
demonstrated by the success of several monoclonal antibody therapeutics, including 
cetuximab rituximab, trastuzumab, and bevacizumab  [  19  ] . mAbs have been used to 
direct the nanoparticle carriers in a site-specifi c manner. For example, mAb-conjugated 
PLA nanoparticles exhibited a sixfold increase in the rate of particle uptake com-
pared with nontargeted particles  [  87,   88  ] . Additionally, J591, a mAb against PSMA, 
was conjugated to G5-PAMAM dendrimers and showed enhanced binding affi n-
ity for LNCaP cells, as compared to nontarget PC3 cells  [  89  ] . Nevertheless, mAb-
conjugated nanoparticles encounter considerable challenges and limitations for drug 
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delivery, since mAb are complex and large (~150 kDa) molecules and require 
signifi cant engineering at the molecular level to be effective  [  90,   91  ] . 

 Compared to mAbs, antibody fragments have demonstrated higher potential for 
the engineering of targeted nanoparticles as they are smaller in size and lack the 
complement activation region of mAbs, while retaining the antigen binding speci-
fi city  [  92  ] . Recent advances in protein engineering have led to the development of 
antibody fragments such as scFv (single-chain variable fragments), Fab (fragments 
of antigen binding), their dimers (F(ab ¢ ) 

2
  and diabody), and recombinant products 

 [  93  ] . Some pioneering examples of antibody fragment-targeted liposomes (immu-
noliposomes) in clinical trials include MCC-465 that uses F(ab ¢ ) 

2
  for the targeted 

delivery of doxorubicin  [  28,   94  ]  and SGT-53 that uses scFv to deliver tumor sup-
pressor gene, p53  [  95  ] .  

    2.4.2   Aptamers 

 Nucleic acid aptamers are single-stranded DNA or RNA oligonucleotides with 
well-defi ned, three-dimensional structures. Selected by systematic evolution of 
ligands by exponential enrichment (SELEX), aptamers can recognize a wide variety 
of molecules ( e.g. , proteins, phospholipids, sugars, and nucleic acids) with high 
affi nity and specifi city  [  96–  98  ] . This SELEX process uses the concepts of evolution, 
diversifi cation, selection, and replication, where a library of ~10 15  random oligonu-
cleotides is enriched to identify specifi c aptamers that can specifi cally recognize the 
target  [  97  ] . Aptamers identifi ed through the SELEX process can be chemically syn-
thesized with minimal batch-to-batch variation in a fast and cost-effective manner. 
When compared with antibodies, aptamers exhibit lower immunogenicity and a 
relatively smaller size compared with ~150 kD for antibodies, which enables better 
tissue penetration  [  99–  101  ] . To further improve on their low serum stability, aptam-
ers can be modifi ed by incorporating 2 ¢ -amino, 2 ¢ -fl uoro, or 2 ¢ - O -alkyl nucleotides 
in their backbone  [  102  ] . 

 To date, more than 200 aptamers against a variety of biological targets have been 
isolated, such as cell surface antigens, therapeutic targets, and various growth factors 
like VEGF  [  103,   104  ] . Most notably, the FDA approved an aptamer against VEGF 

165
 , 

known as Pegaptanib, for the treatment of age-related macular degeneration (AMD) 
 [  105  ] . The PSMA-specifi c aptamers have been widely used for the targeted delivery 
of quantum dots  [  106  ] , gold nanoparticles  [  107  ] , and polymeric nanoparticles  [  14, 
  46,   108  ] . We have recently tested A10 aptamer-conjugated PLGA–PEG nanoparticles 
for targeted drug delivery using prostate cancer model. These PLGA–PEG-Apt 
nanoparticles can enhance the therapeutic effect of anticancer drugs and reduce 
systematic toxicity when compared to nontargeted nanoparticles  [  109  ] . More 
recently DNA aptamers, generated through cell-SELEX, have been conjugated with 
different types of nanoparticles ( e.g. , magnetic and gold nanoparticles) for cancer 
detection and treatment  [  110–  112  ] .  
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    2.4.3   Peptides 

 Peptide ligands have shown signifi cant targeting potential because of their small 
size, high stability, and relative ease of large-scale synthesis with excellent quality 
control. The development of phage display techniques  [  113,   114  ]  and other screen-
ing methods has enabled the discovery of new peptide-targeting domains and the 
isolation of new cell-specifi c peptide ligands  [  115,   116  ] . Peptide-conjugated nano-
particles have been widely used for targeting cancer cells and tumor vasculature 
 [  117,   118  ] . For example, the peptide SP5-52 can recognize tumor neovasculature, 
while avoiding normal blood vessels in severe, combined immunodefi ciency mice 
bearing human tumors. The SP5-52 peptide-linked liposome has shown to greatly 
enhance the therapeutic effect of doxorubicin, decrease the growth of tumor blood 
vessels, and enable high survival rates among human lung and oral cancer-bearing 
xenograft mice  [  119  ] . Recently, this system has been used to target non-small-cell 
lung cancer (NSCLC) cells and demonstrated increased drug accumulation in tumor 
tissues by 5.7-fold compared with free drugs  [  120  ] . 

 In the case of targeting integrin receptors (e.g.,  a  
v
  b  

3
  and  a  

v
  b  

5
 ), short peptide 

antagonists have been developed based on a 2-benzazepine Gly–Asp mimetic or 
screened from an Arg–Gly–Asp-based (RGD) peptidomimetic library  [  121,   122  ] . 
For example, the cyclic version of the RGD motif has demonstrated effective bind-
ing toward integrins and has been extensively investigated in targeting nanoparticles 
for disrupting tumor angiogenesis  [  123  ] . For intra-articular targeting and retention 
in cartilage, the peptide ligand WYRGRL against collagen, type II,  a 1 (COL2A1) 
was used in the targeted delivery of polymeric nanoparticles  [  15  ] . We have recently 
screened specifi c targeting peptides against collagen, type IV of the basement mem-
brane and conjugated to lipid-coated polymeric nanoparticles for vascular wall tar-
geting  [  13  ] .  

    2.4.4   Sugars 

 Specifi c sugar molecules ( e.g. , lactose, galactose, and mannose) can recognize 
lectins that are overexpressed on the surface of numerous cancer cells  [  124,   125  ] . 
Thus, sugar molecules represent another interesting approach to specifi cally tar-
get nanoparticle systems to cancer cells. For example, galactose could recognize 
the asialoglycoprotein receptor which is expressed on hepatocytes, and its high 
expression is retained on primary liver cancer cells  [  125  ] . The galactosamine-
conjugated  N -(2-hydroxypropyl) methacrylamide copolymers (HPMA) (PK2) is 
currently under clinical evaluation for the treatment of primary liver cancer  [  8  ] . In 
another study, lectin-mediated endocytosis of sugar-conjugated HPMA copoly-
mer conjugates in three different human colon cancer cell lines suggested their 
potential use for targeted delivery of chemotherapeutics to colon adenocarcinoma 
 [  126  ] . However, to compensate for the weak binding affi nity of carbohydrates, 
multiple or multivalent molecules should be conjugated to the surface of nanopar-
ticles to achieve multivalent interactions. In the case of galactosylated liposomal 



232 Nanoparticles for Targeted and Temporally Controlled Drug Delivery

carriers, it was shown that the targeting effi cacy depended on the galactose ligand 
density  [  127  ] .  

    2.4.5   Small Molecules 

 Small molecules have also attracted considerable attention as potential targeting 
ligands due to their low molecular weights, low production costs, and easy conjuga-
tion with nanoparticles. The small size of this kind of targeting ligand allows the 
functionalization of multiple ligand molecules on single nanoparticles. Folic acid, 
which is essential in many metabolic processes for cell survival, has shown high 
specifi city in recognizing folate receptors that are overexpressed in many types of 
tumor cells  [  128  ] . There are several examples of folate-conjugated nanoparticles in 
drug delivery  [  129,   130  ] , including liposomes, polymeric nanoparticles, and 
dendrimers  [  67,   131–  134  ] . These nanoparticles have demonstrated to be effective in 
treating ovarian, breast, lung, renal, and colon cancers  [  135,   136  ] . However, immu-
nochemistry studies have shown overexpression of folate receptors in normal tissues 
such as the placenta and kidneys as well, raising some concerns for the translation 
of folate-targeted nanoparticles from bench to bedside. 

 The development of small molecule-targeting ligands that demonstrate a high 
affi nity and specifi city toward cellular receptors has proven to be a challenging task. 
One strategy to improve the targeting of small molecule-conjugated nanoparticles 
is through multivalent binding effects, by conjugating multiple ligands on the nano-
particle surface. Another strategy is to select small molecules with high affi nity and 
specifi city by using high-throughput screening methods. For example, using fl uo-
rescent magnetic nanoparticles, Weissleder  et al . have recently screened several 
small molecular ligands from a library of 146 small molecules ( £ 500 Da), which 
can specifi cally bind to endothelial cells, activated human macrophages, and pan-
creatic cancer cells, respectively  [  137  ] .   

    2.5   Conclusions 

 The application of nanoparticle technologies to drug delivery has demonstrated sig-
nifi cant impact on many areas of medicine. The approval of more than two-dozen 
therapeutic nanoparticle products for clinical use has generated great enthusiasm in 
both academia and industry, although these fi rst-generation nanoparticle therapeutics 
are relatively simple and only provide clinical benefi ts across a narrow range of clini-
cally validated drugs. Toward the development of next-generation nanoparticles, the 
introduction of controlled release properties and targeting ligands is expected to 
enable the development of safer and more effective therapeutic nanoparticles. With 
continuous advances in identifying new biomarkers and associated targeting ligands, 
and in engineering nanoparticle delivery systems with optimal biophysicochemical 
properties, it will be increasingly feasible to develop targeted and controlled release 
nanoparticle products as promising candidates for clinical translation.      
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    3.1   Introduction: Development of Nanomedicine 

 There is growing interest in integrating nanotechnology with medicine, creating the 
so-called nanomedicine for disease diagnosis and treatment with unprecedented 
precision and effi cacy  [  1  ] . Nanomedicines are drug- or imaging agent-containing 
carriers or devices with size ranging from a few to several hundred nanometers  [  2  ] . 
Although the term nanomedicine emerged only recently  [  1,   3  ] , nanotechnology has 
been employed in drug delivery for decades  [  4  ] . In principle, nanomedicines are 
designed to enable the delivery of small molecules or macromolecular therapeutics 
to achieve improved disease treatment by circumventing various physiological 
barriers. The physiological barriers may prohibit the effi cient permeation of nano-
medicines with undesired sizes and surface properties. Therefore, there have been 
signifi cant efforts on controlled formulation of nanomedicines. The majority of 
current nanotechnology platforms for chemotherapy have involved repackaging of 
traditional anticancer agents into various forms of nanometer-sized delivery vehicles, 
such as monomeric polymer–drug conjugates with sizes typically 10 nm or less  [  2  ] , 
polymeric nanoparticles  [  5  ]  or self-assembled amphiphilic block-copolymer 
micelles  [  6  ]  in a size range of 20–100 nm, or lipid  [  7  ]  and polymeric vesicles  [  8  ]  
(also known as liposomes and polymersomes, respectively) with sizes between 
sub-100 nm to submicrometers. 

 Liposomes are by far the most successful nanomedicine platform, accounting for 
30–40% of nanomedicines that have been approved by the U.S. Food and Drug 
Administration (FDA) for their usage in the clinic  [  9  ] . The report of the fi rst lipo-
somal drug delivery system dates back to the 1960s  [  5  ] . Long-circulating lipo-
somes using so-called stealth technique appeared in the literature in the 1980s  [  10  ] . 
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Since then, in particular after the improvement of circulation profi les of liposome 
through the use of polyethylene glycol (PEG)  [  11  ] , numerous liposomal nanomedi-
cines have been developed and tested in the clinic, with a handful of them being 
approved by the FDA. For instance, Doxil®, a PEGylated liposomal doxorubicin, 
was approved by the FDA in 1995 for treating AIDS-associated Kaposi sarcoma, 
among other liposomes including Abelcet®, DaunoXome®, DepotDur®, and 
Ambisome® for treating cancer or other diseases  [  12  ] . Polymeric nanomedicine, a 
subfi eld of nanomedicine that involves the use of polymeric nanostructures as drug 
carriers, was fi rst reported in the 1970s  [  13  ] . Since then, polymer-based nanomedi-
cines have undergone many preclinical and clinical investigations. Abraxane®, a 
130-nm paclitaxel/albumin polymeric nanoparticle, is one such example that has 
been approved by FDA as a second line treatment of breast cancer  [  14  ] . Currently, 
there are over three dozen nanomedicines approved for clinical use, and more are 
expected in the coming years  [  9,   15  ] . More than 50 companies are developing nano-
medicine-based therapeutics or diagnostics for cancer therapy, 34 of which were 
established since 2006  [  16  ] . 

 The development of the abovementioned therapeutic nanomedicines has been 
mainly focused on targeting the primary tumors through the so-called enhanced 
permeation and retention (EPR) effect, a passive targeting mechanism that refers to 
the accumulation of nanomedicines in tumor tissue facilitated by the highly perme-
able nature of the tumor vasculature and poor lymphatic drainage of the interstitial 
fl uid in the tumor  [  17  ] . The newer generation nanomedicines, however, place greater 
emphasis on novel strategies to bypass biological barriers at the systemic, tissue, 
and cellular levels and to locate and target metastatic lesions. New chemistries and 
fabrication technologies allow precise control of nanomedicine formulation, making 
it possible to evaluate nanomedicine with the variation of one parameter at a time 
(e.g., size, surface property, and shape), which provides insight into the fundamental 
understanding of the interplay of these parameters and the in vivo performance of 
the nanomedicines. Conjugation chemistry plays a vital role in controlling the incor-
poration of therapeutics or targeting ligands to nanomedicine. For instance, “click 
chemistry,” a powerful conjugation approach conceived by Barry Sharpless, has 
become a highly recognized method in the fi eld of nanomedicine.  

    3.2   In Vitro and In Vivo Studies of Nanomedicines 

 To achieve the accumulation of nanomedicines in tumor tissue, they must fi rst over-
come various systemic barriers, especially the clearance from the circulation system 
via phagocytic uptake and hepatic fi ltration. Nanomedicines are then expected to 
extravasate the tumor vasculature, penetrate the tumor microenvironment, and get 
internalized into the targeted cancer cells to allow cancer cells—even those situated 
distal to the tumor vessels—to be exposed to the anticancer agent with suffi ciently 
high concentrations. The nanomedicines’ size, shape, and surface property all 
have a signifi cant impact on the effi ciency of bypassing these physiological barriers. 
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Although the optimal size of nanomedicines for prolonged circulation half-life is 
still unclear, there is general consensus that their size should be controlled below 
200 nm  [  3  ]  because particles with size over 200 nm tend to induce undesired 
responses by the reticuloendothelial system (RES) and are quickly cleared from the 
circulation. Particles 150 nm or smaller may escape through the fenestration of the 
vascular endothelium and get cleared from the blood circulation. Particles with size 
less than 20 and 10 nm may be cleared through the lymph nodes and renal systems, 
respectively  [  3,   18  ] . Penetration of intravascularly administered nanomedicines into 
the tumor mass has been proven diffi cult because of the high interstitial fl uid pres-
sure and complex extracellular matrix of the tumor tissue  [  19  ] . Chilkoti and coworkers 
evaluated and demonstrated the molecular weight (size) dependency on the tumor 
penetration using dextran-based delivery vehicles  [  20  ] . They found that dextrans 
with low molecular weights (3.3–10 kDa) can effi ciently penetrate and homoge-
neously distribute in the tumor tissue, but dextrans with higher molecular weights 
(40–70 kDa) were observed only ~15  m m away from the vessel wall, indicating their 
low penetration/permeation effi ciency in the tumor tissue. Using a three-dimen-
sional, multicellular spheroid of human cervical carcinoma cells that simulate a 
solid tumor, Pun et al. observed similar size dependency of nanoparticles on tumor 
penetration. Polystyrene nanoparticles with 20 or 40 nm sizes readily penetrated the 
simulated tumor and distributed homogeneously, whereas 100 and 200 nm particles 
showed restricted penetration. Interestingly, when nanomedicines were coated with 
extracellular matrix-disrupting collagenase, tumor penetration of the 20 and 40 nm 
particles was enhanced by roughly tenfold  [  21  ] . 

 Geng et al. recently reported that the shape of delivery vehicles also has a signifi -
cant effect on biodistribution  [  22  ] . They evaluated cylinder-shaped fi lomicelles 
(20–60 nm in cross-sectional diameter and a few micrometers in length) in rodents 
and found that the fi lomicelles could persist in the circulation up to 1 week after 
intravenous injection. The circulation half-life is about ten times longer than the 
half-life of their spherical counterparts, which is presumably caused by the fact that 
these cylinder-shaped delivery vehicles are more readily extended by fl ow forces 
and therefore are less likely to interact with and get taken up by the phagocytic cells. 
This interesting fi nding may shed light on the design of a new generation of drug 
delivery vehicles for enhanced circulation time and improved in vivo performance. 
A separate study using polymeric nanostructures with various shapes (e.g., cylinder 
and cube) also demonstrated the high impact of shape on the biological response of 
nanomedicine  [  23  ] . Cylindrical nanostructures with an aspect ratio (height/width) 
of 3, for example, can be internalized into cells four times faster than those with an 
aspect ratio of 2. It has yet to be determined whether these uniquely designed nano-
structures could outperform the traditional, spherical nanoparticles in terms of 
biodistribution and antitumor effi cacy. 

 Besides size and shape, surface characteristics and physical properties of nano-
medicines can signifi cantly infl uence the nanoparticle biodistribution. Positively 
charged particles are typically cleared much more quickly from the circulation than 
neutral or negatively charged particles  [  24  ] . The use of PEG to modify the surface 
of nanoparticles is critical to improve their circulation half-life and reduce the 
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plasma protein absorption to nanoparticles that could otherwise lead to opsonization, 
a process that involves surface deposition of blood opsonic factors (such as fi bronec-
tin) for enhanced recognition by macrophages  [  24  ] . There has been some progress 
made developing PEG-like, protein-resistant materials, exemplifi ed by zwitterionic 
polymers  [  25  ] , which exhibit high resistance to nonspecifi c protein absorption due 
in part to their neutral surface charge and hydrophilicity  [  26  ] . However, it is unclear 
at this time whether these materials could be viable, biocompatible alternatives to 
PEG. A recent study by Verma et al. showed that the surface pattern of nanomedi-
cines can have a dramatic effect on their biological responses  [  27  ] . Gold nanopar-
ticles coated with subnanometer striations of alternating anionic (sulfonate) and 
hydrophobic (methyl) groups can successfully penetrate plasma membrane without 
disrupting the membrane bilayer. This approach can be particularly useful for direct 
delivery of cargos to the cytoplasm. The surface-modifi ed nanoparticles also showed 
improved resistance to protein absorption, providing another potential strategy for 
surface modifi cation of nanomedicines.  

    3.3   Preparation of Nanomedicine with Controlled Properties 

 To develop nanomedicines with consistent in vitro and in vivo performance that can 
be utilized in targeted or personalized disease treatment, it is crucial to formulate 
these nanomedicines in a highly controlled manner. Conventional formulation strat-
egies usually give rise to nanomedicines with heterogeneous sizes and predomi-
nantly spherical shapes. Particle Replication In Nonwetting Template (PRINT), a 
top-down nanofabrication technique developed by DeSimone and coworkers, 
addresses these limitations and allows the formulation of polymeric nanoparticles 
with precisely controlled sizes in various shapes other than spherical (e.g., cylindri-
cal, cubic, discoid) using soft lithographic molding technology  [  28,   29  ] . The 
DeSimone group utilizes photocurable perfl uoropolyether (PFPE) molds to emboss 
liquid precursor compounds, using highly fl uorinated surfaces that are nonwetting 
to organic materials, which enables the fabrication of isolated objects with excellent 
control over shape and composition  [  29  ] . Another promising device-assisted nano-
medicine formulation strategy was developed by Tseng  [  30,   31  ] , and Karnik and 
Farokhzad  [  32–  34  ] , utilizing microfl uidics to control rapid mixing of polymer and 
drug and to control droplet size to yield particles with uniform size. 

 Polymeric nanoparticles are usually prepared by coprecipitation of hydrophobic 
therapeutics with hydrophobic polymers, such as polylactide (PLA) or polylactide-
 co -glycolide (PLGA). The resulting nanoparticles typically have poorly controlled 
physicochemical properties such as low drug loading, undesired drug release kinet-
ics, heterogeneous nanoparticle composition, and broad particle size distributions 
 [  5  ] . To address these challenges, a new drug-loading and formulation method was 
reported by Cheng and coworkers, using drug-initiated lactide polymerization fol-
lowed by nanoprecipitation  [  35,   36  ] . In the presence of a metal catalyst (e.g., (BDI)
Zn(II)N(TMS) 

2
  with BDI = 2-((2,6-diisopropylphenyl)amido)-4-((2,6-bisalkyl)
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imino)-2-pentene), hydroxyl-containing drugs (e.g., paclitaxel, doxorubicin, or 
camptothecin) can quantitatively form metal-alkoxide complexes, which can subse-
quently initiate living, ring-opening polymerizations of lactide rings to form drug–
PLA conjugates. Nanoprecipitation of the resulting drug–PLA conjugates gives rise 
to drug–PLA nanoparticles with controllable sizes between 50 and 150 nm and low 
polydispersity. These nanoparticles have high drug loading (as high as 40 wt%), 
high loading effi ciency (97–100%), and controlled drug release kinetics without 
burst release effect. The bulky BDI chelating ligand on the metal catalyst also regu-
lates the coordination of the metal catalyst only with the least sterically hindered 
hydroxyl group of the drug, providing additional control over the polymerization as 
well as the structure and composition of the polymer–drug conjugates. In a separate 
study to improve the formulation of nanomedicines via controlled chemistry, Shen 
and coworkers demonstrated a new concept by using drug molecules (e.g., camp-
tothecin) to control the self-assembly of nanomedicines with minimal amount of 
carrier materials and therefore substantially enhanced drug loading  [  37  ] . Specifi cally, 
camptothecin was conjugated to an oligomer ethylene glycol (OEG), and the result-
ing camptothecin–OEG conjugate self-assembled into liposome-like nanocapsules 
via the hydrophobic interaction between camptothecin molecules. 

 Controlled conjugation chemistry is another tool playing a potentially vital 
role in controlling the incorporation of therapeutics or targeting ligands into nano-
medicines. “Click chemistry,” a powerful conjugation technique conceived by 
Barry Sharpless, has become a highly recognized method in the fi eld of nano-
medicine, allowing conjugation of therapeutics or targeting ligands to nanomedi-
cines with unprecedented site-specifi city  [  38–  40  ] . The click process involves 
1,3-dipolar cycloaddition of an azide to an alkyne to form 1,2,3-triazole rings, a 
reaction known for its high effi ciency and high specifi city. Click chemistry pro-
ceeds well in aqueous solution  [  41  ]  or even in live organisms  [  42,   43  ] , and is 
independent of other functional groups  [  38  ] , demonstrating excellent solvent and 
functionality tolerability. Click chemistry has been widely used lately in the syn-
thesis of polymeric therapeutics, surface modifi cation of nanomedicine, and bio-
conjugation for in vitro and in vivo applications  [  44,   45  ] . In one study, Wooley 
and coworkers developed a new methodology for the preparation of well-defi ned 
core-shell nanoparticles using click chemistry. An amphiphilic diblock copoly-
mer (poly(acrylic acid)- b -poly(styrene)), partially functionalized throughout the 
corona with alkynyl groups, self-assembled in water into micelles and formed 
nanoparticles after click reaction between the alkynyl shell of the micelles and 
azide-terminated dendrimers as the cross-linking agent. The remaining azide ter-
mini of the dendrimer cross-linker were further utilized for a secondary click 
reaction to conjugate either fl uorescence dye or therapeutics onto the nanoparti-
cles’ surface  [  46  ] . Murphy et al. have recently demonstrated conjugation between 
azide-functionalized gold nanorods and an acetylene-functionalized enzyme 
(trypsin) through click chemistry. The click-conjugated enzyme showed substan-
tially improved specifi city and activity compared to the same enzyme linked to 
the gold nanorods by conventional bioconjugation chemistries  [  47  ] . Another 
innovative utilization of click chemistry was demonstrated by Bertozzi et al. in 
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noninvasive in vivo imaging in developing zebrafi sh  [  48  ] . They fi rst treated 
zebrafi sh embryos with azide-containing, unnatural sugars to metabolically label 
their cell-surface glycans with azides. Subsequently, the embryos were treated 
with a difl uorinated, cyclooctyne-containing fl uorophore by means of copper-free 
click chemistry, enabling the visualization of glycans in vivo at subcellular reso-
lution during the development of the zebrafi sh embryos.  

    3.4   Nanomedicine-Mediated Cancer Targeting 

 There have been enormous efforts of designing nanomedicines aiming for targeted 
delivery of therapeutics for improved treatment of cancer, cardiovascular diseases, 
and immunological diseases  [  49–  51  ] . One of the key challenges is the design and 
formulation of clinically relevant, targeted nanomedicines  [  51  ] . Many nanomedi-
cine platforms have been developed and used in targeted drug delivery applications, 
including dendrimers, liposomes, polymeric nanoparticles, micelles, protein nano-
particles, ceramic nanoparticles, viral nanoparticles, metallic nanoparticles, and 
carbon nanotubes  [  50  ] . To facilitate the clinical application of targeted nanomedi-
cines, their formulation should involve the use of biocompatible materials and 
should be completed via simple, robust processes for the assembly of nanomedi-
cine, incorporation of drug and targeting ligand, and purifi cation, postformulation 
processing, large-scale preparation, sterilization, and storage. The formulation pro-
cess should also allow facile optimization of physicochemical parameters of the 
targeted nanomedicines that can be critical to their PK/PD properties, cellular uptake 
behavior, and in vivo effi cacy. 

 The FDA-approved nanomedicines for cancer therapy function mainly through 
the accumulation of nanomedicine in tumor tissues via the EPR effect in the 
leaky tumor vasculature  [  52  ]  and the subsequent release of the payload to kill the 
cancer cells. This passive targeting process usually requires long-circulating deliv-
ery systems in order to achieve time-dependent accumulation in tumor tissue to 
substantially improve the biodistribution and pharmacokinetic profi le of the thera-
peutic modality, compared to the conventional administration of unmodifi ed drugs 
 [  53  ] . The effi ciency of this passive targeting mechanism is largely determined by 
the physicochemical properties of the delivery system. Many liposomal or poly-
meric drug/protein nanomedicines were designed and developed mainly to address 
issues related to the pharmacological drawbacks of small molecule or protein thera-
peutics  [  2,   12,   54  ] . Without active targeting ligands, certain drug delivery systems 
with optimized biophysical and chemical properties can still exhibit tissue-specifi c 
accumulation  [  23,   27  ] . However, to further improve disease targeting, it is inevita-
ble to integrate various active targeting strategies in nanomedicines through the 
incorporation of targeting ligands. 

 Targeted ligands can be either incorporated to formulated nanomedicines via 
surface conjugation or incorporated to prefunctionalized biomaterials prior to the 
nanomedicine formulation. The latter approach can simplify optimization and 
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potential scale-up of the targeted nanomedicine but can be very diffi cult to 
 implement, especially in case of macromolecular targeting ligands (e.g., antibodies 
or aptamers)  [  35,   36,   55–  58  ] . The majority of targeting ligand incorporation 
approaches still follow the former strategy. The conjugation of targeting ligands is 
one of the most critical steps in targeted nanomedicine formulation, which may 
result in decreased targeting effi ciency due to poorly controlled ligand conjugation. 
Reasons are nonspecifi c binding prior to reaching the targeted disease tissue or 
anchoring on the targeted tissue surface too strongly, thus preventing homogeneous 
diffusion of the nanomedicine throughout the targeted tissue  [  59  ] . Therefore, opti-
mization of the ligand density on the nanomedicine surface is a critical step to keep 
the subtle balance between anchoring affi nity and tissue penetration, a key require-
ment for optimal therapeutic effi cacy  [  60  ] . 

 The proliferation of tumor cells requires suffi cient nutrient supplies from blood. 
By stopping tumors from making new blood vessels, a process known as antiangio-
genesis  [  61  ] , not only the growth of solid tumors but also the tendency of tumor 
metastasis may be prohibited  [  62  ] . Over the last several decades, a handful of angio-
genic targets have been explored in anticancer nanomedicine, which include the 
vascular endothelial growth factor receptors (VEGFRs),  a  

v
  b  

3
  integrins, matrix met-

alloproteinase receptors (MMPs), and vascular cell adhesion molecule-1 (VCAM-1). 
Cell proliferation markers are another set of targets for cancer therapeutics, as many 
of these markers are signifi cantly overexpressed on certain tumor cells. Actively 
targeting nanoparticles have followed the schemes of monoclonal antibodies to 
target cell proliferation receptors such as human epidermal receptors (HER)  [  63  ] , 
transferrin receptors  [  64–  66  ] , and folate receptors  [  67  ] . 

  Antibodies  (Abs) are the most well-known targeting ligands used in targeted drug 
delivery. Over a dozen of monoclonal Abs have been approved by the FDA since 
1997  [  68  ] , including Herceptin® (anti-HER2/neu) for breast cancer and Avastin (anti-
VEGF-A) for metastatic colorectal cancer treatment. Hundreds of delivery systems 
based on Abs or their fragments are in preclinical and clinical investigations  [  69,   70  ] . 
As Abs are derived either from animals  [  71  ]  or through phage display techniques 
 [  72  ] , immunogenicity has always been a concern. The conjugation of Abs to nano-
medicine is usually accomplished via coupling chemistry (e.g., carboxylate-to-amine 
or maleimide-to-thiol couplings). The drawback of this approach is the lack of con-
jugation site-specifi city, which leads to substantially reduced targeting specifi city 
and effi ciency  [  73,   74  ] . Single-chain variable fragment (scFV) with high affi nity to 
the targeted tumor tissue may restrict the localization and tumor penetration  [  75  ] . 
Another potential issue with the use of antibody-nanomedicine is the nonspecifi c 
binding to circulating free antigen or irrelevant receptors, which leads to reduced 
targeting effi ciency  [  70  ] . Several strategies can be applied to address these concerns; 
one such strategy is to use affi body, the fragments of Abs, as the substituent of the 
high molecular weight Abs. Affi bodies have comparable binding affi nities and tar-
geting effi ciencies as Abs but have substantially reduced sizes (molecular weights of 
affi bodies ~ 6kDa versus those of Abs ~150kDa)  [  76  ] ; the latter is particularly impor-
tant when they are used as the targeting ligands in nanomedicine. Engineered meth-
ods to increase the circulation time of antibodies have also been reported  [  77,   78  ] . 
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Recent development in protein engineering may also facilitate the applications of 
Abs as targeting agents in nanomedicines  [  79,   80  ] . 

  Aptamers  (Apts) are single-stranded DNA or RNA that can fold into unique con-
formations. They can bind to specifi c targets, either small molecules or macromol-
ecules, with very high affi nity. Recently aptamers have been used as a new class of 
targeting ligands in nanomedicine-mediated cancer targeting and demonstrated 
great promise  [  81–  84  ] . Aptamers are usually nonimmunogenic as they are devel-
oped via a combinational chemistry approach called systematic evolution of ligands 
by exponential enrichment (SELEX). As the synthesis of aptamers is achieved via 
an entirely chemical process, batch-to-batch variability can be substantially reduced. 
It is also possible to chemically modify aptamers by attaching fl uorophores or func-
tional groups for orthogonal bioconjugation; the latter approach holds signifi cant 
advantage over Abs with respect to site-specifi c, controlled conjugation to nano-
medicines. Aptamers exhibit remarkable stability over a wide range of pH, tempera-
ture, and organic solvents without loss of activity, and they can be modifi ed to have 
improved stability against enzyme degradation, which is critical for their in vivo 
application. An additional advantage of using aptamers instead of antibodies as tar-
geting ligand in nanomedicine is the potential of controlling the dosage of nano-
medicines through the use of complementary DNA as the antidote  [  85,   86  ] . This 
option is particularly important in the case of an accidental overdose of a therapeu-
tic nanomedicine that may otherwise cause signifi cant, acute toxicity. The general-
ized manufacturing of antidotes to aptamers has recently been described  [  87  ] . One 
issue for using aptamers as targeting ligands for nanomedicines is that the number 
of available targets is still limited compared to the targets for antibodies. Identifi cation 
of aptamers via an in vivo selection process has recently been reported, which may 
address this issue and open a new avenue to a large variety of potentially clinically 
relevant, tumor-specifi c aptamers  [  88  ] . 

  Oligopeptides  as targeting ligands can be selected through phage display. 
Oligopeptides are usually easy to synthesize and handle as compared to Abs or 
aptamers. Targeting mediated by oligopeptides, however, can be nonspecifi c. For 
instance, RGD (arginine–glycine–aspartic acid), one of the most well-known ligands 
with strong affi nity to the cell adhesion integrin  a  

v
  b  

3
  that is overexpressed in cancer 

cells, can target cancer and increase intracellular drug delivery in various preclinical 
tumor models  [  89,   90  ] , but it also binds to other integrins such as  a  

5
  b  

1
  and  a  

4
  b  

1
 . The 

nonspecifi c targeting and binding of RGD to other receptors might limit its potential 
in cancer-specifi c targeting  [  91,   92  ] .  Carbohydrates  in extracellular matrices (ECM) 
overexpressed in tumors, such as chondroitin sulfate  [  93  ]  and hyaluronan (HA) 
receptor  [  94  ] , allow them to serve as effective targets for cancer targeting. For exam-
ple, HA coating of liposomes improved their circulation half-life and enhanced their 
targeting effi ciency to HA receptor overexpressing tumors  [  94  ] .  Small organic 
molecule -based cancer targeting ligands are much easier to prepare in large scale 
and to incorporate into nanomedicine as Abs, aptamers, or oligopeptides  [  95,   96  ] . 
A few examples such as folate and near-inferred fl uorescent dye IR783 show interest-
ing cancer targeting properties and may be promising ligands in nanomedicine-
mediated cancer targeting  [  97,   98  ] . 
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 Tremendous effort has been undertaken to explore whether the incorporation of 
targeting ligands into nanomedicines can improve their in vivo biodistribution  [  99  ] . 
Early investigations using liposomes containing surface-conjugated, tumor-specifi c 
antibody showed that cancer targeting liposomes accumulated in the targeted tumor 
tissues twice as much as control liposomes  [  100  ] . Later, the work by Park and 
coworkers demonstrated that cancer targeting mediated by antibody–liposome con-
jugates had enhanced antitumor effi ciency compared to control liposomes  [  101  ] . 
However, these antibody–liposome conjugates did not show improved accumula-
tion in tumor tissues, rather the presence of antibody on liposomes improved their 
localization inside the target cancer cells  [  102  ] . Similar results showing improved 
accumulation inside the targeted cells rather than enhanced total tissue concentra-
tion were also reported by Davis and coworkers during their studies on transferrin-
polymeric nanoparticle-mediated siRNA delivery  [  103  ] . Wittrup and coworker 
developed a mechanistic model to understand and predict the complex interplay 
between particle size, affi nity, and tumor uptake  [  104  ] . Their model showed that 
particles with diameter of 50 nm or larger should have insignifi cant tumor uptake 
for both targeted and nontargeted groups, which is consistent with the observations 
by Park  [  102  ]  and Davis  [  103  ] . Despite this size limitation, it is generally accepted 
that cellular uptake and effi cacy of nanomedicines can be improved by the incorpo-
ration of targeting ligands  [  102,   103,   105  ] . Once nanoparticles extravasate into 
tumor tissue, their retention in the tissue and their uptake by cancer cells are facili-
tated by active targeting, followed by receptor-mediated endocytosis, both together 
resulting in higher intracellular drug concentration and increased effi cacy  [  102, 
  105–  107  ] . One additional aspect of vascular endothelial targeting for oncology or 
cardiovascular diseases using ligand-mediated active targeting is that the tissue 
accumulation of targeted nanomedicines is independent from the EPR effect  [  108  ] . 
Similar EPR independence was observed for immunological tissue targeting, utiliz-
ing targeted delivery systems as vaccines for active transportation from the lym-
phatic vessels to the draining lymph nodes, targeting the lymph node-residing 
dendritic cells  [  109  ] . 

 Applying the optimal combination of drug delivery vehicles and suitable target-
ing ligands for specifi c disease, targeting may become clinically important. One 
example supporting this statement is the phase I clinical study of CALAA-01 using 
Calando Pharmaceutical’s RONDEL nanoparticle delivery technology, which dem-
onstrated an RNAi mechanism of action in cancer patients  [  110  ] . RONDEL nano-
particle delivery technology, developed by Davis and coworkers  [  110  ] , is a 
transferrin-targeting, polymeric system for siRNA delivery for solid tumor therapy. 
Using multimodal in vivo imaging techniques, Davis and his team showed that non-
targeting and transferrin-targeting polymeric nanoparticles have the identical distri-
bution and tendency of accumulation in solid tumors, but the targeted particles led 
to more pronounced gene inhibition within cancer cells  [  103,   111  ] . The transferrin-
targeting ligand is used to enhance the cellular uptake of the nanoparticles, rather 
than concentrating the nanoparticles in the tumor. Davis and coworkers further dem-
onstrated that the presence of intracellularly localized nanoparticles is quantitatively 
correlated to the dose of the nanoparticles administered  [  107  ] .  
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    3.5   Current Status and Future Perspective 

 As the fi eld of cancer nanotechnology further matures with an increasing number 
of nanotechnologies moving closer to clinical applications, there is plenty of 
room for continued efforts in developing new, nanometer-sized carriers for the 
prevention of disease progression and dissemination. To achieve personalized 
anticancer nanomedicine, there are still many obstacles to overcome. Formulations 
of nanomedicines with precisely controlled parameters (i.e., drug loading, size, 
and release kinetics) in large quantity are still challenging. Techniques that can 
be broadly utilized for the incorporation of therapeutics into a variety of poly-
mers with all translational issues fully addressed are signifi cantly lacking. Much 
information has been accumulated for the correlation of various physiochemical 
properties of nanomedicines (e.g., size, surface functional groups, and shape) 
with the systemic biodistribution, and long-circulating nanomedicines can be 
prepared for some specifi c systems. However, long-circulating nanomedicines 
may not exhibit maximized anticancer effects if these nanomedicines cannot 
homogeneously distribute in solid tumor tissues and internalize into the target 
cancer cells. In fact, drug delivery nanomedicines that can successfully penetrate 
the ECM of tumor tissues are rare. Developing polymeric nanomedicines that 
can penetrate certain biological barriers (e.g., the blood–brain barrier) is still a 
formidable task for drug delivery scientists and engineers. Cancer targeting by 
incorporating homing ligands to the surface of nanomedicines has been attempted 
for many years. However, formulation of nanomedicines containing protein-
based targeting ligands (e.g., antibodies) is extremely diffi cult to control and 
may only be made on small scales. Incorporation of antibodies or aptamers into 
nanomedicines may result in improved in vivo effi cacy, but meanwhile may also 
result in increased accumulation of nanomedicines in undesired organs such as 
liver or spleen that contain a large number of macrophages cells. Solid formula-
tion of polymeric nanoparticles often resulted in aggregation during postformu-
lation processing (e.g., lyophilization), which substantially reduced their clinical 
applicability. Although these challenges are diffi cult to address, synergistic inte-
gration of the efforts of chemists, materials scientists, chemical and biomedical 
engineers, and physicians may facilitate the development of anticancer nano-
medicine at an unprecedented pace and may eventually make it possible to 
develop chemotherapy in time-, tissue-, and patient-specifi c manner.      
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           4.1   Introduction 

    4.1.1   Monocytes and Macrophages 

 Macrophages originate from a mononuclear phagocyte system (MPS) in the bone 
marrow. The MPS system comprises of monocytes and tissue macrophages in their 
various forms. The primary function of these monocytes is phagocytosis  [  1  ] . Upon 
exiting the bone marrow, monocytes circulate in the blood and become activated in 
various tissues. Once the monocyte reaches the extravascular tissue, it matures into 
a larger phagocytic cell or  the macrophage . The main functions of macrophages are 
phagocytosis, destruction and clearance of microorganisms and apoptotic cells, 
chemotaxis, antigen processing and presentation, secretion of enzymes and other 
biologically active substances such as cytokines, and destruction of tumor cells 
 [  2,   3  ] . Macrophages mainly reside in the liver (Kupffer cells), lungs (alveolar mac-
rophages), spleen, lymph nodes, thymus, gut, marrow, brain, connective tissue, and 
serous cavities  [  1  ] . Table  4.1  presents important functions of macrophages along 
with the relevant substances secreted/produced by these cells.  

 In addition to this differentiated phenotypic pattern, macrophages can also 
acquire a distinct functional pattern upon encountering stimuli in tissue microenvi-
ronment, and appropriately, this stimuli-induced distinct macrophage state has been 
coined as  activation   [  4  ] . The activated cells have an enhanced capability to attack 
and kill microbes and tumor cells. The activation state of macrophages has been 
broadly classifi ed into classical (M1a and M1b) and alternate (M2a, b, and c) types 
 [  5  ] . The detailed information about the role and features of the above-mentioned 
subtype activation states have been reviewed elsewhere  [  5–  7  ] , but for the purpose of 
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this chapter, we only have outlined the major differences between the classical and 
alternative activation pathway. The classical activation state is characterized by 
 killing of intracellular pathogens and tumor resistance and can be induced by inter-
feron- g  (IFN- g ) alone or in conjunction with microbial products such as 
lipopolysaccharide (LPS) or cytokine such as tumor necrosis factor alpha (TNF- a ). 
The alternative state can be induced by cytokines such as IL-4 and IL-13 and mainly 
results in anti-infl ammatory responses and resolution of injury. Activation of mac-
rophage via the classical pathway is marked by high antigen presentation capacity, 
high IL-12, IL-23, nitric oxide (NO), and reactive oxygen species production. On 
the other hand, alternate activation stage is characterized by an increase in the IL-10 
and IL-1ra cytokines, mannose and scavenger receptors, arginase production, and 
decrease in the production of inducible nitric oxide synthase enzyme  [  7,   8  ] . 
Figure  4.1  highlights the central role played by macrophages in mediating innate as 
well as adaptive immune response.   

    4.1.2   Role of Macrophages in Infl ammation 

 Infl ammation is a defense mechanism adopted by the body in response to the variety 
of stimuli including pathogens, injury, and autoimmune responses  [  1,   10,   11  ] . 

   Table 4.1    Selected biomolecules secreted by activated macrophages   

 Microbicidal activity 
 Tumoricidal activity 
 Chemotaxis 
 Phagocytosis/pinocytosis 
 Glucose transport and metabolism 
 Generation of gaseous mediators 

 Reactive nitrogen intermediates 
 Reactive oxygen intermediates 

 Enzymes 
 Neutral proteases, elastase, lysozyme, acid hydrolases, collagenases, plasminogen activator, 

arginase, lipases, phosphatases 
 1 a -hydroxylase 

 Plasma proteins 
 Complement components (C1-C5, properdin) 
 Coagulation factors (factors V, VIII, tissue factor) 
 Fibronectin 

 Cytokines and chemokines 
 IL-1, IL-6, IL-10, IL-12, IL-15, IL-18, TNF- a , TGF- b , GM-CSF, M-CSF, G-CSF 
 IL-8, MCP-1, MIP-1  a /  b  regulated on activation normal T expressed and secreted 

 Growth factors 
 Platelet-derived growth factor, endothelial growth factor, fi broblast growth factor 

 Lipid mediators 
 Eicosanoids 

  Adapted from  [  1  ]   
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The vascularized connective tissues including plasma, circulating cells, blood 
 vessels, and cellular and extracellular components are capable of exhibiting an 
infl ammatory response  [  1  ] . The infl ammatory response is marked by redness, heat, 
swelling, and pain. The process is also marked by enhanced vascular permeability, 
recruitment of leukocytes, and release of infl ammatory mediators. The process of 
infl ammation can be broadly divided into acute and chronic infl ammation. In acute 
infl ammation, the response lasts for only few hours to few days. The main charac-
teristics of acute infl ammation are exudation of fl uid and plasma proteins due to 
altered permeability leading to edema and the emigration of leukocytes, primarily 

  Fig. 4.1    The diagram above depicts the key functions of a macrophage cell. Panel ( a ) shows the 
ability of macrophages to detect the presence of bacteria (pathogen) via specifi c receptors (patho-
gen recognition receptors or toll-like receptors (TLR)) on its surface, which leads to a cascade of 
the downstream signals that ultimately lead to release of cytokines and chemokines to signal other 
cells about bacterial invasion. Panel ( b ) highlights the ability of these cells to phagocytose, either 
via non-specifi c or receptor-mediated endocytosis, and degrades the bacteria as seen in the phago-
lysosomal compartment. The degraded bacterial fragments can be excreted out of the cell via 
process called exocytosis. Also, the degraded antigenic peptide products can be displayed at the 
cell surface with the help of class II MHC molecule. This process helps in communicating with the 
T-helper cells. However, naïve T cell requires a secondary signal for activation, which is provided 
by interactions between B7 receptor on macrophages and CD28 ligand molecule on T cell. Upon 
activation, these cells can further lead to generation of Th1 and Th2 immune response. In addition, 
macrophages are also capable of releasing cytokines such as IL-6, and IL-12 that can infl uence 
adaptive immune response. NF- k B nuclear factor- k B; I k B inhibitor of NF- k B; IL-6 interleukine-6; 
IL-12 interleukin-12.    Adapted from  [  9  ]        
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 neutrophils  [  1  ] . On the other hand, chronic infl ammation lasts for longer duration of 
time and is typically a more intense response, which includes recruitment of 
 lymphocytes and macrophages, tissue necrosis, proliferation of blood vessels, and 
fi brosis  [  1  ] . 

 In an event of injury, there is release of chemokines and soluble mediators from 
local cells such as vascular endothelial cells, dendritic cells, macrophages, and 
interstitial fi broblasts. This event acts as a chemotactic gradient to attract the circu-
lating monocytes in the blood to the site of injury. The polymorphonuclear neutro-
phils are the fi rst infl ammatory cells to reach the site of injury. The specialized 
mononuclear cells, such as macrophages and lymphocytes, are then recruited by 
further downstream signals  [  1  ] . The primary functions of macrophages in infl am-
mation include antigen presentation, phagocytosis, and modulation of immune 
response through production of various cytokines and growth factors  [  1,   12  ] . In case 
of infl ammation caused due to pathogens, the process of phagocytosis is mediated 
by specifi c receptors expressed on the surface of macrophages. Additionally, the 
attachment of antibodies and complement fragments, by a process called opsoniza-
tion, to the microbes greatly enhances the phagocytotic ability of macrophages  [  1  ] . 
The attachment of the phagocyte to the foreign material also results in the release of 
cytokines that further exert a wide range of effects in order to effi ciently deal with 
infection.  

    4.1.3   Role of Macrophages in Infectious Diseases 

 Macrophages are a very important part of the defense mechanism of the body. As 
mentioned above, they have a defi nite role to play in the second line of defense that 
constitutes infl ammation, secretion of cytokines, as well as activation of natural 
killer (NK) cells, and the complement system  [  1  ] . However, there are instances 
when the bacteria, bacterial fragments, or foreign molecules gain access to blood-
stream and have the potential to reach spleen, lymph nodes, or other lymphoid tis-
sues. Thus, macrophages are also important for their ability to stimulate immune 
response upon engulfi ng the microbes. Macrophages and dendritic cells (DCs) con-
stitute the so-called antigen-presenting cells (APC) and belong to class II major 
histocompatibility complex (MHC) type of molecules  [  1  ] . After engulfi ng and 
degrading antigens early in the infectious process, the activated macrophages trans-
locate the fragments of these antigens to cell surface where they are recognized by 
the T cell receptors (TCR) on CD4 +  T cells. These cells are then able to initiate cel-
lular and humoral immunity by secretion of various cytokines. The CD4 +  cells are 
further divided into two types depending on the type of cytokine secreted. These are 
Th1 (T-helper-1) cells and Th2 (T-helper-2) cells. The Th1 cells secrete interleu-
kin-2 (IL-2) and IFN- g  and antibody responses of IgG2a isotype in mice. On the 
other hand, Th2 cells secrete IL-4 and IL-5 and induce antibody responses of IgG1 
and IgE type in mice  [  13,   14  ] . Table  4.2  summarizes the function of selected cytok-
ines secreted by activated helper T cells and their target cells.   
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    4.1.4   Role of Macrophages in Cancer 

 Cancer is defi ned as the rapid and uncontrolled progression of the cells. Tumor cells 
achieve this goal by undergoing an array of processes such as angiogenesis, metas-
tases, and immunosuppression. There has been a common belief now that tumor-
associated macrophages (TAMs) seem to play a prominent role in tumor survival by 
helping the tumor to carry out above-mentioned processes  [  15,   16  ] . The proof of 
close association between an abundance of TAMs and poor prognosis in breast, 
prostate, colon, and cervical cancer has already been established. In a typical sce-
nario, tumor secretes various chemoattractants such as colony-stimulating factor-1 
(CSF-1), chemokines (CCL2, 3, 4, 5, and 8), and vascular endothelial growth factor 
(VEGF). As a result, monocytes in the blood stream get attracted to the tumor tissue 
where they differentiate and take up the role of the resident macrophages  [  17  ] . 
Additionally, in comparison to macrophages derived from healthy tissues, these 
cells seem to have a distinct phenotype. TAMs are characterized by low expression 
of the differentiation-associated macrophage antigens, carboxypeptidase M and 
CD51, high constitutive expression of interleukin (IL-1) and IL-6, and low 

   Table 4.2    Target cells and functions of select cytokines   

 Cytokines  Target cells  Effects upon target cells 

 Interleukin-2 
(IL-2) 

 Helper T cells and 
cytotoxic T cells 

 Stimulates proliferation 
 Stimulates proliferation and plasma cell development 

 B cells  Enhances activity 
 Natural killer 

(NK) cells 
 Interleukin-4 

(IL-4) 
 B cells 
 Helper cells 
 Macrophages 
 Mast cells 

 Stimulates proliferation and plasma cell development; 
induces plasma cells to secrete IgE and IgG; 
increases number of surface class II MHC molecules 

 Stimulates proliferation 
 Increases number of surface class II MHC molecules; 

enhances phagocytosis 
 Stimulates proliferation 

 Interleukin-5 
(IL-5) 

 B cells 
 Hematopoietic stem 

cells 

 Stimulates proliferation; induces plasma cells 
to secrete IgA 

 Induces proliferation and development of eosinophils 
 Interleukin-10 

(IL-10) 
 Macrophages  Inhibits cytokine production (helps downregulate 

immune response) 
 Interferon- g   Multiple cell types  Confers resistance to viruses 

 Macrophages  Enhances phagocytosis 
 B cells  Enhances antibody production 
 Cancer cells  Inhibits proliferation 
 Cytotoxic T cells 

and NK cells 
 Enhances killing capacity of cytotoxic T cells 

and NK cells 

  Adapted from  [  11  ]   
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 expression of TNF- a . It is believed that tumor-derived cytokines, chemokines, and 
proteases such as IL-4, 6, 10, TGF- b 1, and PGE 

2
  act on macrophages so that they 

develop into polarized type II or M2 macrophages  [  18,   19  ] . As a result, unlike in 
healthy tissue, the anti-tumor activity of the macrophages is compromised in tumor 
microenvironment. Additionally, it has also been reported that hypoxia in the tumor 
microenvironment can also contribute to reduce the cytotoxic activity of TAM 
toward tumor cells by promoting the secretion of PGE 

2
  and IL-10  [  17  ] . Thus, it 

appears that upon differentiation, resident macrophages are trained or molded by 
tumor cells to perform specifi c functions. The role of TAMs in the above-mentioned 
processes is summarized in Fig.  4.2   [  17  ] .    

    4.2   Macrophage-Targeted Delivery: The  Trojan Horse  Concept 

 The idea of employing macrophages as Trojan horse vector comes from the knowl-
edge whereby microorganisms, such as bacteria and viruses, use monocytes and 
macrophages to proliferate and hide from immune-surveillance system  [  20–  22  ] . 
Especially, in the case of HIV-1 progression, there is mounting evidence depicting 
the role of macrophages in disease progression, pathogenesis, and latent reservoir 
formation. Like other retroviruses and lentiviruses, HIV-1 has the ability to infect 
and replicate in nondividing cells such as cells of monocyte/macrophage lineage, 
although CD4 +  T lymphocytes appear to be the primary target of HIV virus  [  20,   23  ] . 
The virus may affect the macrophages by infl uencing the cytokine production pro-
fi le, and this may result in chronic infl ammation and extensive tissue damage. 
Interestingly, the infected macrophages appear to be resistant to the toxic effects of 

Tumor Associated Macrophages (TAM) 

Tumor Angiogenesis 
•

• Release of
angiogenesis
modulating enzymes
such as MMP-2, 7, 9,
and 12, COX-2. 

Tumor Invasion/Growth 
• Release of TNF-α and

MMPs by MΦ enhances
tumor invasive properties.

• Secretion of TGF-β1,b-FGF,
hepatocyte growth factor,
EGF, platelet derived
growth factor, and MMP-9
by macrophages promote
tumor cell proliferation and
survival.

Tumor Metastases 
• Requires cross-talk 

between macrophages 
and tumor cells via
EGF-CSF-1 signaling 
pathway. 

• Secretion of VEGF-C to 
promote formation of
lymphatic vessels in
tumors, followed by
tumor dissemination.

Release of pro-
angiogeneic factors 
such as VEGF, TNF-α,
IL-8, and b-FGF. 

  Fig. 4.2    Different functions of tumor-associated macrophages in promoting tumor growth and 
metastases       
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the virus and thus serve as a  Trojan horse  to the HIV virus  [  23  ] . In a recent model, 
proposed by Herbein and colleagues  [  24  ] , it was mentioned that during the early 
stage of the disease, the viral proteins are responsible for establishing the infection 
and activation of macrophages to M1 (classical) state. The classical activation path-
way leads to Th1-type response where cytokines and chemokines such as IFN- g , 
TNF- a , IL-1 b , MIP-1 a , MIP-1 b , and RANTES are produced and this leads to for-
mation of viral reservoirs by increasing the viral transcription and also act to inhibit 
the viral HIV-1 entry. This stage is also marked by increasing rate of T-cell apopto-
sis. Further, during the later stage, characteristic features of alternative macrophage 
activation pathway are present indicating a shift from M1 to M2 state. Additionally, 
during these changes, intermediate levels of T-cell apoptosis were reported. Also, 
the presence of IL-4/13 and proinfl ammatory cytokines was related to reduction in 
the expansion of macrophage HIV-1 reservoirs. Last stage of the disease is marked 
by a dramatic increase in the depletion of CD4 +  and CD8 +  T-cells. Also, IL-10-
deactivated macrophages are prominent at this stage and are involved in clearance of 
the apoptotic cells, inhibition of proinfl ammatory cytokines and chemokines, and 
reducing the expression of class II MHC molecules on plasma membrane of mac-
rophages. In addition, high expression of type I IFN during this stage was reported 
to strongly inhibit the HIV-1 replication. According to the authors, another layer of 
complexity surrounds this model. The M1/M2/Md model can also be reversible, and 
this phenomenon may be dependent on the tissues affected and the local microenvi-
ronment. The validity and therapeutic interventions based on this model may still 
need to be established, but for our purposes, it describes to us the role of mac-
rophages as a Trojan horse that protects and propagates the viral load. 

    4.2.1   Nanoparticle Systems for Macrophage-Targeted Delivery 

 Nanotechnology can be defi ned as the understanding and control of matter in 
1–100 nm dimension range  [  25  ] . The precise use of these engineered materials 
within this range has been explored in various fi elds, including drug delivery and 
diagnostics. It is very well known that nanoplatform systems offer many advantages 
over conventional delivery systems in terms of solubility, diffusivity, blood circula-
tion, drug release, and immunogenicity  [  25  ] . Nanoparticle systems can be made 
from a variety of different materials including polymers, metals, ceramics, and lip-
ids. Based on their method of preparation, they can be engineered into various 
shapes and sizes, thus providing adaptable platforms for therapeutic and diagnostic 
approaches. Readers interested in exploring the various available polymer and lipid-
based nanosystems are directed to excellent reviews by Yih et al.  [  26  ] , Rawat et al. 
 [  27  ] , and Ulrich et al.  [  28  ] . 

 With the advancement in the applications of nanotechnology for medical diagno-
sis and therapy over the past two decades, the ability to modify the surface of the 
nanoparticles to enhance the specifi city of the delivery system for a particular cell/
tissue/organ has been explored in great detail. In the same vein, the idea of having 
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multicompartment nanoparticle-based delivery systems for combination delivery of 
drugs/genes or combination therapy and diagnostic (so-called theranostic systems) 
approaches has also been explored. The readers interested in multifunctional nano-
carriers beyond the scope of the other chapters in this book are directed to a recent 
review by Torchilin  [  29  ] .  

    4.2.2   Approaches for Targeted Delivery to Macrophages 

 As described above, the role of macrophages as phagocytic and antigen-presenting 
cells is very well established. However, over or underactivity of these cells can 
result in the onset and/or progression of pathologic conditions such as growth and 
spread of malignant tumors, sepsis, chronic infl ammation in rheumatoid arthritis, 
lysosomal storage disease, atherosclerosis, and major infections including HIV/
AIDS and tuberculosis. Thus, therapies targeting macrophages appears to be a very 
promising strategy. Since, the focus is on nanoparticle-based therapeutics, the two 
approaches that can be employed are either passive or active targeting of the parti-
cles to these cells. 

 Passive targeting refers to the accumulation of the drug or drug-carrier nanosys-
tem by exploiting the pathophysiological condition and anatomical route  [  30,   31  ] . 
For example, nanoparticle systems that are >100 nm are readily opsonized and 
removed from the circulation by the reticuloendothelial system (RES) and degraded 
by the macrophages in the liver and spleen  [  30  ] . Thus, the tendency of unmodifi ed 
nanoparticles to localize in the RES has been exploited as a way to passively deliver 
the payload to macrophages. Gupta et al.  [  32  ]  showed that amphotericin B (AmB) 
emulsions were rapidly taken up by the macrophages of the RES in comparison to 
the free drug (AmB-deoxycholate or AmB-Doc). Additionally, the nanoparticles 
have also been observed to passively accumulate at infl amed sites due to the 
enhanced permeation and retention (EPR) effect. The presence of macrophages at 
these sites presents an excellent opportunity to passively target these cells. Corvo 
et al.  [  33  ]  showed that in a mouse model of rheumatoid arthritis, intravenous admin-
istration of liposomes grafted with poly(ethylene glycol) (PEG) of molecular weight 
1,900 Da resulted in their passive accumulation at the infl amed arthritic sites. 
Furthermore, Boerman et al.  [  34  ]  exploited this phenomenon to show that PEGylated 
liposomes labeled with technetium-99 can be used as a vector for scintigraphic 
imaging of arthritis. Lobenberg et al.  [  35  ]  performed an in vivo study with the objec-
tive of investigating the possibility of specifi c drug targeting of the antiretroviral 
drugs to the reticuloendothelial cells (such as macrophages) by the oral route. 
Poly(hexylcyanoacrylate) (PHCA) nanoparticles were loaded with  14 C-labeled azi-
dothymidine (AZT). The area under the curve (AUC) of the radiolabeled AZT in the 
blood stream was found to be 30% higher when it was bound to the nanoparticles as 
opposed to the solution form of the drug. Similarly, many other studies have indi-
cated the potential of nanoparticles for targeting macrophages from drug delivery 
perspective. In an attempt to further enhance the delivery to a specifi c cell line 
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 (macrophages in this case), newer drug delivery systems are being designed that are 
exploiting the presence of certain receptors on the surface of macrophages. 

 Active targeting approaches in the context of delivery systems are based on the 
surface modifi cation of the systems with an agent (e.g., ligand, antibody and pep-
tide) that has the selective affi nity for recognizing and interacting with the particular 
cell type, tissue, or organ in the body  [  36  ] . The phenomenon of active targeting can 
be achieved by utilizing the presence of various receptors and lipid components on 
the plasma membrane of the cells (macrophages in this case). These receptors may 
be uniquely expressed on specifi c cells or may show a differentially higher expres-
sion on diseased cells in comparison to the normal cells. Table  4.3  briefl y describes 
some of the key properties of the different receptors that are present on the surface 
of macrophages and have been utilized for actively targeting these cells.  

 Review of the literature shows several examples where the presence of various 
receptors such as Fc and complement receptors; lectin-based receptors specifi c for 
mannose, galactose, and sialic acid; lipoprotein receptors; and scavenger receptors 
have been exploited for the delivery of the payload  [  2,   44  ] . Kaur et al.  [  45  ]  looked at 
mannose-modifi ed gelatin nanoparticles for macrophage targeting of didanosine. 
The formulation was characterized in both in vitro and in vivo settings. The particle 
size range was reported to be 140 ± 19 nm, and the drug loading was 79.5 ± 4.7%. 
The cell-based studies indicated a 5-fold higher uptake of the drug encapsulated in the 

   Table 4.3    Examples of receptor systems utilized for targeting macrophages   
 Macrophage receptor 
targeted  Brief description  References 

 Mannose receptor  C-type lectin   [  2,   37  ]  
 Involved in pathogen recognition 
 Ligand binding to the receptor is dependent on Ca 2+  

concentration 
 Facilitates receptor-mediated endocytosis 

 Scavenger receptor  Receptors bind a variety of poly-anionic macro-molecules 
and modifi ed (acetylated) LDL 

  [  2,   37  ]  

 Three classes of receptor are known: SR-A, B, and C 
 Scavenger receptors are implicated in pathological 

 deposition of cholesterol during atherogenesis 
 Dectin-1 receptor  C-type lectin   [  38,   39  ]  

 Unlike, other lectins, does not require Ca 2+  coordination 
for calcium binding 

 Involved in pattern recognition and phagocytosis of 
unopsonized  b -glucan particles and soluble  b -glucan 
(component of yeast cell wall) 

 Tuftsin peptide  Tetra-peptide sequence  l -Thr- l -Lys- l -Pro- l -Arg (TKPR)   [  40,   41  ]  
 Synthesized by the enzymatic processing of CH2 domain 

of the Fc fragment of the heavy chain of IgG molecule 
 Activates M j  and enhances their phagocytic ability 

 Hyaluronate  Ligand for CD44 receptor   [  42,   43  ]  
 The receptor is a glycoprotein and is known to be involved 

in phagocytosis of large particles 
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mannose-modifi ed formulation as compared to the free drug in phosphate- buffered 
saline (PBS) solution. Furthermore, biodistribution studies revealed a higher local-
ization of the drug in the nanoparticle formulation in the spleen, lymph node, and 
brain (a key target for HIV infected macrophages) as compared to free drug solution. 
Jain et al.  [  46  ]  took a step further and also compared the unmodifi ed nanoparticles 
with mannose-modifi ed, gelatin-based formulation. The cellular uptake by surface-
modifi ed nanoparticles was reported to be 2.7 times higher than the plain gelatin 
nanoparticles. More importantly, in vivo studies indicated that in comparison to the 
gelatin nanoparticles, modifi cation with mannose signifi cantly enhanced the uptake 
of the drug in liver, lymph nodes, and lung. The above-mentioned study exploited the 
presence of surface receptors to enhance the drug delivery to the macrophage cells. 
Additionally, encapsulating the drug in a nanoparticle-based formulation increases 
the possibility of delivering a higher payload to the cells. 

 Schmitt et al.  [  47  ]  developed chitosan-based nanogels decorated with hyaluronate 
for selective delivery to macrophages. The group mentioned the modifi cation was 
advantageous as hyaluronate is known to interact with CD44 cell surface receptor of 
macrophages, which is involved in phagocytosis. Additionally, the modifi cation 
resulted in reversal of the surface charge from positive (due to chitosan polymer) to 
negative (due to hyaluronate), hence improving the biocompatibility. The results 
indicated that local injection of the modifi ed nanogel encapsulating the photosensi-
tizers was retained in the infl amed joint over a longer time period as compared to the 
free photosensitizer. Additionally, photodynamic therapy resulted in the reduction 
of infl ammation as compared to the standard corticoid treatment. 

 In addition to the above-mentioned approaches, there are some additional con-
siderations that should be taken into account when designing the delivery system to 
target macrophages. For example, it has been reported that particle size, surface 
charge, and hydrophobicity can infl uence the uptake by macrophages  [  44,   48  ] . 
Roser et al.  [  49  ]  reported that particles with a neutral surface charge are less phago-
cytable in comparison to the charged particles. Additionally, it was reported that 
phagocytosis rate did not differ for anionic and cationic particles having the same 
absolute charge value. However, there have been confl icting reports on the effect of 
particle size on the cell uptake, especially when comparing liposomal and polymer 
based formulations. Allen et al.  [  50  ]  performed a study on the effect of liposomal 
composition, size, concentration, and incubation time on the uptake by murine bone 
marrow macrophages. The results suggested that higher uptake was observed with 
smaller and negatively charged liposomes. The liposomal uptake increased linearly 
with the incubation time and concentration. On the other hand, Schäfer et al.  [  51  ]  
looked at poly(methylmethacrylate), poly(alkylcyanoacrylate), and human serum 
albumin (HSA) particle uptake by human macrophages. The results indicated that 
nanoparticles made from the same material but of larger diameter were phagocy-
tosed to a larger extent. For example, phagocytosis of the nanoparticles made from 
HSA of 1.5  m m in diameter was higher in comparison to 200 nm particles made 
from the same material. Lastly, studies conducted by Tabata et al.  [  52  ]  have shown 
that hydrophobic nanoparticles or particles coated with lipophilic material are 
 preferred by macrophages in comparison to their hydrophilic counterparts. This 
phenomenon could be due to the hydrophobic interactions with the cell surface.  
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    4.2.3   Nanosystems for Delivery of Vaccines 

 Vaccination is a proven strategy in the prevention of the infectious diseases and 
cancer. They can be developed from various sources to generate an immune response 
and at the same time potentiate the harmful effects associated with an actual infec-
tion. Conventional vaccines include live-attenuated or inactivated pathogens, anti-
genic peptides, proteins, and polysaccharides, while novel approaches are based on 
generation of vaccines from genetic material  [  53  ] . Some of the vaccine strategies 
mentioned here have suffered from poor bioavailability, primarily due to the deliv-
ery issues. For example, subunit vaccines, such as antigenic proteins, peptides, and 
polysaccharides, are not ideal candidates for oral and rectal administration as these 
therapeutics are prone to enzymatic degradation in the gastrointestinal (GI) tract. 
DNA vaccines also suffer from similar problems of degradation by harsh pH envi-
ronment and enzymes  [  54  ] . The studies conducted with the naked plasmid DNA 
have shown that intravenous or intramuscular administration of the DNA elicited a 
weak immune response due to the restrictive movement, degradation by mac-
rophages, and negligible uptake by myocytes  [  54,   55  ] . Besides all the inherent prob-
lems, the advantages associated with these modalities in comparison to the 
live-attenuated or inactivated pathogen-based vaccines have prompted researchers 
to exploit the nanocarrier-based approach to enhance the effi cacy of such vaccines. 
In addition, the nanocarriers may also act as adjuvants to further enhance the 
immune response by protecting the antigen, modulating cytokine release, activating 
CD8 +  CTL responses, or delivering the antigen to target tissue  [  56  ] . 

 Toward this end, the nanocarrier systems can be emulsions, liposomes, solid 
lipid nanoparticles and polymeric nanoparticles, and immunostimulatory complexes 
(ISCOMS). Since the theme of the chapter is on macrophage-targeted delivery sys-
tems, Table  4.4  lists the nanoplatforms that have been used to deliver the vaccine 
specifi cally to the macrophages.   

    4.2.4   Macrophage-Targeted Nanosystems for Imaging 

 The arrangement and spacing of atoms at scale of nanometer imparts unique physi-
cal and chemical properties to the material  [  36  ] . Particles such as colloidal gold, 
iron oxide crystals, and quantum dots are some of the examples of inorganic nano-
particles that are in the size range of 1–30 nm  [  70  ] . These particles have been 
explored for their ability to act as imaging/contrast enhancing agents for multimo-
dality, noninvasive imaging techniques such as magnetic resonance imaging (MRI), 
positron emission tomography (PET), and computed tomography (CT). In addition, 
long circulation half-lives and ease of surface modifi cation can further result in 
improvement of signal intensity and specifi city. Overall, these features makes such 
particles as attractive diagnostic or contrast enhancing agents. 

 Macrophages have been identifi ed as suitable imaging targets in diseases such as 
infl ammation, atherosclerosis, and rheumatoid arthritis as these cells are present in 



58 S. Jain and M. Amiji

   Ta
bl

e 
4.

4  
  Se

le
ct

 e
xa

m
pl

es
 o

f 
va

cc
in

es
 in

 n
an

o-
de

liv
er

y 
sy

st
em

s 
fo

r 
ta

rg
et

in
g 

m
ac

ro
ph

ag
es

   

 V
ac

ci
ne

 ty
pe

 
 N

an
o-

de
liv

er
y 

sy
st

em
 

 Si
ze

 (
nm

) 
 In

co
rp

or
at

ed
 a

nt
ig

en
 

 R
ef

er
en

ce
s 

 Pr
ot

ei
n/

pe
pt

id
e 

va
cc

in
es

 
 PC

L
, P

L
G

A
, P

C
L

-P
L

G
A

 b
le

nd
, a

nd
 P

C
L

-P
L

G
A

 
co

po
ly

m
er

 
 ~2

50
 n

m
 

 D
ip

ht
he

ri
a 

to
xo

id
 

  [  5
7  ]

  

 Po
ly

(e
th

yl
en

e 
gl

yc
ol

)-
po

ly
(l

ac
tic

 a
ci

d)
 

 15
0–

17
0 

nm
 

 Te
ta

nu
s 

to
xo

id
 

  [  5
8  ]

  
 R

G
D

 p
ep

tid
e-

m
od

ifi 
ed

 P
L

G
A

 c
on

ta
in

in
g 

PC
L

-P
E

G
 

 ~2
11

 n
m

 
 O

va
lb

um
in

 
  [  5

9  ]
  

  N
 -t

ri
m

et
hy

l c
hi

to
sa

n 
(T

M
C

, p
ol

yc
at

io
ni

c)
 a

nd
 

m
on

o-
 N

 -c
ar

bo
xy

-m
et

hy
l c

hi
to

sa
n 

(M
C

C
, 

po
ly

am
ph

ol
yt

ic
) 

 ~2
85

 n
m

 
 Te

ta
nu

s 
to

xo
id

 
  [  6

0  ]
  

 G
al

ac
to

sy
la

te
d 

L
D

L
 n

an
op

ar
tic

le
s 

 ~2
3 

nm
 

 O
va

lb
um

in
 

  [  6
1  ]

  
 Su

lf
ob

ut
yl

at
ed

 p
ol

y(
vi

ny
l-

al
co

ho
l)

-g
ra

ft
ed

 P
L

G
A

 
 10

0 
nm

, 2
00

 n
m

, >
1,

00
0 

nm
 

 Te
ta

nu
s 

to
xo

id
 

  [  6
2  ]

  
 L

ip
os

om
es

 
 0.

15
–3

.9
  m

 m
 

 C
ry

pt
oc

oc
ca

l c
ul

tu
re

 fi 
ltr

at
e 

an
tig

en
 (

C
ne

F)
 

  [  6
3  ]

  

 So
y-

be
an

 o
il 

na
no

em
ul

si
on

 
 20

 ±
 5

 n
m

 
 M

A
G

E
-H

SP
70

 f
us

io
n 

pr
ot

ei
n 

an
d 

SE
A

 (
M

H
S)

 
  [  6

4  ]
  

 C
al

ci
um

 p
ho

sp
ha

te
 n

an
op

ar
tic

le
s 

 <
1.

2 
 m m

 
 H

SV
-2

 
  [  6

5  ]
  

 D
N

A
 v

ac
ci

ne
s 

 C
hi

to
sa

n 
 33

7 
±

 2
7 

nm
 

 H
B

sA
g,

 p
C

M
V

A
ra

h2
 

  [  6
6,

   6
7  ]

  
 15

0–
30

0 
nm

 
 M

an
no

sy
la

te
d 

lip
os

om
es

 
 98

 ±
 2

.4
 n

m
 

 pU
b-

M
 

  [  6
8  ]

  
 PL

L
 

 N
ot

 d
et

er
m

in
ed

 
 ps

O
V

A
-C

1 
  [  6

9  ]
  

   P
C

L
  p

ol
y(

ep
si

lo
n-

ca
pr

ol
ac

to
ne

);
  P

L
G

A
  p

ol
y(

 d,
l -

la
ct

id
e-

 co
 -g

ly
co

lid
e)

;  L
D

L
  lo

w
 d

en
si

ty
 li

po
pr

ot
ei

ns
;  P

L
L

  p
ol

y(
 l -

la
ct

ic
 a

ci
d)

  



594 Macrophage-Targeted Nanoparticle Delivery Systems 

abundance and also are involved in multiple functions leading to infl ammation and 
angiogenesis. Therefore, monitoring their role in such conditions can provide valu-
able insight into the progression of the disease. Lipinski and colleagues  [  71  ]  have 
described the formation of a scavenger receptor-targeted nanoparticles system for 
imaging macrophages in atherosclerosis. The micelle-based nanoparticles contained 
gadolinium, an MRI contrast agent, in the core, while the surface of the micelles was 
decorated with antibodies specifi c for scavenger receptor-B (CD36). The nanoparticles 
were reported to have a mean diameter of 125 nm, and on average, each nanoparticle 
was reported to contain 14,900 Gd atoms. Additionally, for the sake of comparison, 
another set of formulation containing the antibody against the Fc receptors on mac-
rophages was also included, along with the untargeted nanoparticles. The  ex vivo  
studies were conducted on the excised human aorta, harvested at the time of autopsy, 
with moderate to severe atherosclerosis. Pre-contrast images of the aorta sections were 
compared with the postnanoparticle containing contrast agent treatment using a 1.5-T 
MR system. The results indicated that the targeted nanoparticles increased the 
contrast-to-noise ratio (CNR) by 52.5% as compared to the Fc-NP (CNR increased 
by 17.2%) and untargeted nanoparticles (CNR increased 18.7%) ( p  = 0.001). 
Additionally, confocal fl uorescent microscopy revealed that targeted nanoparticles 
were localized into the macrophages, whereas the nontargeted and Fc-NPs were 
reported to distribute throughout the plaque region. Thus, this study demonstrated 
that nanoparticles targeting macrophages have the potential to improve the detection 
and characterization of the human aortic atherosclerosis. Specifi c examples demon-
strating the effi cacy of nanoparticles as macrophage-targeted contrast agents in an 
in-vivo model will be discussed in detail in later sections. Table  4.5  considers select 
examples of nanoplatform systems, containing suitable imaging agents that have been 
used to target macrophages and demonstrated the advantage of such systems in the 
treatment of atherosclerosis and rheumatoid arthritis disease models.   

    4.2.5   Targeted Systems for Delivery of Small Molecule 
and Biological Therapeutics 

 The diversity of macrophage function in various disorders such as HIV/AIDS, 
infl ammation-related disorders, cancer, and infectious diseases makes it a valid 
pharmaceutical target. For example, macrophages are known to phagocytose and kill 
various microorganisms, but with the advancement in the fi eld of molecular biology, 
it has been established that many of these pathogens have developed subtle means 
for residing in the macrophages by mainly avoiding phagocytosis or  developing 
lysosomal tolerance  [  79  ] . Additionally, the drugs available for such  diseases suffer 
from the problem of side effects and low solubility. Therefore, nanoparticle-based 
drug delivery systems can improve the therapeutic index of such drugs by lowering 
the toxicity and enhancing the targeting ability to macrophages. For example, Khan 
et al.  [  80  ]  have developed 50–100 nm tuftsin-bearing liposomes to specifi cally 
deliver amphotericin B to the phagolysosomal compartment of  macrophages in a 
mouse model of fungal infection,  Candida albicans . The pharmacokinetic studies 
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revealed that 32 mg/L of amphotericin B was available in the systemic circulation of 
mice treated with tuftsin-bearing amphotericin B liposome, while it was 25 mg/L for 
amphotericin B liposomes, 4 h post-drug administration. In vivo toxicity studies 
demonstrated that the amphotericin B deoxycholate formulation induced elevations 
in serum creatinine (approximately 300% of control) and blood urea (approximately 
380% of control) values, while a signifi cant decrease (blood urea approximately 150% 
of control and serum creatinine approximately 210% of control) was observed in the 
animals treated with the tuftsin-loaded amphotericin B liposomal formulation. 
Hence, overall, the tuftsin-bearing liposomal formulation resulted in minimizing the 
toxicity and side effects of the drug and improved the safety and effi cacy profi le of 
the amphotericin B. 

 Gagne et al.  [  81  ]  prepared sterically stabilized (i.e., PEG-modifi ed) immunolipo-
somes to deliver high concentrations of indinavir (protease inhibitor). Additionally, 
the immunoliposomes were coupled to Fab’ fragment of the anti-HLA-DR antibody 
as the HLA-DR (class II MHC molecules) are highly expressed on the surface of 
macrophages. The particle size of the liposomes was reported to be 100–120 nm. 
The tissue and plasma distribution studies were conducted in female C3H mice that 
were given a single subcutaneous injection of free or encapsulated drug. Indinavir 
incorporated into sterically stabilized anti-HLA-DR immunoliposomes was shown 
to be highly effi cient in delivering the drug to lymphoid tissues leading to 21–126-
fold increased accumulation when compared to the free drug. Thus, based on these 
lines, several examples have been listed in Table  4.6 , which summarizes the nano-
platform systems containing small molecule drugs for targeting macrophages.  

   Table 4.5    Nanoparticle systems targeting macrophages in atherosclerosis and rheumatoid 
arthritis   

 Nanoparticle system  Particle size  Disease state  References 

 Crystalline ethyl-3,5bis(acetylamino)-
2,4,6-triiodobenzoate iodinated 
particles dispersed in surfactant for 
stabilization 

 259 nm  Atherosclerosis   [  72  ]  

 Dextranated and DTPA modifi ed 
magnetofl uorescent labeled with 
 64 Cu 

 20 nm  Atherosclerosis   [  73  ]  

 POPC, DPPE-NBD, DPPE-Biotin, 
Gd-DOTA-BSA 

 125 nm, 89 ±13 nm 
and 
107.3 ± 0.21 nm 

 Atherosclerosis   [  71,   74,   75  ]  

 Self-assembled gold coated iron oxide 
NPs stabilized with dextran 

 ~30 nm  Atherosclerosis   [  76  ]  

 Silica NPs containing a luminescent 
[Ru(bpy) 

3
 ]Cl 

2
  core and a paramag-

netic monolayer coating of a 
silylated Gd complex 

 37 nm  Rheumatoid 
arthritis 

  [  77  ]  

 Ultrasmall iron oxide NP  ~30 nm  Antigen-induced 
arthritis 

  [  78  ]  

   POPC  palmitoyl-oleoyl-phosphatidylcholine;  DPPE-NBD  1,2-dipalmitoyl- sn -glycero-3- phos-
phoethanolamine-N-7-nitro-2-1,3-benzoxadiazol-4-yl;  DPPE-Biotin  1,2-dipalmitoyl- sn -glycero-
3-phosphoethanolamine-N-Biotinyl;  bpy  2,2 ¢ -bypyridine  
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 Alternatively, biological therapies such as therapeutic gene delivery or gene 
silencing have been implied to target macrophages. Additionally, in some cases, 
attempts have been made to transfer the therapeutic gene to these cells and use them 
as “guided” missiles  [  91  ] . The two general approaches used for gene delivery 
include viral and non-viral vector systems. The viral methods generally give higher 
transfection effi ciencies and a longer transgene expression, but immunogenicity 
associated with such vectors and the cost of producing such vectors on large scale 
have led to exploration of effi cient and safe nonviral vector platforms such as poly-
mer- and lipid-based nanoparticles. However, the main disadvantage with non-viral 
vector systems is lower transfection effi ciency as compared to viral counterparts. 
This mainly occurs because nonviral vectors are endocytosed, and it is very likely 
that DNA in such vectors can get degraded by nucleases, which are especially abun-
dant in lysosomes of macrophages, following endosome–lysosome fusion.   

    4.3   Illustrative Examples for Delivery of Vaccines 

    4.3.1   Mucosal Vaccination 

 The mucosal delivery most commonly involves gastrointestinal, urogenital, and 
respiratory tracts  [  54  ] . The delivery of vaccines via the mucosal route is preferred as 
it can not only generate systemic immune response but can also provide local 
immune protection  [  92,   93  ] . Additionally, mucosal surfaces are considered to be the 
most common route for pathogen entry into the body, and hence, targeting such sites 
can prevent the invasion by the foreign antigen  [  92  ] . The delivery systems for 
mucosal vaccines have been primarily designed to target mucosal-associated lym-
phoid tissues (MALT) of the Peyer’s patches in the gut and respiratory tract. The 
tissue is separated from the lumen by the follicle-associated epithelium (FAE), 
which is composed of enterocytes and specialized microfold (M) cells. These cells 
are capable of transcytosis of foreign matter from the apical to basal side of the 
membrane. M cell basolateral membrane contains a pocket that is deeply invagi-
nated with lymphocytes and APCs such as macrophages  [  94  ] . Therefore, the strate-
gic placement of macrophages at this site allows the sampling and processing of the 
foreign antigens, which can ultimately lead to activation of T cells and B cells, and 
hence the generation of cellular and humoral immune responses. Therefore, target-
ing the M cells for mucosal vaccine delivery can be considered as a passive and 
effective way to deliver the antigen to APCs such as macrophages. 

 Garinot et al.  [  59  ]  developed PEG-modifi ed poly( d,l -lactide- co -glycolide) 
(PLGA)-based nanoparticles displaying integrin-binding, arginine–glycine–aspartic 
acid (RGD) peptides at the particle surface. The surface modifi cation was done to 
target the  b -integrin receptors on M cells. Besides, the PLGA, the formulation also 
included poly( e -caprolactone- co -ethylene glycol) (PCL-PEG), an amphiphilic 
copolymer. Photografting (i.e., light-induced chemical reaction) method was 
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employed to covalently link the peptide to PEG moiety of the PCL–PEG, included 
in the formulation. The particle size and the zeta-potential of the peptide-modifi ed 
formulation were 211 ± 2.9 nm and −13.8 ± 4.3 mV, respectively. Ovalbumin was 
used as a model antigen for the in vivo study, and the antigen encapsulation effi -
ciency in the modifi ed formulation was determined to be 40%. The in vitro studies 
were designed to study the particle uptake and transport in monoculture (Caco-2) 
and coculture models (Caco-2 and Raji cells). Basolateral solutions were then sam-
pled, and the particles were counted using fl ow cytometry. Results obtained from 
these studies indicated that peptide-modifi ed formulation enhanced the particle 
uptake by 3.5-folds as compared to the unmodifi ed formulation in coculture cell 
model system. Next, in order to evaluate the ability of the formulation as an oral 
vaccine delivery system, in vivo studies were conducted in the specifi c antigen-free 
female NMRI mice with 5  m g of the ovalbumin antigen. The IgG titers in serum and 
IFN g  production level were measured after 10 and 13 weeks of fi rst immunization, 
respectively. Additionally, in vivo localization of nanoparticles in mouse Peyer’s 
patches was evaluated by performing confocal microscopy on FITC-labeled nano-
particles. The oral immunization studies revealed that number of mice producing 
IgG was slightly higher in the case of targeted nanoparticle formulation as com-
pared to the nontargeted formulation. The group also reported that signifi cant IFN g  
production was induced in some of the groups immunized orally. Lastly, the confo-
cal microscopy studies showed that targeted nanoparticles were found to be colocal-
ized with M cells; however, the nontargeted nanoparticles were less numerous in 
Peyer’s patches and more scattered. 

 With a similar objective, Wei et al.  [  64  ]  encapsulated MAGE1-HSP 70 and SEA 
(MHS) complex protein in nanoemulsion as an antitumor vaccine delivery strategy 
via oral route. The average diameter of the nanoemulsion was 20 ± 5 nm, and the 
MHS complex protein encapsulation effi ciency was reported to be 87%. The group 
then compared the effi cacy of the delivery system in inducing immune response by 
delivering the nanoemulsion via peroral and subcutaneous routes. The results indi-
cated that nanoemulsion containing the MHS protein complex could fi ercely elicit 
cellular immune response as compared to MHS or nanoemulsion alone. Furthermore, 
encapsulating MHS in the emulsion system delayed the tumor growth and deferred 
tumor occurrence of mice challenged with B16-MAGE-1 tumor cells. The group 
also suspected that transcytosis of the emulsion by M cell and subsequent uptake by 
local macrophages and antigen presentation was the main pathway for the immune 
response observed via per oral delivery. 

 Roy et al.  [  67  ]  formulated chitosan–DNA nanoparticles for oral allergen gene 
immunization. This strategy resulted in the modulation of peanut antigen-induced 
murine anaphylactic responses. The plasmid employed for this study was pCM-
VArah2. The particle size and surface charge of the nanoparticles were reported to 
be between 150 and 300 nm and +10 mV, respectively. The studies indicated that 
mice immunized with nanoparticles showed a signifi cant reduction in allergen-
induced anaphylaxis associated with alleviated levels of IgE, plasma histamine, and 
vascular leakage. Additionally, mice receiving the plasmid-containing nanoparti-
cles produced secretory IgA and serum IgG2a. Lastly, the gene expression studies 
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were performed by evaluating  b -galactosidase expression after the chitosan–
p43LacZ plasmid delivery. The studies revealed that due to the mucoadhesive nature 
of the chitosan polymer, the nanoparticles might adhere to the gastrointestinal 
epithelia and transported across the mucosal boundary by M cells and transfect epi-
thelial and/or immune cells. 

 The other popular route for mucosal vaccination has been intranasal adminis-
tration of nanoparticles. Khatri et al.  [  66  ]  also developed plasmid/chitosan–DNA 
nanoparticles-based vaccine formulation against hepatitis B. The plasmid DNA con-
struct used in this study was pRC/CMV-HBs(S). The nanoparticles were reported to 
be spherical in shape with a mean diameter of 337 ± 27 nm. Moreover, as part of 
formulation characterization, DNA stability in the nanoparticles was also confi rmed 
and DNA encapsulation effi ciency was reported to be 96.2 ± 1.8%. Animal studies 
were conducted in female Balb/c mice (6–8 weeks) via intranasal administration of 
chitosan–DNA (CH) NP, with total 100  m g of the plasmid DNA. The serum anti-
HBsAg titer in the CH-NP group was reported to be less in comparison to that elic-
ited by naked plasmid DNA and alum-adsorbed HBsAg. However, the group claimed 
that mice were seroprotective within 2 weeks, and the IgG level was above the clini-
cal protective level (>10 mIU/ml), indicating successful generation of systemic 
immunity. Also, as depicted by the level of secretory IgA antibody, chitosan–DNA 
nanoparticles were reported to be more effi cient in eliciting mucosal immune 
response as compared to intramuscular (i.m.) administration of naked plasmid and 
alum-adsorbed recombinant protein vaccine. Lastly, the group suspected that chitosan 
nanoparticles may be able to pass the mucosal membrane and directly transfect the 
antigen-presenting cells, or they might be fi rst taken up by the M cell-like cells in nasal-
associated lymphoid tissue (NALT) and then presented to the underlying APCs.  

    4.3.2   Systemic Vaccination 

 In addition to the mucosal vaccination routes (oral and intranasal), nanoparticle-
based vaccine administration routes such as subcutaneous, intravenous, intraperito-
neal, and intramuscular have also been explored for targeting macrophages. For 
example, Hattori et al.  [  95  ]  have investigated the potency of mannosylated, cationic 
(Man-C4-Chol) liposomes as a DNA vaccine carrier. Ovalbumin antigen-expressing 
plasmid (pCMV-OVA) was constructed to evaluate DNA vaccination. Furthermore, 
the potency of the construct was compared with naked plasmid vector and 3 b -[N-
(N ¢ -N ¢ -dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol) liposomes, upon 
intravenous administration. The mean particle size of the Man-liposome and DC-Chol 
liposomes complexed with plasmid DNA were 182.3 ± 7.4 nm and 175.8 ± 5.2 nm, 
respectively. In an attempt to evaluate antigen presentation by macrophages in vitro, 
the authors adopted a coculture model of macrophages, cultivated with CD8OVA1.3 
T cell hybridomas. The group stated that after antigen is expressed in APCs and 
subsequently processed and presented as peptide epitopes on MHC class I  molecules, 
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it would result in stimulation of antigen epitope-specifi c CD8 +  T cells. Indeed, a 
higher secreted level of IL-12 from CD8OVA1.3 T cell hybridoma was reported in 
case of Man-liposomes then in naked plasmid or DC-Chol treatment group. The 
in vivo studies looked at OVA mRNA expression and MHC class I-restricted antigen 
presentation on CD11c +  cells and also levels of infl ammatory cytokines TNF- a , 
IL-12, and IFN- g . Additionally, OVA-specifi c cytokine release after intravenous 
administration of different nanoparticles versions was also evaluated. Overall, these 
results indicated that targeted delivery by mannose-liposomes was superior in their 
ability to target APCs and enhance the Th1 response and, hence, was a potent method 
for DNA vaccine therapy. 

 Other groups such as Tang et al.  [  69,   96  ]  and Lu et al.  [  68  ]  have also utilized 
mannan-coated polylysine and liposomal delivery systems for APC-targeted DNA 
vaccination via intradermal and intraperitoneal routes of administration, respec-
tively. Ribeiro et al.  [  97  ]  synthesized dendriplexes (dendrons/plasmid DNA com-
plex) and encapsulated them in PLGA particles using the double emulsion method. 
The plasmid DNA employed for the study was protective antigen (PA) of  Bacillus 
anthracis.  The particle size of the nanoparticles was reported to be approximately 
500 nm. The group tested different versions of the nanoparticle constructs by incor-
porating 14  m g of the plasmid DNA per dose, administered at weekly intervals via 
intramuscular route. Antibody titers were measured after three immunization injec-
tions. The authors concluded the PLGA construct with a C-18 hydrocarbon chain 
was superior to the rest of the formulations in producing the anti-PA IgG antibodies 
in the immunized mice. More importantly, the authors hinted that sustained release 
of the DNA from the PLGA particles, and hence, transfection of muscle cells were 
aiding antigen presentation by recruited mononuclear cells and subsequent genera-
tion of humoral and cell-mediated immune response.   

    4.4   Illustrative Examples for Imaging 

 Fayad et al.  [  98  ]  have developed contrast agents that can be used in CT imaging of 
atherosclerosis by targeting the high-density localized macrophages. Studies from 
this group mentioned that such an approach may be benefi cial over conventional CT 
scan of atherosclerotic areas. In a conventional CT imaging process, the atheroscle-
rotic plaques are characterized on the basis of their densities as hypodense, dense, 
or calcifi ed. However, plaque density strongly depends on intensity of luminal 
enhancement, which may ultimately depend on factors such as cardiac blood fl ow 
and time delay between injected contrast agent and CT scan acquisition  [  99  ] . Thus, 
when measuring plaque density, high variability in luminal enhancement intensity 
is a clear limitation in CT angiographies. Thus, in order to circumvent the problem, 
a more plausible route would be to target macrophages that are present in abundance 
in the plaque region  [  100  ] . 

 In collaborations with NanoScan Imaging (Lansdale, PA), the Fayad group has 
extensively studied an iodinated nanoparticle-based agent, N1177. It was reported 
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that the agent was composed of crystalline iodinated particles dispersed in 
 surfactant for stabilization. The nanoparticles were made from ethyl-3,5-bis
(acetylamino)-2,4,6-triiodobenzoate. Nanoparticle suspension was made by milling 
the iodinated particles with the surfactant in the presence of inert beads. The mean 
particle size of the particle was 259 nm, and on-shelf stability was reported to be 
8 months. The concentration of the iodine in the particles was measured to be 
67 mg/ml. Next, the uptake of N1177 by macrophages was evaluated both qualita-
tively and quantitatively by optical microscopy and inductively coupled plasma 
mass spectroscopy (ICP-MS), respectively. The results obtained via microscopy 
revealed the presence of dark granules, indicative of nanoparticles, only in the 
cytoplasm of the cells. In order to quantify the uptake of N1177 by macrophages, 
the cells were incubated for 1 h with both nanoparticle agent and conventional CT 
agent, adjusted to same iodine concentration. The group showed via ICP–MS that 
the uptake of N1177 was 4,920 ± 1,019  m g iodine/g wet weight versus 56 ± 11  m g 
iodine/g wet weight of contrast agent. 

 Additionally, the in vivo biodistribution of N117 and the detection of mac-
rophages in atherosclerotic plaques were also performed in the New Zealand white 
rabbit model. The aim of the distribution study was to evaluate the effectiveness of 
N1177 in enhancing the circulation time in blood and accumulation in macrophage-
rich region upon intravenous injection. The control used in the study was a conven-
tional CT contrast agent, iopamidol. The dose of both the contrast agents was 
maintained at 250 mg iodine/kg of body weight. The results showed that the X-ray 
absorption value or Hounsefi eld unit (HU) of the aortic lumen was higher for N1177 
(125 ± 14.1 HU) as compared to iopamidol (61.8 ± 13.9 HU). The group reported 
that absorption value obtained via N1177 was suffi cient to achieve a clear delinea-
tion of all the major arterial and venous contours by CT. However, 2 h postinjection, 
the absorption value, and density measurement in aortic lumen obtained for both 
contrast agents were not statistically signifi cant from precontrast values. Moreover, 
at this time point, it was shown that N1177 had distributed to organs containing 
macrophages such as liver and spleen, whereas no enhancement was detected in 
these organs 2 h after the injection of the conventional contrast agent. 

 Lastly, in order to detect the macrophages in atherosclerotic plaques, eight rab-
bits were given atherosclerotic lesions by combination of double balloon injury in 
the aortas (1 month apart) and a hypercholesterolemic diet (for 4 months). The 
lesions generated via this procedure were reported to contain high levels of mac-
rophage infi ltration. Four additional, non-injured rabbits fed with chow diet were 
used as controls. All the animals were fi rst imaged with traditional contrast agent 
(iopamidol) and 1 week later with N1177. Previous results obtained from kinetic 
study revealed that the optimal imaging time was 2 h post-N1177 administration. 
The same time frame was used for the detection of macrophages in this part of the 
study, and the results showed that a signifi cant elevation in the detection of the 
macrophage-rich plaque region was obtained with N1177 as compared to iopamidol 
( p  < 0.001). Densities measured in plaque region increased from 29.7 ± 6.0 HU 
(before injection) to 43.0 ± 7.3 HU (2 h postinjection) in the case of N1177. In com-
parison, density values obtained with iopamidol were 31.5 ± 6.9 HU (before injec-
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tion) and 35.6 ± 8.1 HU (2 h postinjection). No substantial enhancement in the 
arterial wall of control nonatherosclerotic rabbits 2 h after the injection of the N1177 
(0.9 ± 1.2 HU) or conventional (0.3 ± 1.3 HU) CT contrast agent was detected. The 
next step was to correlate the data generated via CT imaging with intensity of the 
macrophage infi ltration in the corresponding lipid-rich core of the plaque via histo-
logical analysis. Thus, after reconstruction of the CT axial slices of the aorta, the 
corresponding sections were excised and sectioned for immuno-histochemistry 
analysis. Fibrous cap and lipid-rich core of the plaques were stained and analyzed 
for the distribution of macrophages by using a specifi c monoclonal antibody to 
RAM-11 (a marker for macrophage cytoplasm). The results confi rmed that the 
N1177-enhanced CT showed a macrophage area extending to more than 20% of the 
intimal area in 90% of the corresponding histological sections. No macrophages 
were detected in the aortic wall of control rabbits. Additionally, the data was also 
supported by TEM images and energy dispersion spectrometric data, showing the 
presence of a large number of electron-dense granules in the lysosomes of mac-
rophages in the atherosclerotic plaques of rabbits, killed 2 h after injection of N1177. 
Thus, overall, the study successfully showed that the in vivo imaging of macrophage 
infi ltration in atherosclerotic plaques of rabbits can be improved via development of 
contrast agents such as N1177. 

 Lutz et al.  [  78  ]  conducted a preliminary study to evaluate the ability of ultras-
mall, superparamagnetic iron oxide (USPIO) nanoparticles to detect synovial mac-
rophages in an experimental rabbit model of antigen-induced arthritis, using 
molecular resonance imaging (MRI). The iron oxide nanoparticles were reported to 
be 18–30 nm in size. Thirteen female rabbits (NZW) were divided into two groups: 
control ( n  = 3) and antigen-injected ( n  = 10). Intra-articular injections of methylated 
bovine serum albumin were performed to induce unilateral arthritis. In addition to 
the three control animals, the contralateral knee joint of the antigen-injected animal 
group also served as controls in this study. It was reported that after the onset of 
arthritis, all the knees were imaged prior to and 24 h post-USPIO particle injection. 
The nanoparticles were administered via i.v. route at a dose of 150  m mol of iron per 
kilogram of body weight. Two MR imaging sessions comprising of baseline read-
ings and 24 h post-nanoparticle administration were performed using a 1.5-T MRI 
system. Various MR imaging protocols including T1-weighted spin echo, 
T2-weighted fast spin echo, T2*-weighted gradient echo, and short inversion time 
inversion-recovery sequences were adopted for the study. The images were obtained 
in the transverse, sagittal, and coronal planes for all the sequences. It was also men-
tioned that qualitative and quantitative image analysis was performed with regards 
to signal characteristics and pattern. In addition, histopathological studies were con-
ducted to locate the nanoparticles in the synovial tissue. As a fi rst step in the study, 
the difference between the arthritic knee and control or contralateral knee was estab-
lished in terms of synovial thickening and joint fl uid. It was mentioned that the 
mean thickness of the arthritic synovium as measured by T2-weighted images was 
2.8 ± 1 mm as compared to nonarthritic knee, which was reported to be below 1 mm 
in thickness. Images obtained with T2 and T2* weighted and short inversion time 
inversion-recovery sequences showed moderate-to-large joint effusion in arthritic 
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knees, whereas little or no joint fl uid was reported in nonarthritic knees. The same 
pattern was confi rmed with histopathologic studies, where extensive synovial 
 hyperplasia was reported in all the arthritic knees and normal synovial lining was 
observed in nonarthritic knees. 

 More importantly, the images obtained 24 h after the intravenous administration 
of the USPIO nanoparticles revealed a signifi cant increase in the signal-to-noise 
ratio (SNR) in case of T1 ( p  = 0.03). However, more predominant T2 ( p  = 0.01) 
and T2* ( p  = 0.02) effects were observed in the synovium of the all the arthritic knees. 
It was reported that only T2* effects were present in the joint effusion of the arthritic 
knees ( p  = 0.01). The authors reported that no signifi cant changes were observed in 
the contralateral joints of the antigen-injected and the joints of the animals in the 
control group ( p  = 0.6–0.91). Lastly, results of the histologic examination revealed 
numerous blue iron-positive cells within the hyperplastic synovial tissue. The cells 
were identifi ed to be macrophages. It was mentioned that the areas of the focal sig-
nal loss on T2-weighted fast SE or susceptibility effects on T2-weighted images 
correlated to foci of iron staining upon histologic analysis. Histologic examination 
of the contralateral knee of the antigen-injected did not reveal accumulation of the 
iron nanoparticles-containing macrophages. The authors suspected that iron parti-
cles may permeate through the capillary walls of the blood vessel into the interstitial 
space at sites of infl ammation and are ultimately phagocytosed by the macrophages 
in the infl amed tissue. The group also acknowledged that kinetics of the particle 
uptake and quantifi cation of the USPIO particles into the resident macrophages is 
critical and needs to be explored in greater detail. In addition, there is a need to 
construct the biodistribution profi le of such small nanoparticles and determine the 
toxicity of these particles in an in vivo setting. In summary, this study showed that 
nanoparticle-based contrast agents provide an opportunity to selectively visualize 
arthritic joint in an experimental model of antigen-induced arthritis and that these 
agents have the potential to serve as an imaging modality in monitoring the thera-
peutic effects of drugs that affect macrophage activity.  

    4.5   Targeted Therapeutic Systems in Infl ammatory Diseases 

    4.5.1   Illustrative Examples of Small Molecule Therapeutics 

 The rationale for employing macrophage-targeted therapy in the treatment of 
infl ammation-related diseases is based on their direct or indirect involvement in 
such disease areas such as atherosclerosis/restenosis, infl ammatory bowel disease 
(IBD), neuroinfl ammation, and rheumatoid arthritis. As a general strategy, bisphos-
phonates have been explored for their properties to act as anti-infl ammatory drugs 
 [  89  ] . This class of drugs has been known to chemists since the early nineteenth 
century. Bisphosphonates are pyrophosphate analogues where oxygen bridges have 
been replaced by a carbon with various side chains  [  101  ] . It has also been known 
that bisphosphonates (e.g., clodronate) in liposomes are selectively taken up by 
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macrophages and induce apoptotic cell death after delivery to the cytoplasm. 
The elimination of subsets of macrophages in various tissues is dependent on the 
route of administration and dose of the drug. Based on this observation, these drugs 
have been explored as anti-infl ammatory drug candidates to treat diseases such as 
restenosis. 

 Restenosis can be described as formation of neo-intima, leading to re-obstruction 
of vessel wall after balloon injury. Upon injury, macrophages accumulate in the ves-
sel wall triggering smooth muscle cell proliferation and extracellular matrix forma-
tion via secretion of numerous growth factors, cytokines, and enzymes leading to 
vessel obstruction  [  102  ] . Danenberg et al.  [  103  ]  were the fi rst group to report that 
intravenous administration of clodronate-containing liposomes (LC) resulted in 
macrophage depletion and reduced neo-intimal formation after balloon injury in rat 
(Sabra male) and New Zealand white rabbit models. The liposomal formulation 
comprised of 50  m mol/L distearoylphosphatidylglycerol (DSPG), 100  m mol/L cho-
lesterol, and 150  m mol/L of 1,2-distearoyl- sn -glycero-3-phosphocholine (DSPC) by 
reverse-phase evaporation technique. The concentration of the drug in the liposomes 
was 24.5 mmol/L, and the average particle size of the clodronate-containing lipo-
somes was 190 ± 18 nm. The rabbits were kept on hypercholesterolemic diet for 
30 days prior to angioplasty. Upon confi rming hypercholesterolemia (plasma cho-
lesterol >1,200 mg/dl), animals were anesthetized and balloon injury was performed 
on the left common carotid artery with a 3-mm angioplasty balloon catheter. 
However, to ascertain the effect of macrophage depletion in a nonhypercholester-
olemic animal model, the rat carotid injury model was used. In both animal models, 
the dose of the free drug or encapsulated drug was maintained at 15 mg/kg. Other 
controls included empty liposomes and buffer. The liposomal formulation and free 
drug were administered intravenously at days −1 and +6 in both animal models. 
Morphometric analysis was performed to estimate the degree of neointimal thicken-
ing and the degree of remodeling. The degree of neointimal thickening was expressed 
as the ratio between the area of the neointima and the original lumen (i.e., percent 
stenosis) and as the ratio between the neointimal area to the area of the media (N/M). 
The degree of remodeling, constrictive (negative) and expansive (positive), and 
remodeling ratio was measured by comparing the ratio of the total arterial area of 
the balloon-injured segment with that of an adjacent, noninjured segment. Overall, 
the results indicated that marked reduction in the neointima formation was observed 
upon treatment with clodronate-containing liposomes (LC). It was also mentioned 
that the treatment with the LC was the major contributing factor for the observed 
increased in the luminal area in comparison to the mild increase observed via expan-
sive remodeling. Additionally, no systemic adverse effects were reported. 

 Additional studies were performed to unveil the underlying mechanism respon-
sible for marked neointima reduction. The anti-coagulated blood of rabbits was ana-
lyzed to count the population of circulating monocytes via fl ow cytometry. 
Immunohistochemistry analysis was performed to evaluate the macrophage preva-
lence in the arterial sections of the hypercholesterolemic rabbits and other organs 
such as liver and spleen. Lastly, IL-1 b  concentration and matrix metalloprotei-
nase-2 (MMP-2) activity in the arterial tissue of the rabbits were also measured 
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6 days after treatment with clodronate-containing liposomes. Both IL-1 b  and 
MMP-2 are secreted by activated macrophages in response to injury and, hence, 
contribute to the process of neointimal proliferation. Thus, measurement of these 
parameters before and after the treatment can act as a yardstick to further authenti-
cate the presence of macrophages in the injured arterial tissue. The combined results 
of all these studies indicated that the population of circulating blood monocytes and 
infi ltrated macrophages in the injured tissue were transiently reduced, along with 
IL-1 b  concentration and MMP-2 activity, upon treatment with clodronate lipo-
somes. Thus, it was concluded that LC administration reduced the neointimal 
hyperplasia after balloon injury in the rat and hypocholesterolemic rabbit models. 
The suggested mechanism was systemic selective, transient modulation of mono-
cyte/macrophage activity. 

 In a similar study, Cohen-Sela et al.  [  104  ]  investigated the effect of polymeric 
nanoparticle-based formulation containing bisphosphonates alendronate in alleviat-
ing restenosis. The drug was encapsulated into PLGA nanoparticles prepared via 
double emulsion-solvent evaporation technique. The ALN nanoparticle had an aver-
age diameter of 223 ± 64 nm, with a negative surface charge of −4.4 ± 0.9 mV. The 
drug encapsulation effi ciency was determined to be 55.1 ± 7.4%. In vivo studies 
indicated that ALN nanoparticles resulted in signifi cant reduction in neointima-to-
media ratio and stenosis after balloon injury. Moreover, the nanoparticle treatment 
led to reduction in the levels of both IL-1 b  and matrix metalloproteinases  [  2,   9  ] . The 
authors concluded that ALN nanoparticles have the capability to reduce the neointi-
mal formation in vivo by systemic depletion of monocytes. 

 In the case of rheumatoid arthritis, an increase in the expression of Fc receptors 
on the surface of macrophages has been reported. Chandrasekar et al.  [  87  ]  exploited 
this observation to deliver indomethacin, a non-steroidal anti-infl ammatory drug 
(NSAID), encapsulated in folate-targeted PEG conjugates of an anionic dendrimer 
(G3.5 PAMAM), to the infl amed arthritic site. The pharmacokinetic studies revealed 
an increased AUC, circulatory half-life, and mean residence time in the case of the 
folate-PEG-PAMAM conjugates. Additionally, the time-averaged relative drug 
exposure r(e) was reported to be between 1.81 and 2.37, and the overall drug target-
ing effi ciency T(e) was reported to be 3.44 as compared to the native dendrimer 
(1.72). Thus, it was concluded that such a construct is an ideal choice for targeted 
drug delivery for anti-arthritic therapy.  

    4.5.2   Illustrative Examples for Delivery of Biological 
Therapeutics 

 Howard et al.  [  105  ]  explored the possibility of down-regulating/silencing the expres-
sion of tumor necrosis factor (TNF- a ) using the siRNA (small interfering RNA) 
approach. Towards this end, the investigators explored the possibility of using a 
chitosan–siRNA polyplex system in downregulating the TNF- a  expression in peri-
toneal macrophages for anti-infl ammatory treatment in a murine arthritis model. 
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The selection of systemic macrophage-derived TNF- a  is based on its predominant 
role in modulating local proinfl ammatory and regulatory cytokine effects. 
Additionally, recruitment of systemic macrophages to local sites and their role dur-
ing local infl ammation makes them an ideal target for such therapies. The investiga-
tors chose the intraperitoneal route over intravenous administration as the 
intraperitoneal administration allows delivery into a blood-free, macrophage-rich 
environment, and serum protein-induced polyplex aggregation associated with sys-
temic delivery can also be avoided. 

 Self-assembled nanoparticles comprising of 27-mer dicer-substrate siRNA 
(DsiRNA) or control siRNA and chitosan (84% deacetylated; N:P ratio of 63) were 
formed. The particle size was reported to be ranging from 350 to 450 nm. A signifi -
cant TNF- a  knockdown was reported in in vitro experiments conducted with pri-
mary murine peritoneal macrophages, after 24 and 48 h of particle administration. 
The in vivo studies looked at both the therapeutic and prophylactic treatment strate-
gies. The therapeutic potential of silencing TNF- a  production in systemic mac-
rophages with chitosan-based nanoparticles was investigated in a collagen type II 
DBA/I arthritic model. The treatment groups for animal studies were as follows: 
unmodifi ed anti-TNF- a  DsiRNA (5  m g), 2 ¢ -O-Me modifi ed anti-TNF- a  DsiRNA 
(2.5  m g), control DsiRNA (5  m g), sodium acetate buffer (0.2 mol/L), and dexame-
thasone positive control group (400  m g/kg; daily (day 1–14)), subcutaneously. 
Except for the dexamethasone-treated group, the rest of the groups were given i.p. 
treatment on days 1, 3, 5, 7, and 9 with 200  m L of nanoparticles. Five animals were 
treated per group. The starting arthritic score was determined to be ~3 (day 1). The 
end points of this study were based on the arthritic score (before and after treatment) 
and survival (%). Results indicated that there was a signifi cant difference between 
the modifi ed chit/DsiRNA nanoparticles and control siRNA nanoparticles ( p  < 0.028). 
However, no signifi cant difference between the control and buffer-treated group was 
reported. The animal survival data indicated a marked difference between anti-TNF-
 a  DsiRNA (modifi ed and unmodifi ed formulations) and dexamethasone (100% sur-
vival), or control siRNA (60% survival) and buffer (40% survival). Furthermore, 
histological analysis of the paws, extracted on day 5, revealed that joint and carti-
lage integrity was maintained in animals treated with unmodifi ed anti-TNF- a  
DsiRNA and dexamethasone control groups. On the other hand, control siRNA 
nanoparticle and buffer-treated group exhibited extreme cartilage and bone destruc-
tion. Interestingly, the authors reported that some level of cartilage damage and 
cellular infi ltration was observed in the mice treated with modifi ed 2 ¢ -O-Me anti-
TNF- a  DsiRNA; however, the damage was to a lesser extent as compared to the 
control siRNA and buffer-treated groups. The infl ammation observed in the case of 
modifi ed formulation was speculated to result from a combined suppression of 
TNF- a  and type I IFN effect (innate response observed due to the non-specifi c 
interaction of the double-stranded RNA with toll-like receptors). However, it was 
mentioned that these abnormalities can be improved if the administered dose of the 
modifi ed formulation is increased. 

 Finally, as part of prophylactic studies, the investigators were interested in evalu-
ating the effi ciency of the formulations (modifi ed and unmodifi ed) to silence TNF- a  
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production during the inductive phase (day 0–28 after collagen immunization) of 
the disease so that the onset of infl ammation can be delayed. A similar protocol to 
therapeutic studies was applied in this study. The modifi ed and unmodifi ed formula-
tions were administered 2 days before immunization and after immunization on 
days 1, 5, 9, 13, 17, and 21. The control siRNA nanoparticles (score = 1.3) and 
buffer-treated group (score = 1.5) showed signs of joint infl ammation as compared 
to modifi ed formulation (score = 0.3) from day 26 onwards. Interestingly, rapid pro-
gression of the joint infl ammation was noticeable by the end of second day of with-
drawing the treatment with modifi ed formulation. The arthritic score of 0.3 on day 
26 rose to ~5.3 by day 31. The score for control siRNA nanoparticles and untreated 
group, during the same period, was reported to be 1.5–2.5 and 1.5–3.2, respectively. 
The investigators attributed the rapid onset of infl ammation to the immunoregula-
tory effect of TNF- a  suppression. The rapid onset of infl ammation upon termina-
tion of the treatment, however, points to the transient nature of RNAi-based 
therapeutics. While there is a need to modify the design of the current formulation 
to compensate for the transient siRNA expression, the studies of Howard et al. pro-
vide an insight into the potential of siRNA based formulation in the treatment of 
infl ammation-related diseases. 

 Similarly, Zuo et al.  [  106  ]  investigated the effect of alveolar macrophage-targeted 
NF k B decoy by mannosylated (Man) cationic liposomes in a LPS-induced lung 
infl ammation model, upon intratracheal administration. The rationale for using anti-
sense ODN is attributed to its ability to specifi cally modify cellular gene expression 
by either disabling or degrading the target RNA  [  107  ] . The nanocomplex was 
reported to be around 100 nm in size and was aerosolized by Microsprayer® for 
intratracheal administration. The particles were reported to be physically stable dur-
ing the spraying process. Confocal microscopy was performed on the lung tissue 
sections excised after intratracheal administration of the FAM-labeled Man-cationic 
liposome, loaded with 50  m g of NF- k B decoy. As evident from the cell uptake ratios, 
the Man-liposomes (uptake ratio 4.0) were highly selective towards alveolar mac-
rophages as compared to the naked NF k B decoy (uptake ratio 3.0) ( p  < 0.01) and its 
complex with cationic liposome (uptake ratio 2.3) ( p  < 0.01). Additionally, it was 
reported that enhanced uptake of NF -k B decoy by Man-cationic liposomes was sig-
nifi cantly inhibited upon co-administration of mannan ( p  < 0.05), further confi rming 
mannose receptor-mediated endocytosis. The therapeutic potential of the nanoplat-
form was tested in the LPS-induced lung infl ammation model. The nanoparticles were 
fi rst administered and lung infl ammation was induced 30 min post-nanoparticle 
treatment by intratracheal instillation of LPS at 0.5 mg/kg. The BAL samples and 
lung tissue were collected 3 h post-LPS challenge. The cytokine levels of TNF- a , 
IL-1 b , and chemokine CINC-1 along with MPO activity were measured. The elec-
trophoretic mobility shift assay of the nuclear extracts from lung tissue was also 
assessed to further examine the inhibitory mechanism of NF k B decoy. The results 
indicated that Man-cationic liposomes were superior in their ability to inhibit 
TNF- a , IL-1 b , and CINC-1 in BAL fl uid as well as in the lung tissue ( p  < 0.05). 
Moreover, the levels of cytokine and chemokine achieved with the mannosylated 
formulation were signifi cantly lower when compared to that of LPS, naked NF k B 
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   Table 4.7    Select examples of macrophage-targeted nanosystems for biological therapy   

 Therapeutic moiety  Nano-delivery system  Particle size  Disease condition  References 

 NF- k B decoy  Mannosylated 
liposome 

 100 nm  LPS-induced lung 
infl ammation 

  [  110  ]  

 Anti-TNF- a  
oligonucleotides 

 Galactosylated low 
molecular weight 
chitosan 

 Not available  Experimental 
colitis 

  [  106  ]  

 TNF- a  siRNA  Solid polyketal PK3 
and choloroquine 

 800–900 nm  Acute liver failure   [  111  ]  

 Plasmid CMV-
luciferase 

 Mannosylated cationic 
liposomes/DNA 
complex 

 ~200 nm  Reporter gene 
expression 

  [  112  ]  

 Plasmid CMV-
luciferase 

 Mannosylated poly
( l -lysine)/DNA 
complex 

 10–20 nm  Reporter gene 
expression 

  [  113  ]  

 Plasmid CMV-
luciferase 

 Histidine-conjugated 
mannosylated 
cationic liposomes 

 116 ± 15.8 nm  Reporter gene 
expression 

  [  114  ]  

 IL-1,6, and IL-8 
siRNA 

 Lipoplex  ~700 nm  Experimental 
rheumatoid 
arthritis 

  [  115  ]  

 Oligonucleotides  Galactosylated low 
molecular weight 
chitosan 

 Not available  Kupffer cells 
targeted anti-
infl ammatory 
therapy 

  [  116  ]  

decoy, unmodifi ed cationic liposome/NF k B decoy complex, and mannosylated 
 cationic liposomes containing the scrambled decoy complex. A similar trend was 
reported for the neutrophilic MPO enzyme activity levels. Lastly, the EMSA analysis 
revealed stronger inhibition of the activated NF- k B in lung tissue after treatment 
with mannosylated liposomes/ NF- k B k = kappa decoy complex as opposed to other 
controls. No inhibitory effects were reported with mannosylated cationic liposomes 
containing the scrambled decoy complex. Overall, this study indicated that active 
targeting to macrophage population can be achieved by incorporating mannose 
sugar residues into the formulation. Such modifi cation proved to be an effective 
anti-infl ammatory strategy for lung infl ammation. 

 The illustrative examples mentioned in this section have been focused on the 
suppression of anti-infl ammatory cytokines such as TNF- a . However, it will also be 
interesting to look at examples that have taken the alternate route for treating infl am-
mation by delivering plasmid gene encoding for anti-infl ammatory cytokine protein 
such as IL-10 to macrophages, and comparing it to the silencing effect of TNF- a . 
As far as the therapeutic gene delivery is concerned, the studies mentioned in 
Table  4.7  have been conducted with a reporter plasmid DNA system and have not 
clearly demonstrated the effi cacy of the formulations to deliver the therapeutic gene 
to macrophages in an in vivo setting. Towards this end, the examples that we found 
were focused on delivery systems that are in the micrometer range, and hence, were 
excluded as the focus of the chapter is mainly on nanometer range technologies. 
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However, interested readers are encouraged to look at studies conducted by Bhavsar 
et al.  [  108  ]  and Nakase et al.  [  109  ]  that evaluated the effi cacy of the therapeutic 
IL-10 plasmid DNA in a microsphere-based formulation for the treatment of infl am-
matory bowel disease.    

    4.6   Targeted Therapeutic Systems in Cancer 

    4.6.1   Illustrative Examples of Small Molecule Therapeutics 

 The role of tumor-associated macrophages (TAM) has already been reviewed in the 
previous sections. The general approach in this fi eld has focused on either eliminat-
ing the macrophages from the tumor environment or use of macrophages as a Trojan 
horse to carry therapeutics to solid tumor cells  [  117  ] . There are also few relevant 
examples that have looked at nanoparticle-based systems for targeting tumor stromal 
cells from immunotherapy perspective. 

 Miselis et al.  [  118  ]  examined the contribution of TAM to tumor growth and 
metastasis using an orthotopic immunocompetent mouse model of diffuse malignant 
peritoneal mesothelioma. Clodronate-containing liposomes (CLIP) were used to 
target and eliminate the macrophages from the tumor environment. Additionally, 
the CLIP liposomes were labeled with a fl uorescent dye, chloromethylbenzamido-
octadecyl (C 

18
 ) indocarbocyanine (CM-DiI). The 40 L mesothelioma cell line and 

C57BI/6 wild type (WT) and C57BI/6 TgN (bACT-eGFP) 10sb mice were used for 
the studies. As part of the ex vivo studies, the group evaluated the macrophage tar-
geting ability of the formulation. Toward this end, WT or eGFP mice were injected 
i.p. with 2 × 10 6  mesothelioma cells and tumor spheroids were harvested. The tumor 
spheroids extracted from eGFP mice were then treated with CM-DiI labeled CLIP, 
CM-DiI labeled liposomes, or mock CM-DiI labeled PBS. Immunofl uorescence 
labeling was done with CD68, CD11c, and GFP to identify macrophages, dendritic 
cells, and host cells. The authors reported that the majority of the cells targeted with 
CM-DiI liposomes were macrophages in the explanted spheroids, which was evi-
dent from the colocalized fl uorescence images of labeled liposomes and F4/80 (red 
fl uorescence)-labeled macrophages. 

 As part of the in vivo studies the group looked at the distribution of the CLIP, 
induction of apoptosis by CLIP, and overall effi cacy of the treatment with CLIP. The 
biodistribution studies were done with CM-DiI labeled liposomes, injected into 
tumor-bearing mice. The tissues were collected posttreatment and counterstained 
with 4,6-diamidino-2-phenylindole, and organs including liver, spleen, intestine 
with mesentery, kidney, and lungs were examined. The biodistribution profi le indi-
cated extensive labeling in the marginal zone of spleen, with scattered labeling of 
the individual cells in the white pulp. Histopathological studies indicated extensive 
apoptosis and focal congestion in the red pulp of the spleen. Additionally, liver 
uptake by Kupffer cells and focal injury of liver cells was also revealed. More 
importantly, CM-DiI labeled CLIP and mock CM-DiI labeled PBS showed exten-
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sive labeling of the solid tumor located at the periphery. Additionally, it was reported 
that CLIP treatment resulted in a decrease in the tumor cell density and enhanced 
apoptosis within mesenteric tumors. Based on these results and additional studies, 
the group concluded that clodronate-containing liposomes induced apoptosis in 
both tumor spheroids and in established tumors in vivo .  

 Lastly, three separate experiments were conducted to determine the effi cacy of 
the CLIP treatment in animal tumor model. In summarization, these studies indi-
cated that tumor-bearing mice injected with CLIP resulted in 4-fold reduction in 
tumor frequency as compared to mock CM-DiI labeled PBS. In addition, a 17-fold 
reduction in tumor burden, and a 5-fold reduction in the tumor invasion and metas-
tasis was observed in comparison to the mock CM-DiI labeled PBS group. They 
also reported that following transplantation of tumor spheroids and treatment with 
CLIP, a 4-fold decrease in tumor number and 15-fold decrease in tumor burden was 
observed as compared to the control. A similar trend was observed in mice bearing 
established tumors, where treatment with CLIP resulted in a 2-fold reduction in 
tumor number and relative tumor burden. Thus, based on the overall studies the 
authors concluded that targeting peritoneal macrophages in the orthotopic model of 
malignant mesothelioma can suppress the tumor growth, invasion, and metastasis.  

    4.6.2   Illustrative Examples for Biological Therapeutics 

 Opanasopit et al.  [  119  ]  studied the inhibitory effect of a nanosized, mannosylated 
liposomal formulation containing an immunomodulator, muramyl dipeptide (MDP), 
in an experimental liver metastases model. MDP is a component of bacterial cell 
wall and has been used as an adjuvant to stimulate macrophages. Upon activation 
by MDP, macrophages can produce prostaglandins and collagenase, super-oxide 
anions, and more importantly, cytolytic activity against tumor cells  [  120  ] . The com-
position of the formulation consisted of Man-4-chol, distearoylphosphatidylcholine 
(DSPC), and cholesterol in 5:1:2.5 molar ratio. Liposomal mixtures were hydrated 
with MDP solution at a ratio of 20  m g/mg of lipid. The particle size of the formula-
tion was reported to be approximately 95 nm. The murine colon carcinoma cell line, 
CT-26 was used for tumor development in male ddY and CDF1 mice. Particle 
distribution studies were carried out with [ 3 H]-labeled liposomes in male ddY mice. 
The particle distribution was analyzed in terms of organ uptake, with particular 
emphasis on the distribution between parenchymal cells (PC) and non-parenchymal 
(Kupffer) cells (NPC) of the liver. It was reported that 2.5 and 25 mg/kg doses of the 
injected formulation resulted in 75% of radioactivity recovery from the liver. Further 
dose increase led to a decrease in radioactivity recovery, an observation the authors 
attributed to saturation of the mannose receptor-mediated particle uptake in the liver. 
Moreover, the particle accumulation ratio in the PC versus NPC cells was reported 
to be 0.39 in case of Man-liposomes. In case of unmodifi ed,  3 [H]-free liposomes, 
equal amounts of particles were found in both types of liver cells (PC and NPC). 
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 Next, experimental liver metastasis was induced in the CDF1 mice by injecting 
10 5  CT-26 tumor cells into the portal vein. Free MDP, a mixture of empty liposomes 
with free MDP, or liposomes containing MDP were administered on days −3, 0, 3, 
7, and 10 of tumor injection. Mice were sacrifi ced on day 14, and the number of 
tumor modules on the liver surface and liver weight were measured. The results 
revealed that the number of tumor modules in the control (treated with saline) and 
free MDP groups was approximately 50. A slightly better effect was seen with bare 
liposomes containing MDP ( p  < 0.01); however, mannosylated liposomes contain-
ing MDP were most promising in their ability to inhibit liver metastasis ( p  < 0.005). 
No improvement in liver metastasis inhibition was seen with bare or Man-liposomes 
plus free MDP groups. The survival time of the tumor-bearing mice was signifi -
cantly increased upon treatment with the Man-liposomes ( p  < 0.05). Overall, the 
study successfully demonstrated the ability of nanoparticle formulation to actively 
target non-parenchymal (Kupffer) cells of the liver and further exploited the tumori-
cidal activity of macrophages to inhibit tumor metastasis.   

    4.7   Concluding Remarks and Future Directions 

 The examples discussed above have demonstrated the therapeutic effi cacy of nano-
particles and the benefi ts of targeting macrophages with such platforms in treating 
various diseases for both small molecule drugs as well as biological therapeutics 
that include antibodies or nucleic acid constructs. Additionally, examples of both 
passive and active targeted nanoparticles towards these cells have been provided. 
However, another approach—complementing active targeting—is transcriptional 
targeting. This approach is particularly applicable to gene delivery systems for mac-
rophages and takes advantage of the tissue-specifi c/inducible promoters or enhanc-
ers that control gene expression. The concept has been very well established and 
particularly explored for cancer gene therapy  [  121,   122  ] . In our case, the promoters 
could be induced by a physiological state such as infl ammation or secreted proteins 
such as cytokines. Moreover, these elements could be incorporated into plasmid 
DNA encoding for the therapeutic protein. Such DNA system could be either 
complexed with a nanoparticle vector or physically encapsulated into the vector. 
The nanoparticles could be surface-modifi ed to target the macrophages and, since 
the therapeutic gene will be under the control of macrophage-specifi c promoter, the 
protein will only be expressed in macrophages and would minimize the off-target 
cells or tissue effects. 

 A relatively new fi eld has started to emerge where nanoparticles have been uti-
lized to monitor the progression of the disease by targeting macrophages. In this 
chapter, examples of such systems were discussed in detail; however, the future 
application in this fi eld will probably focus on the design of multifunctional nano-
platforms that incorporate both diagnostic (and imaging) and therapeutic moieties 
in a single system. The preliminary results obtained by McCarthy et al.  [  123  ]  
and Ma et al.  [  76  ]  with multifunctional nanoparticles have been encouraging. 
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The McCarthy group designed a nanoparticle system containing an iron oxide 
(  l   

max
  < 300 nm) core (5 nm size and 8,000 Fe/particle) with a shell of dextran 

(8–10 kDa). These monocrystalline nanoparticles were reported to be 33 nm in size. 
The dye Alexa Fluor 750 (AF750;   l   

max
  = 755 nm) was conjugated to the nanoparti-

cles, and a potent photosensitizer, 5-(4-carboxyphenyl)-10,15,20-triphenyl-2,3-
dihydroxychlorin (TPC;   l   

max
  = 648 nm) was covalently attached to the primary 

amines of the nanoparticle. Upon illumination, photosensitizers generate cytotoxic 
reactive singlet oxygen species (ROS). The main advantage of this approach has 
been envisioned in diseases that may benefi t from the removal of macrophages such 
as atherosclerosis and cancer  [  124  ] . The approximately 100-nm difference between 
the longest wavelength absorption for TPC and AF750 resulted in minimal energy 
transfer upon excitation at 650 nm (therapeutic wavelength). Cell uptake studies in 
RAW 264.7 macrophage cells indicated that uptake and localization of the particles 
was time-dependent, and an average of 10 6 –10 7  particles per macrophage cell were 
reported at saturation. More importantly, when the cells were incubated for 1 h with 
0.1 mg Fe per ml, 35% of the cells remained viable. It was also reported that longer 
incubation times and higher dose resulted in complete cell killing. Based on these 
experiments, the authors have concluded that such system has the capability to target 
macrophages in an in vivo setting and can lead to effi cient cell killing. In addition, 
such system and can be utilized as an agent for both MRI and near-infrared fl uores-
cence imaging. 

 In summary, research in the fi eld of nanotechnology or nanomedicine has rede-
fi ned the traditional ways of delivering therapeutic agents, and moreover, has 
imparted selectivity to limit off-target side effects. There is also growing interest in 
developing multifunctional nanoprobes that are compatible with non-invasive imag-
ing techniques such as MRI, PET, and SPECT. The combination of such agents has 
opened new doors to reach out to potential targets such as macrophages that are 
responsible for orchestrating some of the key events in the pathogenesis of various 
diseases.      
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           5.1   Introduction  

   For those interested in macromolecular drug delivery  [  1–  3  ] , paclitaxel represents 
an appropriate drug for study for a number of reasons. First, as a chemotherapeu-
tic, paclitaxel has activity against a broad spectrum of cancers including those of 
the head and neck, breast, ovaries, lung as well as Kaposi’s sarcoma  [  4,   5  ] . Second, 
the drug represents a challenge for formulation due to its sparing solubility in 
water. The historic formulation Taxol®, wherein the agent is delivered in 
Cremophor® EL, has been more recently surpassed by Abraxane®, a particle 
comprising the drug and serum albumin  [  6,   7  ] . Third, the drug itself presents a 
reactive hydroxyl group that can be selectively functionalized, usually through 
acylation to append the agent to the polymer. Fourth, any new effort benefi ts from 
the opportunity for comparison to the aforementioned clinical standards and a host 
of other reported prodrugs, including those derived from poly(glutamic acid), 
poly(ethylene glycol) (PEG), poly( N -(2-hydroxypropyl)methacrylamide) (HPMA), 
as well as others  [  8–  19  ] .    

 The body of this chapter is divided into subchapters. Listed in Table  5.1 , these 
subchapters are matched with the relevant question that can be considered as a 
metric for success. The chapter ends with conclusions and our perspective on the 
future.   
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    5.2   Synthesis 

 Our strategy for preparing a macromolecular drug construct progresses in three 
phases: (1) making the macromolecule, (2) appending the drug, and (3) functional-
izing the construct (historically with PEG). The macromolecules that we have pur-
sued are triazine dendrimers  [  20  ] . By taking advantage of the chemoselective 
reaction of cyanuric chloride and diamine linkers, these materials can be prepared 
using convergent and divergent approaches. 

 Early energies focused on convergent routes to these materials wherein a surface 
group, oftentimes a monochlorotriazine bearing two protected amines, was reacted 
iteratively with a diamine linker, and then cyanuric chloride to yield low generation 
materials. As an advantage, these materials were commonly “pure” as defi ned by 
the limits of the conventional techniques of organic chemistry. Inherent to the suc-
cess of this strategy was judicious choice of the linking diamine  [  21,   22  ] . A series 
of efforts measuring relative reactivities of amines for monochlorotriazines allowed 
us to identify diamines like 4-aminomethylpiperidine, which showed a 20× differ-
ence in reactivity between the reactive, constrained piperidine group and the pri-
mary amine (Fig.  5.1 ). The reactivity of primary amine was advantageously retarded 
in the subsequent reaction with cyanuric chloride—only adding twice to afford the 
desired, advanced monochlorotriazine    1 .     

 Recently, divergent routes have been pursued that allow us access to higher gen-
eration materials  [  23,   24  ] . Initially, more reactive dichlorotriazine monomers were 
reacted with less reactive polyamine cores presenting primary amines (Scheme  5.1 ). 
The use of a dichlorotriazine monomer has an additional consequence. Upon reac-
tion, the resulting dendrimer comprises multiple monochlorotriazines. These groups 
offer sites for the introduction of chemical diversity or must be capped, usually with 
piperidine, before iteration. While pure materials can be obtained through generation 

   Table 5.1    The challenges for realizing nanomedicines   

 Item  Topic  Question of merit 

 1.  Synthesis  Can it be made? 
 2.  Scale  Can enough be made? 
 3.  Drug conjugation and release  Can the drug be attached and released? 
 4.  Reproducibility  Is it the same each time it is made? 
 5.  Biodistribution  Does it get to the tumor? 
 6.  Biocompatibility, safety, and toxicity  How does it elsewise interact with the 

body? 
 7.  Effi cacy  Does it work? 
 8.  Therapeutic advantage  Does it work suffi ciently better than 

what is currently available? 

   1   Examples of this strategy are pervasive in our early literature up through 2007. As an alternative, 
using diamines like piperazine often leads to addition at both amines and the production of a side 
product that can be diffi cult to separate and sometimes to detect.  
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four or fi ve, the predicted heterogeneity arising from incomplete reaction appears in 
higher generation dendrimers. More recently, however, monochlorotriazines and 
more reactive and constrained secondary amine linkers have been employed  [  25  ] . 
This route reduces the number of reactions per generation from three to one by 
removing the capping step and employing a macromonomer.  

 All routes can afford materials that can be subsequently functionalized. Initially, 
the polyamine dendrimer derived from the convergent route was stoichiometrically 
manipulated with electrophilic groups, including Michael reagents and active esters 
 [  26  ] . The divergent route using dichlorotriazine monomers offers two routes for the 
installation of groups of interest. These groups can be incorporated during capping 
of the poly(monochlorotriazine) using the so-called functional cap strategy  [  27  ] . 

  Fig. 5.1    The relative reactivity of amines toward monochlorotriazines. Combining two such amines 
into a single molecule provides a linking diamine that might be used successfully for chemoselective 
reaction       

  Scheme  5.1    Divergent routes rely on iterative reactions of monomer addition, capping, and 
deprotection. This 3-step per generation route can be intercepted either with a functional monomer 
or with a functional cap. To date, paclitaxel-bearing constructs have been realized through the 
former strategy. The capping step is omitted when reactive, constrained secondary amines are 
paired with monochlorotriazines in an iterative 2-step per generation method (not shown)       
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Alternatively, these groups can be incorporated into a dichlorotriazine using the so-
called functional monomer strategy  [  28  ] . Both routes have been explored, and 
agents including camptothecin  [  27  ] , desferrioxamine  [  28  ] , and paclitaxel  [  29,   30  ]  
have been incorporated. Paclitaxel is installed as a functional monomer (Chart  5.1 ), 
an opportunity afforded by the lack of competing reactive groups. 

 Incorporating paclitaxel into a functional monomer confers a number of advan-
tages. First, it reduces the number of synthetic steps that paclitaxel (or any other 
agent) is exposed to. Second, it provides us with an effi cient strategy to make func-
tional monomers that differ in linker composition. Third, it provides an opportunity 
to survey a range of different surface groups by varying the capping group, although 
to date, studies have been confi ned to PEG.  

    5.3   Scale 

 Criteria used to evaluate success in a synthesis and the opportunity for realizing 
scale include the number of steps, the yields and waste streams, the cost of reagents, 
and the efforts required for purifi cation. 

  Chart 5.1    Functional monomers used to prepare paclitaxel-containing dendrimers comprise 
a single, biolabile ester or an ester and disulfi de       
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    5.3.1   Steps, Yields, and Purity 

 The paclitaxel constructs of interest,  1  and  2  (shown in Chart  5.2 ), are prepared in 
three steps from the generation two (G2) dendrimer and the dichlorotriazines previ-
ously identifi ed. Reaction of these reagents, followed by capping with 4-aminom-
ethylpiperidine and PEGylation, provides the desired materials. The yield for this 
three-step transformation is approximately 80%, although the materials that result 
are clearly mixtures resulting from both (1) incomplete PEGylation (typically 9 of 
the desired 12 PEG chains installed) and, to a much lesser extent, (2) incomplete 
dichlorotriazine addition (trace amounts). Addressing this heterogeneity is central 
to our ongoing efforts ( vide infra ). 

 The dichlorotriazines are each prepared in four steps in 60% and 49% yields. 
Lower yields here, and in unpublished ongoing efforts, appear to correlate well with 
increasing lability of the tether. The generation two dendrimer is available at kilo-
gram scale in 70% overall yield from the monomers when a single chromatographic 
step is performed  [  31  ] . However, the resulting material in this case is approximately 
92% pure. When the generation one materials are produced at more modest scales 
(50–100 g) and subjected to chromatographic purifi cation at each step, the result-
ing materials have been externally validated as pure using HPLC methods  [  32  ] . 
This purity is hypothesized to be maintained through generation two materials when 
chromatographic separations are employed after each step, but this purity has not 
been rigorously established by HPLC, only through MALDI-TOF.  

    5.3.2   PEGylation 

 PEGylation represents a critical step that conveys solubility to the drug-laden hydro-
phobic dendrimer. Specifi cally, 2-kDa PEG is required as shorter PEGs failed to 

  Chart  5.2    The lead architectures  1  and  2  derive from a common generation two triazine dendrimer 
( left ).  1  contains an ester linkage to paclitaxel, and  2  contains the same ester and a disulfi de bond       
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convey solubility in water. PEGylation also provides size, which is believed to be 
critical for targeting  [  33,   35  ] . While PEGylation was not required in another PTX 
construct relying on a G5 PAMAM dendrimer, the average number of PTX groups 
was three [ 36 ]. This compromise comes with costs, as the heterogeneity obtained 
through PEGylation is replaced with the heterogeneities intrinsic to the synthesis of 
a larger generation dendrimer. While we believe that triazines will provide a nar-
rower distribution of species than other platforms, additional efforts are necessary 
to explore this potential. 

 A less transparent motivation in abandoning PEGylation is our currently held 
belief that PEGylation promotes aggregation of these materials into what we envi-
sion to be micellar structures, with PEG-rich exteriors and hydrophobic (triazine 
and paclitaxel) interiors. Evidence from dynamic light scattering methods suggests 
that the 40-kDa monomeric species envisioned likely exists in equilibrium with a 
larger, 400-kDa aggregate in saline. Additionally, micron-size particles are observed 
in pure water.  

    5.3.3   Cost of Chemicals and Time 

 Our efforts now focus on divergent routes to take advantage of common monomers 
that can be used repeatedly in a synthesis. The generation one dendrimer was pre-
pared at kilogram scale at a cost less than $10/g. For the paclitaxel constructs, we 
rely on the generation two dendrimers as starting material. Costs can be reduced 
almost tenfold if alternatives to BOC-protecting groups can be identifi ed. While the 
intrinsic low costs of most of the reagents are benefi cial aspects of these efforts, 
there is room for considerable improvement. First, reaction times are long—often 
more than a day is required for complete reaction. Second, purifi cation is 
 nontrivial—column chromatography after each step is required. Third, organic sol-
vents are used – replacement with aqueous acetone and mineral bases would reduce 
waste streams. Fourth, greater convergency in these routes must be explored. All 
said, however, we are optimistic that process chemistry can surmount these chal-
lenges when we provide compelling motivation in the form of a preclinical 
candidate.   

    5.4   Drug Conjugation and Release 

 Drug conjugation is achieved by introduction of dichlorotriazines with pendant 
paclitaxel groups. We have reported two constructs to date  1  and  2   [  29,   30  ] . Paclitaxel 
conjugation relies on acylation of the side chain hydroxyl with glutaric anhydride 
and subsequent amidation to an amine intermediate that can be installed on cyanuric 
chloride. These reactions offer versatility in the composition of the linking group, as 
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both simple aliphatic- and disulfi de-containing tethers have been incorporated. We 
continue to explore more labile alternatives. 

 Drug release from one of these constructs has been extensively studied in col-
laboration with the Nanotechnology Characterization Laboratory (NCL). NCL 
developed an HPLC assay using docetaxel as an internal standard for both quantifi -
cation and extraction effi ciency when monitoring stability and release in serum. The 
conjugate showed less than 1% drug released in saline at neutral and low pH or in 
organic solvent. In the presence of serum from mice, humans, or rats, the half-lives 
for release were measured to be 870 h, 190 h, and 64 h, respectively. These half-
lives correspond to less than 20%, 10%, and 8% of drug being released over a 48 h 
period. Balancing release rates with tumor uptake and clearance rates will be criti-
cally important in defi ning a therapeutic window. We currently view the aliphatic 
linker of  1  to be too stable, and the tether of  2  to be an improvement. More labile 
linkers that facilitate ester hydrolysis are being sought.  

    5.5   Reproducibility 

 To ultimately realize clinical relevance, the agent of interest must be prepared with 
batch-to-batch reproducibility. The material need not be a single agent, but the 
diversity of species must be consistently represented. Accomplishing this task is 
advanced by having knowledge of the identity of the species present and knowing 
their origins. The inherent stability of the triazine scaffold offers clear advantage 
here, as spontaneous decomposition is not an issue. Heterogeneities arise from 
incomplete synthetic steps or failed purifi cations. Signal-to-noise limitations and 
the inherent degeneracy in the polymer limit the usefulness of the NMR spectros-
copy. High pressure liquid chromatography (HPLC) and mass spectrometry offer 
the greatest insights into purity. MALDI-TOF mass spectrometry allows the course 
of a reaction that involves multiple substitutions to be followed unambiguously. 
Historically, we have relied heavily on this technique. HPLC has provided corrobo-
rating evidence, but has been underutilized in our efforts. Given the diffi culty in 
unambiguously fi ngerprinting a complex mixture of similarly composed molecules, 
alternative strategies need attention. 

 Future efforts will benefi t if we continue to refi ne both routes and targets to avoid 
heterogeneity. While low generation dendrimers are produced successfully and 
arguably as single-chemical entities, the introduction of the functional monomer 
and subsequent PEGylation step leads to signifi cant heterogeneity. This heterogene-
ity is refl ected in the broadness of the signal derived from mass spectrometry, and 
multiple peaks observed in the HPLC chromatogram. The greatest source of hetero-
geneity appears to be the PEGylation, with group dendrimers displaying between 6 
and the desired 12 PEG chains as revealed in the HPLC trace in Fig.  5.2 . Finding 
alternatives to PEGylation is a current focus of our efforts.  
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    5.6   Biodistribution 

 Adopting a stable, largely bioinert triazine dendrimer for drug delivery conveys an 
intention of having the material either localize to the site of action or be cleared 
from the circulation by renal fi ltration. Accordingly, dendrimers large enough to 
benefi t from the enhanced permeability and retention (EPR) effect  [  33,   35  ] , yet 
small enough to be cleared by the kidneys are the target. Practically, this means 
species with diameters between 5 and 10 nm and/or molecular weights around 
50 kDa. These criteria suggest dendrimers varying between generation 3 and 5. 
Experiment has shown that changes in structure lead to differences in behavior 
in vivo. Earlier, we have found that drug-free, PEGylated generation three den-
drimers show anomalously long retention times in the vasculature when compared 
with other architectures  [  34  ] . These retention times were refl ected by long elimina-
tion half-lives calculated using a two-compartment open model. We now attribute 
the origins of these differences to the aggregation state of these dendrimers in 
 solution. Interestingly,  1  and  2 , which differ from these earlier species by the addi-
tion of paclitaxel, appear to behave much more like monomers, although not 
exclusively. 

 Figure  5.3  and Table  5.2  provide summaries of the distribution data of  1  and  2 . 
Half-lives observed are consistent with expectations derived from the literature. 
Tumor uptake is also consistent with many other constructs: approximately 3% of 
the injected dose localizes. Increasing over time, the tumor-to-blood and tumor-to-
muscle ratios provide a source of enthusiasm. The observed renal clearance route is 
also desirable. Over the course of the experiment, tenfold higher levels of construct 

  Fig. 5.2    HPLC of dendrimer  1  showing, presumably, differences in the degree of PEGylation. 
Free paclitaxel elutes at 9 min       
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were observed in the urine over the feces. However, the amount of liver and spleen 
uptake remains higher than desired.    

    5.7   Biocompatibility, Safety, and Toxicity 

 Based exclusively on acute dosing, paclitaxel-containing dendrimer  1  shows no 
adverse effects on dosing in amounts up to 400 mg/kg construct (or equivalently, 
100 mg/kg paclitaxel) in healthy mice. NCL performed a thorough hematological 
and clinic chemistry panel with these materials including assessments of cell popu-
lations; clotting potential; electrolyte, serum constituent, and carbohydrate balance; 
and organ function including liver, pancreas, and kidney. No difference from saline 
was observed. The original data are reported in Table  5.3 . No data are available 
concerning chronic exposure.   

    5.8   Effi cacy 

 In cell culture, toxicity is observed at low millimolar concentrations for  1  and  2 . 
Cytotoxicity is enhanced by the addition of reducing agents when a disulfi de group 
is incorporated into the linker. Similar toxicities between both  1  and  2 , however, 
lead us to hypothesize that ester hydrolysis is a critical, rate-limiting step. 
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  Fig. 5.3       Biodistribution of  1  ( left ) and  2  ( right )       

   Table 5.2    Biodistribution data for  1  and  2    

 % in urine  % in feces  Half-lives 

 Tumor-to-blood  Tumor-to-muscle  24 h  48 h  72 h  24 h  48 h  72 h  T 1/2  a  
   T 1/2  b  

  

  1   26.6  31.5  34.8  1.6  2.1  2.5  0.4 h  15.3 h  0.8  14 
  2   42.7  49.7  54.9  2.7  3.3  3.8  0.4 h  19.3 h  1.8  23 
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 With collaborators at the University of Texas Southwestern Medical Center, 
effi cacy has been observed in vivo. Using a human prostate tumor expressing 
luciferase, tumor volumes could be measured using both calipers and biolumines-
cent imaging over the course of 70-day trials using four treatment groups and a 
control group. Treatment groups received either 100 or 200 mg/kg paclitaxel in a 
single dose or twice. A heterogeneous tumor population was used, and accord-
ingly, data are reported as relative tumor volume, which compares the measured 
size to the size on day one of the study. Shown in Fig.  5.4  are the results of the 
experiment for  1 , data which have undergone peer review. Treatment groups 
showed tumor growth retardation at single doses of 100 mg/kg (100s) or 200 mg/
kg (200s). This effect was more pronounced in the twice-dosed (100d, 200d) 
animals.  

 Preliminary, and unreviewed, evaluation of  2  confi rms the hypothesis that the 
introduction of a more labile linker in the form of a disulfi de will increase toxic-
ity. In these studies, growth inhibition/regression was recorded in the group 
receiving the highest treatments (200d). Bioluminescence imaging revealed simi-
lar trends, with a lack of metabolic activity observed in animals receiving the 
highest dose. Unfortunately, mortality was also an issue in this treatment group, 
with two of the animals lost within the fi rst 48 h. Currently, the dosing regime is 
being optimized with the goal of minimizing dose size, increasing survival, and 
achieving “cures” as defi ned by tumor reduction and absence of metabolic activi-
ties as measured by bioluminescence imaging. We remain optimistic in these 
pursuits.  

  Fig. 5.4    Effi cacy studies in a prostate cancer model       
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    5.9   Therapeutic Index 

 Currently, uncertainties in both dose schedule and size preclude any conclusions to 
be drawn. Certainly, 1 is not competitive using the Abraxane dosing regimen, as the 
level of effi cacy is not matched even at higher doses of paclitaxel. The second pacli-
taxel prodrug has proven to be more toxic and allows for reduced dose sizes in 
animal models of prostate cancer. The results of these studies will be reported in due 
course.  

    5.10      Future Perspective 

 We remain committed to the long-term goal of realizing an effi cacious nanomedi-
cine for the treatment of solid cancerous tumors. Our efforts with paclitaxel have 
been successful as measured by a number of iterations/refi nements applied to all 
stages of these efforts, from chemical synthesis to characterization and biological 
assessment. Indeed, more iterations are on the horizon with the goal of reducing 
dose size and optimizing dosing regimen, with the realization that tumor satura-
tion appears to happen rapidly. To capture future efforts, we return to the fi rst 
outline (Table  5.4 ) and articulate the goals of the individual activities in greater 
detail.  

   Table 5.4    The challenges for realizing our nanomedicine   

 Item  Topic  Goal for future efforts 

 1.  Synthesis  Can the synthesis be optimized to reduce the 
number of steps required? 

 Can the number of species that result be reduced 
through alternatives to PEG? 

 2.  Scale  Can we extend scale to these new routes? Can we 
reduce costs, reduce waste, and increase atom 
economy? 

 3.  Drug conjugation and release  Can dose be further reduced by modifying the 
linker to facilitate cooperative release? 

 4.  Reproducibility  Can we make multiple, identical batches? 
 5.  Biodistribution  If PEG is abandoned, is biodistribution affected 

adversely? 
 6.  Biocompatibility, safety, and toxicity  Similarly, do the new generations maintain high 

safety? 
 7.  Effi cacy  Can we reduce doses and optimize regimes 

to address therapeutic advantage? 
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 Throughout the course of these efforts, however, we are compelled to continually 
ask the question, “Are we fooling ourselves?” That is, do the data and climate suggest 
that while academically interesting, our attention might be better focused on other 
problems given the challenges we will face and the terrain we have already covered? 
Indeed, the ability for momentum to obfuscate the most meritorious path should not 
be underestimated. At present, we think the efforts are justifi ed. The weight of each 
biological experiment profoundly affects this course, and in truth, we may be slowing. 
Our commitment to these efforts, even in the absence of current funding support, is 
still driven by a handful of observations that we have made including:

    1.    The materials proposed are tractable synthetically. While not optimized, triazine 
dendrimers hold great promise.  

    2.    The materials are as safe as Abraxane (serum albumin) in acute dosing in animal 
models.  

    3.    The materials are effi cacious. We are seeing tumor regression under some 
circumstances.  

    4.    These materials might be competitive with clinically relevant Abraxane. The cyto-
toxicity in equivalent paclitaxel units for Abraxane and  1  are identical in LS174T 
cells (0.1  m M at 48 h and 72 h). Based on literature reports, the dosing used for 
Abraxane and  1  is within a factor of two, although direct comparisons have not 
been executed.  

    5.    These materials are still subject to optimization and enhanced function such as 
targeting or reporting.      

    5.11   Conclusions 

 While we have been pursuing triazine dendrimers for almost 10 years now, our recent 
turn toward paclitaxel-laden constructs has provided us with compelling motivation 
for the continued pursuit of these materials. These efforts have led us to explore other 
chemotherapeutics. To this end, our interest in camptothecin has been communi-
cated, and agents currently precluded from the clinic for reasons of toxicity and/or 
bioavailability are also being studied, notably Brefeldin A. In addition to chemo-
therapy, these efforts have inspired partnerships with other groups that are continu-
ing to be explored. The applications of these scaffolds to other areas of medical 
interest, including gene and RNAi delivery, infectious disease, and diagnostic medi-
cal imaging, are yielding interesting insights. Computation is playing an increasingly 
important role. We remain optimistic that time and energy will provide a rich set of 
lessons learned and perhaps a clinically relevant candidate in due course.      
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           6.1   Introduction 

 For over 30 years, drug combination therapy has been the standard of care for the 
treatment of most forms of cancer. The use of drug combinations was pioneered by 
the works of Frei and Freireich who demonstrated that the treatment of childhood 
leukemia could be dramatically enhanced through the use of multiple agents  [  1,   2  ] . 
When methotrexate was used as a single agent therapy, response rates of only 40% 
were observed but could be improved to >95% through the addition of 6-mercap-
topurine, prednisone, and vincristine. This dramatic improvement in cancer therapy 
resulted in the widespread use of combination treatments for all forms of cancer. 
The development of new drug combinations was based on selecting therapeutic 
agents with nonoverlapping toxicities and then dosing each drug to its maximum 
tolerated dose. The rationale underlying this approach was based on the concept that 
maximum dose intensity will result in maximum therapeutic activity. From the days 
of these early clinical studies to present day, our knowledge of the molecular path-
ways leading to the generation of cancer has grown dramatically. Scientists and 
clinicians have used this information to try to identify the most therapeutically 
active anticancer drug combinations. Since the rapid evaluation of drug combina-
tions is not practical in a clinical setting, research scientists have performed the 
majority of the drug combination screening. Based on overall activity, each drug 
combination can be classifi ed as either additive, antagonistic, or synergistic. By 
defi nition, an additive drug combination is the sum of the effects contributed by 
each drug while synergistic and antagonistic combinations are defi ned as more or 
less than the additive effect, respectively. 
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 To determine the classifi cation of a drug combination, the individual drugs as 
well as the combination are incubated with tumor cells in vitro. Following a fi xed 
time frame of drug exposure, the cell viability is determined at various drug concen-
trations. The cell viability is then plotted against drug concentration to identify the 
amount of drug required to cause 50% tumor cell killing (IC 

50
  value). There have 

been numerous mathematical models reported in the literature that utilize cell via-
bility data to determine the classifi cation of a drug combination. These models 
range in complexity from general techniques requiring simple manual calculations 
to sophisticated algorithms aided by computers. A comprehensive review of in vitro 
synergy analysis methods has been recently published  [  3  ] . The most commonly 
used model for drug combination analysis is the median-effect method of Chou and 
Talalay  [  4–  6  ] . This method has several advantages over other approaches including 
the following: (1) the fundamental equations used were derived from basic mass 
action enzyme kinetic models, (2) the fi tting of data uses linear regression which is 
statistically accepted, (3) the experimental design requires fewer data points than 
other methods, and (4) the method is available as a software package which facili-
tates data entry and modeling. Based on these advantages, we chose to evaluate vari-
ous drug combinations using this model. 

 In vitro evaluation of drug combinations commonly utilizes a series of concen-
trations of drug A and drug B to establish a dose response curve for each drug. 
Based on the effective concentrations for each drug, the combination is subsequently 
evaluated. Each concentration of drug A is mixed with each concentration of drug 
B to produce a matrix of drug combinations at various concentrations and drug 
ratios. Although this approach results in drug combination analysis at a wide range 
of drug ratios, it is not systematic and often occurs at non-therapeutically relevant 
amounts of drug. In order to evaluate the role of drug ratios on the classifi cation of 
a drug combination, we devised a systematic approach to drug ratio screening. 
A series of fi xed drug ratios, each diluted over a range of concentrations, is evalu-
ated for tumor growth inhibition. Using high-throughput screening, tumor growth 
inhibition curves are generated for the series of drug ratios in a panel of tumor cell 
lines. The cytotoxicity curves are analyzed by the median-effect model to determine 
the combination index (CI) for each drug combination  [  7,   8  ] . The results of a gem-
citabine and cisplatin combination are presented as a synergy heat map in Table  6.1 . 
The CI values refl ecting synergy (<0.9), additivity (0.9–1.1), or antagonism (>1.1) 
are color-coded as green, yellow, and red, respectively. When CI values are exam-
ined at high cell kill (essential for effective chemotherapy), we observed all three 
different classifi cations. Using the synergy heat map, it is readily apparent that syn-
ergistic, additive, and antagonistic effects can be achieved with different drug ratios 
of gemcitabine and cisplatin. The consistent trend in drug ratio dependency across 
multiple tumor types indicates the widespread importance of this effect on combi-
nation chemotherapy. These results highlight three critical features associated with 
the use of combination chemotherapy: (1) a drug combination may act synergisti-
cally or antagonistically, depending on the ratio of the two drugs; (2) to capture 
synergy in vivo, the target drug ratio must be successfully delivered to the tumor 
site; and (3) the intravenous administration of a synergistic drug ratio cannot be 
maintained due to the different pharmacokinetic properties of anticancer agents.  
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 Drug delivery vehicles (e.g., liposomes or polymeric micelles) are particularly 
well suited for controlling administered drug ratios. Drug carriers ranging in size 
from 20 to 100 nm do not readily escape the blood vessels of healthy tissue  [  9  ] , 
thereby eliminating the diverse early distribution phase associated with various anti-
cancer drugs. They also accumulate at sites of tumor growth due to the enhanced 
permeability and retention (EPR) effects associated with tumors  [  10,   11  ] . Specifi cally, 
gaps in the tumor vasculature result in a “sieving” effect, which traps the nanopar-
ticle within the extracellular space of the tumor. Delivery systems carrying synergis-
tic anticancer drug combinations will provide a depot for drug release at the tumor 
site. Most importantly, nanoparticulate delivery systems can be manipulated so that 
the release rates of the anticancer agents are controlled following systemic 
administration. 

 The delivery system best suited for the coordinated release of both agents is dic-
tated by the physical properties of the drug combination. For water-soluble drugs, 
liposomal formulations can be readily adapted through changes in membrane com-
position. In the case of drugs with poor water solubility, the hydrophobic core of a 
polymer nanoparticle can be modifi ed through the use of different base polymer 
systems. Although the approaches may be quite different, control of synergistic 
ratios in vivo can be readily achieved. 

    6.1.1   The Importance of Drug Ratios: Development of CPX-351 

 Cytarabine and daunorubicin have been used as the standard of care in the treatment 
of acute myelogenous leukemia (AML) for over three decades  [  12,   13  ] . Attempts to 
improve the clinical activity of this drug combination through the use of high-dose 
cytarabine  [  14,   15  ]  or modifying daunorubicin dose and schedule  [  16  ]  increased the 
toxicity of the combination but did not provide an increase in overall survival. 
Despite the widespread use of this combination in a clinical setting, there has been 
little research focused on understanding the interactions between these two drugs on 
a cellular level. Considering the overall activity of a drug combination can be infl u-
enced by the drug ratio exposed to tumor cells  [  7,   17–  19  ] , we investigated the role 
of drug ratio-dependent synergy for cytarabine and daunorubicin. Extensive analy-
sis of ratio dependency for this drug combination was reported elsewhere  [  20  ] , with 
the most synergistic ratio identifi ed as a 5:1 molar ratio of cytarabine to daunorubi-
cin. Based on the high solubility of cytarabine and daunorubicin (greater than 
300 mg/ml and 25 mg/ml, respectively), a liposomal formulation represented the 
ideal delivery vehicle for this drug combination. The liposomal membrane compo-
sition chosen to coordinate the release of these two agents was based on a manu-
script reporting the co-encapsulation of irinotecan and fl oxuridine  [  21  ] . In this 
manuscript, a phosphatidylcholine-based formulation was stabilized with phos-
phatidylglycerol and a small amount of cholesterol. This formulation was readily 
manipulated to alter the drug release rates of each drug independently. When this 
formulation was utilized for the co-encapsulation of cytarabine and daunorubicin, 
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coordinated drug release was observed in vivo with drug half-lives of 11.6 and 8.5 h, 
respectively (Fig.  6.1 ). The circulating drug ratio was maintained in the plasma 
between 5:1 and 9:1 for over 24 h (Fig.  6.1  inset). These drug ratios were within the 
range of 5:1 and 10:1 shown to be the most synergistic ratios in vitro  [  20  ] . This 
observation is in sharp contrast to the free drug cocktail, where plasma concentra-
tions changed rapidly and independently. At 15 min after injection, the plasma 
cytarabine-to-daunorubicin ratio had changed 13-fold, and drug levels had decreased 
by more than 95%. These results indicate that co-encapsulation of cytarabine and 
daunorubicin using liposome nanoparticles provides an effective means of control-
ling drug release and maintenance of a synergistic drug ratio in vivo.  

 In order to confi rm that the ratios identifi ed through in vitro cytotoxicity assays 
translate into the most therapeutically active ratios in vivo, liposomal formulations 
of cytarabine and daunorubicin were generated at a variety of fi xed ratios, ranging 
from 1:1 to 12:1  [  20  ] . In a P388 leukemia model, these liposomal formulations 
were administered at the maximum tolerated dose (MTD). At the 12:1 ratio, a high 
level of activity was observed as refl ected in a long-term survival rate of 83%. 
Although impressive, the most therapeutically active formulation was the synergis-
tic 5:1 ratio which resulted in 100% survival, even at 80% of the MTD (Fig.  6.2 ). 
Interestingly at the 3:1 ratio, the daunorubicin dose was almost twice as high as that 
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  Fig. 6.1    Plasma drug concentrations of cytarabine ( fi lled circle ) and daunorubicin ( open circle ) 
following i.v. administration of liposomes co-encapsulated with cytarabine and daunorubicin at a 
5:1 molar ratio (12:5.3 mg/kg) to CD-1 nude mice ( n  = 3 per time point). Cytarabine ( fi lled trian-
gle ) and daunorubicin ( fi lled square ) concentrations were also evaluated in CD-1 nude mice ( n  = 3 
per time point) following administration of free drug cocktail (600:9 mg/kg) ( a )  Insert : Circulating 
plasma cytarabine-to-daunorubicin molar ratios for the liposomal formulation was calculated from 
absolute plasma concentrations. Reproduced with permission from  [  20  ]        
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of the synergistic 5:1 ratio with an equivalent dose of cytarabine, yet only 50% 
survival was observed. The observation that higher drug doses can result in inferior 
therapeutic activity highlights the importance of formulating and delivering syner-
gistic drug ratios to the tumor site. Decreasing the cytarabine-to-daunorubicin ratio 
even further to 1:1 resulted in the lowest long-term survival, at 33%. These results 
provide a strong correlation between in vitro synergy results and therapeutic activ-
ity in vivo. The ability to generate such a correlation could result in the rapid iden-
tifi cation and formulation of superior anticancer drug combinations. This liposomal 
formulation of a 5:1 molar ratio of cytarabine and daunorubicin, referred to as 
 CPX-351, has recently completed Phase II clinical trials in AML, where impressive 
clinical results were observed  [  22  ] .    

    6.2   Dual Drug Nanoparticle Systems 

 Liposomal carriers are well suited for the stable encapsulation of hydrophilic drugs 
as the interior aqueous core provides an ideal medium for the accumulation and 
retention of water-soluble drugs within the carrier. Hydrophilic agents are not likely 
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  Fig. 6.2    Survival of BDF-1 mice bearing P388 ascites tumors at day 55 following i.v. administra-
tion treatment on days 1, 4, and 7 with saline or liposome co-encapsulated with cytarabine and 
daunorubicin at different drug molar ratios ( n  = 6 mice per group). Formulations were dosed at 
their MTD with the exception of CPX-351 (5:1 molar drug ratio), which was dosed at 0.8 of its 
MTD. Reproduced with permission from  [  20  ]        
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to pass through a lipid bilayer, and the interior buffer can be manipulated in many 
ways to promote intraliposomal precipitation, complexation  [  23  ] , or oligomeriza-
tion  [  24  ]  that serves to prevent egress of the entrapped drug(s) from the carrier 
 [  25,   26  ] . Hydrophobic drugs, however, tend to reside not in the aqueous internal 
buffer of liposomal carriers but intercalate within the lipid membrane itself. Drug 
residence within this lipid compartment is typically short-lived, and therefore, reten-
tion of hydrophobic drugs in liposomes is typically poor. For example, more than 
90% of the injected drug of a liposomal formulation of paclitaxel was eliminated 
from the plasma within 1 h postinjection  [  27  ] . Polymer nanoparticles are far better 
suited to the delivery of poorly water-soluble agents, and many reports and reviews 
of successful single formulations of hydrophobic drugs in polymer nanoparticles 
have been presented. Interested readers are referred to several recent reviews in 
addition to other chapters in this book  [  28–  30  ] . 

 To achieve the augmented effi cacy of a dual drug formulation such as CPX-351 
where at least one of the drugs is poorly water-soluble, the use of a polymeric nano-
particle delivery system is indicated. Stable formulation of  one  agent into a poly-
meric nanoparticle, while at least maintaining in vivo effi cacy, can be challenging; 
these diffi culties are only amplifi ed when one attempts to introduce a second agent 
into the carrier system. Potential problems include increased particle instability, 
decreased overall drug loading (expressed as a mass drugs/mass polymer ratio), del-
eterious drug–drug interactions within the particle, and/or increased particle size. 

 Encapsulation of more than one drug in a single particle system (co-formulation) 
has been of increasing interest as researchers attempt to circumvent problems asso-
ciated with poor tumor delivery of multiple agents. Decades of experience have 
shown that chemotherapy agents are vastly more effective in combination, and it 
may not be possible to deliver effi cacious amounts of the second drug when admin-
istered as a free agent. Indeed, CPX-351 shows that delivery of the two agents to the 
tumor site should occur at the optimal synergistic drug ratio to achieve maximized 
effi cacy. Many reports describing the development, in vitro properties, and in vivo 
performance of dual drug nanoparticle formulations have appeared in the recent 
literature (Tables  6.2 – 6.4 ).    

 These dual drug nanoparticle systems can be classifi ed by the manner in which 
the drugs are encapsulated within the nanoparticle. The simplest approach involves 
mixing of the drugs with the polymeric carrier, followed by either solvent exchange 
and/or evaporation, a method that we refer to as passive encapsulation. The hydro-
phobic drugs preferentially associate with the hydrophobic portions of the polymer 
as the latter self-associates into micelles or nanoparticles with increasing water-to-
solvent ratio. This method has the advantages of being relatively simple to develop, 
and it requires no chemical modifi cations of the drugs or polymer. Introduction of 
the drug(s) to the polymer can take place either before or after nanoparticle forma-
tion, although encapsulation effi ciencies are typically much higher when the drug(s) 
is present during nanoparticle formation. The second strategy uses direct conjuga-
tion of the drug to the polymer through a biodegradable linkage, typically an ester or 
peptide bond, to produce a polymer-conjugated nanoparticle system. Chemical 
modifi cation of the polymer chain is usually required to prepare multiple sites for 
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drug conjugation, while some polymer systems already possess chemically active 
sites either on each monomer or the terminal end that can be used as linkage sites. In 
either case, this method generally results in very stable drug encapsulation and 
retention. The third encapsulation method involves reversible conjugation of the 
drug to another chemical species. The goal of this conjugation is to alter the physico-
chemical properties of the drug in order to induce signifi cant changes in its stability, 
biodistribution, and/or release from a nanoparticle. In this method, a prodrug is syn-
thesized and then encapsulated in the nanoparticle, typically through the aforemen-
tioned passive method. We refer to these systems as drug-conjugated nanoparticles. 

 Many drug combinations show synergistic and/or antagonistic interactions 
in vitro and in vivo. We have shown that these interactions can be highly dependent 
on the ratio of the two drugs at the target site. To achieve ratio-dependent synergistic 
activity in vivo from a drug combination delivered in a nanoparticle formulation, the 
following criteria must be met: (1) the drugs should circulate entrapped in the 
particle for extended periods (typically  t  

1/2
  > 4 h) to allow for passive accumulation 

at the tumor site via the EPR effect and (2) the drugs should be released from the 
particle at equivalent rates, such that the drug-to-drug ratio established during 
formulation of the particle is also delivered to the tumor. In the next section, we 
highlight recent reports of dual drug nanoparticle systems and consider the degree 
to which the systems satisfy the above criteria. Dual drug nanoparticle systems that 
can successfully deliver their drug payload to the tumor site while maintaining a 
synergistic drug ratio within the particle are likely to have superior antitumor effi -
cacy over both the free drug cocktail and other delivery systems in which the impor-
tance of drug ratios is neglected. 

    6.2.1   Passive Dual Drug Nanoparticle Systems 

 Formulation of multiple drugs into polymeric nanoparticles has received increased 
attention recently, and passive encapsulation is the most commonly used method to 
produce a multidrug nanoparticle. The vast majority of systems reported in Table  6.2  

   Table 6.4    Dual drug nanoparticle formulations containing drug conjugates   

 Drug A  Drug B  Particle composition  Drug release properties  References 

 Paclitaxel  Gemcitabine  PEG-PS, POPC  Both drugs conjugated to 
succinate/diglycolate 
linkers and nonpolar 
anchors. Release of both 
drugs dictated by 
hydrophobicity of anchor 

  [  74,   75  ]  

 Paclitaxel  Gemcitabine  Paclitaxel-
gemcitabine drug 
conjugate, self-
assembled 

 Hydrolysis assay confi rms 
slow hydrolysis of parent 
prodrugs 

  [  60  ]  

   PEG  poly(ethylene glycol);  PS  poly(styrene);  POPC  palmitoyl oleoyl phosphatidylcholine  
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were developed for co-delivery of paclitaxel with another agent, highlighting both 
the importance of the taxane in chemotherapy and its suitability for stable, passive 
formulation in a polymeric nanoparticle. Paclitaxel was co-formulated with a diverse 
group of second agents: a cytotoxic  [  31  ] , an apoptosis inhibitor  [  32  ] , multidrug 
resistance inhibitors  [  33,   34  ]  including siRNA  [  35  ] , and an antiangiogenic drug 
 [  36  ] . Other examples were combinations of established cytotoxic drugs such as 
doxorubicin with 5-fl uorouracil  [  37  ] , but also with the photosensitizers methylene 
blue  [  38  ]  and indocyanine green  [  39  ] . 

 The limitations of passive encapsulation in nanoparticles become apparent when 
we consider the considerable evidence for drug ratio-dependent synergy/antagonism. 
Since the drugs are loaded by what is largely an equilibrium process (drug solubility 
in the polymeric particle vs. aqueous solution), there is only limited control of each 
drug’s release rate from the particle, particularly in vivo. Without coordinated drug 
release rates for both agents, the ratio established during formulation will be quickly 
disrupted upon administration in vivo, as one drug likely leaves the particle faster 
than the other. In some cases, drug release rates were not even considered. Devalapally 
et al. prepared singly formulated PEG-PCL nanoparticles of paclitaxel and ceramide 
but did not study drug stability or retention  [  32  ] . Similarly, a nanoemulsion of fl ax-
seed oil, stabilized with DSPE-PEG, containing paclitaxel and curcumin showed 
excellent drug stability over 3 months, but drug level measurements were made on 
the bulk solution only, which does not consider whether slow release of both agents 
from the hydrophobic phase of the emulsion was taking place  [  33  ] . The novel com-
binations of doxorubicin with the photosensitizing agents methylene blue  [  38  ]  and 
indocyanine green  [  39  ]  were also incompletely characterized with respect to drug 
release. In both cases, however, photodynamic therapy in combination with the co-
formulated nanoparticle resulted in increased cytotoxicity  [  39  ]  or survival of mice 
with xenograft tumors  [  38  ]  over administration of the dual drug nanoparticle alone. 
Other examples emphasize the diffi culty in coordinating drug release rates to main-
tain a desired drug-to-drug ratio. For vincristine and quercetin, PLGA nanoparticles 
successfully encapsulated both drugs; however, quercetin release was considerably 
slower than the release of more hydrophilic vincristine  [  40  ] . Drug release of vera-
pamil was pH sensitive when co-formulated with vincristine, also in PLGA, with 
drug release correlated over 25 h at pH 6.5, but verapamil release was inhibited and 
not equivalent to vincristine at pH 7.4. Vincristine release was unaffected by the dif-
ference in pH  [  41  ] . Iron oxide nanoparticles coated with glycerol monooleate (GMO, 
a substitute for the more commonly used oleic acid) are capable of co-encapsulating 
paclitaxel and rapamycin within the GMO corona  [  42,   43  ] . The drugs are quite stable 
within the coated nanoparticle; after an initial burst release of approximately 15% of 
both drugs in an in vitro assay, both agents are slowly released over a span of 20 days. 
The release, however, is not well coordinated: at 10 days, rapamycin release is ~80% 
compared to ~40% for paclitaxel  [  44  ] . 

 Some systems are designed to exploit large differences in drug release rate by 
fi rst releasing either an antiangiogenic agent to collapse tumor vasculature  [  36  ]  or an 
inhibitor of multidrug resistance (MDR) proteins such as permeability  glycoprotein 
(P-gp)  [  35  ] . In the latter case, P-gp silencing siRNA was co-encapsulated with pacli-
taxel in a mixture of PLGA and poly(ethylene imine) (PEI), a cationic polymer. 
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Release of the RNA oligomer was approximately two or three times the rate of 
 paclitaxel release for bare and biotin-functionalized nanoparticles. Functionalization 
with biotin signifi cantly decreased the rate of paclitaxel release from the nanoparti-
cles. It is not currently known, however, whether cytotoxic drugs such as paclitaxel 
possess any ratio-dependent synergy with RNA silencing agents  [  36  ] . While no 
study reported in Table  6.2  considered the drug-to-drug ratio encapsulated within 
the nanoparticle system, some systems were capable of normalizing drug release 
rates over long periods. Patil et al. loaded paclitaxel and tariquidar into PLGA nano-
particles at a 5:1 molar ratio and studied the in vitro release of the drugs in phos-
phate-buffered 0.5% w/v Tween 80 at 37°C (Fig.  6.3 ). Reasonably coordinated 
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  Fig. 6.3    In vitro release of passively loaded ( a ) paclitaxel and ( b ) tariquidar from PLGA dual 
drug nanoparticles in 0.5% w/v Tween 80 in PBS buffer at 37°C. Data is presented as the mean of 
three experiments ± standard deviation.  PX-NP  paclitaxel nanoparticles,  PX-TAR-NP  paclitaxel- 
tariquidar nanoparticles,  BI-PX-NP  paclitaxel nanoparticles functionalized with biotin,  BI-TAR-
NP  tariquidar nanoparticles functionalized with biotin,  BI-PX-TAR-NP  paclitaxel-tariquidar 
nanoparticles functionalized with biotin. Reproduced with permission from  [  34  ]        
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release of both drugs was maintained over 2 weeks, with approximately 65% of 
tariquidar compared to 55% of paclitaxel released over 15 days  [  34  ] . The authors 
also studied the release of each drug in the absence of the second component. Such 
studies can be helpful in iterative formulation campaigns to coordinate drug release. 
The close correlation of release rates of these two agents is likely a product of the 
similar chemical structures and molecular weights of the encapsulated agents.  

 Kwon and coworkers successfully encapsulated etoposide, docetaxel, and/or 
paclitaxel with the preclinical stage compound 17-AAG (17-allylamino-17-
demethoxygeldanamycin) in PEG-PLA polymeric micelles. Both docetaxel and 
etoposide release were very well coordinated with 17-AAG release, albeit the 
release half-lives of these compounds were all less than 2 h, which may not be suf-
fi cient time to exploit the EPR effect in vivo. Paclitaxel release was considerably 
slower ( t  

1/2
  = 5 h) and thus not well coordinated with any of the other agents  [  45  ] . 

Further detail on these systems appears in a following chapter of this book. 
 Preparation of two distinct nanoparticles, followed by mixing of the two systems 

at the desired ratio, can be used to overcome differences in physicochemical proper-
ties that may lead to uncoordinated drug release in a co-formulation. Na et al. for-
mulated doxorubicin in poly( g -benzyl  l -glutamate)/PEG (GEG) polymeric micelles 
and paclitaxel in PEG-PLA block copolymeric micelles (LE) separately  [  31  ] . 
Doxorubicin and paclitaxel release from the disparate particles was well coordi-
nated over 3 days. A rudimentary assay, similar to an isobologram analysis, sug-
gested synergistic in vitro cytotoxicity between these two agents, which serves to 
further emphasize the importance of normalizing the drug release rates. The use of 
two separate nanoparticles would also allow selecting of the drug-to-drug ratio by 
mixing the two particles in the desired proportion. However, using two different 
polymeric systems might affect the in vivo biodistribution of each system differ-
ently, which may result in delivery of non-synergistic or even antagonistic drug 
ratios to the tumor site. Further in vivo studies would be required to ensure that the 
assigned ratio is truly delivered to the target site  [  17,   46  ] .  

    6.2.2   Polymer-Conjugated Dual Drug Nanoparticle Systems 

 Passive encapsulation of anticancer drugs can provide marked improvement in the 
drug’s plasma elimination half-life, plasma solubility, and tumor delivery; however, 
the magnitude of these improvements is largely dictated by the properties of the 
desired drug and polymeric system selected. As we have seen, encapsulation of 
multiple drugs can affect the retention of both agents, as both drugs can affect par-
ticle formation and stability. The list of biocompatible polymers is fi nite, and so for 
some agents, it may not be possible to produce a nanoparticle platform, which 
encapsulates more than one agent and still achieves improvements in drug pharma-
cokinetics. Further, if a dual drug polymer-based nanoparticle system is to exploit 
drug ratio-dependent synergy between the two agents (e.g., as in CPX-351), the 
system must provide a means to coordinate the retention and release of each drug 
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such that the encapsulated ratio is maintained and a synergistic drug-to-drug ratio is 
delivered to the target site. While many successful formulations of single agents 
have been reported, passive formulation of two agents into a single particle may not 
exert enough control on the release of both agents to achieve this aim. 

 Direct covalent attachment of anticancer agents to a polymer backbone has sev-
eral potential advantages over passive encapsulation methods. Firstly, drug circula-
tion times are typically increased as the retention of the drug is dependent on the 
degradation rate of the drug–polymer linkage and the accessibility of the linkage 
site to enzymes and/or water that achieve the liberation of the active agent. Second, 
drug payloads of polymer-conjugated drug delivery systems can be much higher 
than what could be achieved with an equivalent passive system. The release of drugs 
from the polymer can also be controlled through careful selection of an appropriate 
linker (e.g., an amino acid or peptide sequence) between the polymer and drug. 
Incorporation of two drugs into a single polymer-conjugated system presents addi-
tional challenges. In this section, we review a selection of polymer-conjugated dual 
drug nanoparticle systems to highlight the means by which encapsulation and deliv-
ery to tumor sites of two active agents have been achieved using this method, as 
summarized in Table  6.3 . 

 The fi rst example of a dual drug-conjugated nanoparticle was reported by Duncan 
and coworkers in 2005  [  47  ] . Encouraged by clinical activity observed with an  N -(2-
hydroxypropyl)methacrylamide (HPMA)-based copolymer functionalized with 
doxorubicin (HPMA-Dox)  [  48  ] , a polymer chain with peptide-conjugated doxoru-
bicin and the aromatase inhibitor aminoglutethimide (AGM) was synthesized 
(HPMA-Dox-AGM), shown in Scheme  6.1 . Small angle neutron scattering (SANS) 
supported the hypothesis that each single polymer chain formed a single micelle in 
solution and that conjugation to either or both drugs had little effect on the particle size 
determined by SANS  [  47  ] . While it was not determined whether doxorubicin and AGM 
possess any drug-to-drug synergy, the co-formulated particle did provide superior 
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  Scheme 6.1    Synthesis of dual drug polymer-conjugated formulation of doxorubicin and amino-
glutethimide (AGM) using a peptide-functionalized HPMA backbone ( DCC  1,3-dicyclohexylcar-
bodiimide;  DMF N,N -dimethylformamide;  HOBt  1-hydroxybenzotriazole). Reproduced with 
permission from  [  47  ]        
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in vitro cytotoxicity against MCF-7 breast cancer cells when compared to HPMA-
Dox. Enzyme-mediated release of the two agents from the polymer showed that 
AGM was initially released much more rapidly than doxorubicin, with peak release 
of ~17% at 3 h compared to approximately 7% for doxorubicin. No further AGM 
release was observed; however, doxorubicin release was in fact greater than AGM 
release at 5 h  [  47  ] . Subsequent in vitro cell studies determined that the improved 
effi cacy of the HPMA-Dox-AGM polymer over HPMA-Dox was due to the drug 
release properties of the polymer rather than any preferential lysosomal uptake of 
the dual drug polymer over that of HPMA-Dox  [  49  ] . Further improvements in effi -
cacy may be realized by investigating the potential synergy between these two drugs 
to direct future optimization of drug release rates from this system.  

 Kwon and coworkers reported a dual drug-loaded polymeric micelle based on 
PEG-poly(aspartate hydrazide), in which doxorubicin and wortmannin (a kinase 
inhibitor) were conjugated to the polymer via hydrazone bonds  [  50  ] . This combina-
tion was selected based on earlier evidence that inhibition of phosphatidylinositol-3 
kinase signaling pathways sensitizes cells to doxorubicin  [  51  ] , suggesting possible 
synergistic interactions between the pair of drugs. Drug ratio control could be 
achieved simply by varying the amount of each drug present during conjugation to 
the pendant hydrazide groups of each monomer in the polymer chain. Reaction with 
the carbonyl group of each drug produced an acid-sensitive hydrazone linkage. 
Analysis by nuclear magnetic resonance (NMR) spectroscopy confi rmed that the 
mixing ratio of the resultant polymer corresponded well to the ratio present in the 
reaction solution, possibly due to the chemical similarity of the two drugs  [  50  ] . To 
apply this technology to other combinations, fi xing of the drug ratio would likely 
require a pre-assessment of the reactivity of both drugs to the hydrazide group of the 
polymer to roughly determine reaction rates. Despite the claim that these systems 
deliver drugs to tumors at fi xed ratios, no in vitro or in vivo study is reported to 
confi rm that both doxorubicin and wortmannin are retained equally well within the 
polymer. In vitro cytotoxicity studies indicated that the polymer chain with 50% 
doxorubicin and 50% wortmannin had similar activity compared to free doxorubi-
cin, but the lack of in vivo PK data or biodistribution makes it diffi cult to assess 
whether this 1:1 drug ratio would in fact reach the target site. However, the platform 
eases encapsulation of a desired drug ratio, and the acid-sensitive hydrazone linkage 
provides selectivity as to the eventual site of linker hydrolysis (putatively lysosomes 
in tumor cells). Kwon and coworkers later demonstrated the fl exibility of the plat-
form through a report on the conjugation of doxorubicin and the preclinical com-
pound 17-AAG, using identical hydrazone linkages to a PEG-poly(aspartate 
hydrazide) polymer backbone  [  52  ] . 

    6.2.2.1   Polymer-Conjugated Systems of Hydrophilic Drugs 

 An advantage of the polymer conjugation method for dual drug nanoparticles is that 
drugs with widely different physical properties can be formulated into a single 
 particle. As most nanoparticles are self-assembled, typically through a solvent 
emulsion or rapid mixing method, hydrophilic drugs will typically associate with 
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the aqueous phase during formulation and not the hydrophobic core of the forming 
particle. Conjugated to the polymer backbone, hydrophilic drugs such as gemcit-
abine  [  53  ] , cytarabine, and fl oxuridine  [  54  ]  can be stably formulated into a nanopar-
ticle. Lammers et al. conjugated gemcitabine and doxorubicin to an HPMA-based 
polymer system in a stepwise manner. Drug conjugation sites were produced by 
conducting the radical polymerization with a mixture of free and peptide-function-
alized monomers ( M  

w
  = 23.5 kDa, polydispersity index PDI = 1.6), followed by reac-

tion of the polymer chains with a sub-stoichiometric amount of gemcitabine, and 
fi nally reaction with doxorubicin to conjugate to the remaining linker sites on the 
polymer chains. This stepwise method, once optimized for the reactivity of the two 
drugs (i.e., conjugation “yield”), would allow for accurate control of the drug-to-
drug ratio. The extent of drug loading can also be exquisitely controlled by varying 
the proportion of free and functionalized monomers prior to polymerization  [  53  ] . 
The in vitro drug release was investigated at pH 6 in the presence of the lysosomal 
protease cathepsin B to cleave the peptide linker (Fig.  6.4 ). Gemcitabine release 
from the conjugated polymer was considerably faster than doxorubicin release 
(~100% for gemcitabine compared to <25% for doxorubicin at 24 h), attributed to 
the smaller size of gemcitabine, imparting less steric hindrance to the enzyme-
mediated hydrolysis reaction. Encouragingly, release of either drug was largely 
unaffected by the presence of the second drug; release of gemcitabine or doxorubi-
cin was very similar for either the single or dual drug-conjugated polymer nanopar-
ticle. Further work would be required to tune the reactivity of the amide linkage to 
either drug before reasonable maintenance of the established drug-to-drug ratio 
could be achieved.  

 Yin et al. used a different approach in which monomers of divinyl dicarboxylates 
were enzymatically conjugated with cytarabine and fl oxuridine via ester bond for-
mation on the 5 ¢  and 3 ¢  positions of the sugar moieties of the two drugs, respectively 
 [  54  ] . Polymerization of the prepared monomers produced polydisperse 

  Fig. 6.4    In vitro drug release 
of HPMA polymer-
conjugated gemcitabine and 
doxorubicin, mediated by 
cathepsin B at pH 6.0 
( P-Gem  poly(HPMA-peptide-
gemcitabine),  P-Dox  
poly(HPMA-peptide-
doxorubicin),  P-Gem-Dox  
poly(HPMA-(peptide-
gemcitabine)-(peptide-
doxorubicin))). Reproduced 
with permission from  [  53  ]        
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( M  
w
 / M  

n
  = 1.42) polymers with low yield (33%). In vitro studies revealed that the 

release of cytarabine was approximately fi ve times greater than that of fl oxuridine 
at 50 h at pH 7.4 (~35% for cytarabine compared to ~7% for fl oxuridine). Coordinated 
but very slow drug release (<10% over 50 h) could be achieved under highly acidic 
conditions (pH 1.2). The authors attributed the substantial difference at pH 7.4 to 
the presence of the amino group of cytarabine, although the difference in the 
 starting monomers (divinyl sebacate for cytarabine versus divinyl adipate for 
 fl oxuridine) may also contribute to the observed difference in hydrolysis rate.  

    6.2.2.2   Hybrid Polymer-Conjugated/Passive Nanoparticle Systems 

 Conjugation of one or more drugs to the polymer can increase the retention of the 
drug within the particle when compared to the same drug passively encapsulated. 
Recent studies have exploited this difference to achieve sequential release of two 
drugs from a single particle. Sengupta fi rst reported a “nanocell” formulation of 
PLGA-conjugated doxorubicin, enveloped in a mixture of DSPE-PEG, phosphati-
dylcholine, and cholesterol, into which the antiangiogenesis agent combretastatin 
was passively incorporated  [  55  ] . This work was followed by Wang and Ho who 
utilized polymer-conjugated paclitaxel in place of doxorubicin, conjugated onto the 
terminal end of a carboxyl acid-functionalized PEG-PLA copolymer. They reported 
a simpler nanoparticle system that did not require subsequent lipid coating of the 
nanoparticles, and they conjugated paclitaxel via an ester bond to the PLA polymer 
rather than an amide linkage to the amino sugar of doxorubicin  [  56  ] . In both cases, 
combretastatin release was much faster than release of the polymer-bound cytotoxic 
agent, which had observable effects on endothelial cells used in antiangiogenesis 
assays conducted in both studies. This sequential release may cause a collapse of a 
target tumor vasculature, which both studies claim may trap the nanoparticles within 
the tumor site. It is diffi cult to gauge the extent of doxorubicin release in the earlier 
study; however, maximal doxorubicin release was observed at approximately 100 h 
during an in vitro assay, followed by a steady decline in the total amount of drug 
released over the next 225 h (14 days total)  [  55  ] . Doxorubicin-PLGA fragments 
were also detected during the release assay. Combretastatin release was largely 
complete by 100 h. In the study by Wang et al., approximately 20% of the paclitaxel 
released from the polymer in less than 24 h, compared to over 40% of the combret-
astatin. Total paclitaxel release, however, plateaued at approximately 60% over 
11 days. Combretastatin release was largely complete (~70% of the total combret-
astatin) by 6 days  [  56  ] . 

 Langer, Farokhzad, Lippard, and coworkers recently reported an elegant system 
that combined coordination chemistry of platinum(IV) complexes with nanoparticle 
technology to produce a polymer-conjugated dual drug delivery system  [  57  ] . 
A platinum(IV) complex was fi rst coordinated with succinic acid at the apical posi-
tion, the resultant complex then conjugated to pendant hydroxyl groups of a deriva-
tized PLA polymer chain to approximately 10% Pt by weight (Scheme  6.2a ). The 
PLA-Pt(IV) prodrug was then nanoprecipitated with docetaxel and PLGA-PEG by 
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hydrodynamic fl ow focusing, a microfl uidic rapid mixing method  [  58  ] , producing 
particles of approximately 100 nm in diameter (Scheme  6.2b ). Encapsulation effi -
ciency of PLA-Pt(IV) was 95%, starting with 50% of the PLA prodrug and 50% 
PLGA-PEG. This effi ciency corresponds to approximately 5% Pt(IV) content by 
weight within the nanoparticle. Docetaxel was loaded up to 1% by weight at 80% 
effi ciency. Neither free cisplatin nor Pt(IV) prodrug (no polymer) could be ade-
quately loaded into the nanoparticle  [  57  ] . The release properties of this system 

  Scheme 6.2    ( a ) Synthesis of PLA-conjugated Pt(IV) prodrug through conjugation of succinic 
acid Pt(IV) with PLA-OH. ( b ) Design and formulation of Pt(IV)-docetaxel dual drug polymer 
nanoparticles. Reproduced with    permission from  [  57  ]        
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 highlight the benefi t of polymer conjugation of hydrophilic drugs such as a plati-
num drug to fundamentally change the water solubility of the drug. Release of the 
Pt(IV) from the PLA-Pt(IV) prodrug in the nanoparticle was considerably slower 
than that of hydrophobic docetaxel, with approximately 40% Pt(IV) released at 24 h 
compared to over 75% of docetaxel. Release of Pt(IV) was likely mediated by ester 
hydrolysis and not reduction to Pt(II)  [  57  ] . The authors note that the release rate of 
the platinum prodrugs can likely be tuned to that of docetaxel by varying the 
 molecular weight of the polymer, as previously shown for PLGA-PEG conjugates 
of cisplatin  [  59  ] .    

    6.2.3   Conjugated Drug Nanoparticle Systems 

 An alternative strategy to direct covalent linking of drugs to the polymer backbone 
is to chemically alter the physicochemical properties of the drug(s). Conjugation of 
the drug(s) to some moiety via a hydrolysable linkage (producing a prodrug) can 
dramatically alter the water solubility, charge state, or other physical property of the 
drug, leading to improved pharmacokinetic properties or making the drug more 
amenable to encapsulation in a drug carrier. This approach is particularly attractive 
for hydrophilic drugs, such as nucleoside analogs. Two examples of conjugated 
drug nanoparticle systems are reported in Table  6.4 . 

 A simple example of drug conjugation was recently reported by Aryal et al. in 
which paclitaxel was functionalized at the 2 ¢ -OH with glutaric anhydride as a 
linker, forming an ester bond between drug and linker and leaving a pendant car-
boxylate on the linker for subsequent conjugation to gemcitabine via a second ester 
bond (Fig.  6.5a )  [  60  ] . The dual drug conjugates were then formulated in PLGA 
nanoparticles, which were further coated in lipid and lipid-PEG conjugates. 
Hydrolysis rates, however, were studied only for the unformulated conjugate and 
found to be pH dependent with signifi cantly more hydrolysis in pH 6.0 buffer solu-
tion than at pH 7.4 (90% vs. ~35% at 24 h, respectively; Fig.  6.5b ). The dual drug 
particles did possess superior cytotoxicity compared to that of the unformulated 
conjugate, suggesting that prodrug hydrolysis took place intracellularly  [  60  ] . It is 
likely that this increased in vitro activity is related to the relative solubilities of the 
prodrug in the nanoparticle and in aqueous solution. No comparison was made 
with a 1:1 mixture of free paclitaxel and gemcitabine. Obviously, this system suf-
fers severe limitations if the synergistic drug-to-drug ratio for paclitaxel and gem-
citabine is anything other than 1:1. By using different linker chemistries, it is 
possible that the system might be able to accommodate slightly larger ratios; small 
excesses of one drug over the other (e.g., 2:1 or 3:1) might be adaptable but would 
require further development of the linker chemistry. Moreover, each addition to the 
conjugate increases the overall size of the conjugate, likely decreasing the absolute 
drug loading in a nanoparticle, or decreasing the affi nity of the conjugate for the 
forming nanoparticle.  
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 What is required is a system in which the drug ratio can be accurately con-
trolled and that provides suffi cient fl exibility that virtually any synergistic drug 
ratio can be accommodated in the particle. Secondly, the retention and release of 
the two drugs should be coordinated, such that the ratio of the two agents is main-
tained and the synergistic drug ratio is delivered to the tumor site. Failure to con-
trol drug release from the nanoparticle could lead to delivery of an antagonistic 
drug ratio, resulting in compromised in vivo effi cacy. Lastly, the system should 
accommodate drugs with different physicochemical properties, not just hydropho-
bic drugs.   

  Fig. 6.5    ( a ) Synthesis of a dual drug conjugate of paclitaxel and gemcitabine via a diester linker 
(compound 2) ( DIPC  1,3-diisopropylcarbodiimide;  DPTS  4-( N,N -dimethylamino)pyridinium-4-
toluenesulfonate). ( b ) Hydrolysis kinetics of paclitaxel-gemcitabine conjugate at pH 6.0 and 7.4. 
Reproduced with permission from  [  60  ]        
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    6.3   The CombiPlex® Platform: Application 
to Nanoparticle Delivery 

 We have reported several formulations of drug combinations in liposomes using the 
CombiPlex approach, all of which stably encapsulate two agents and maintain the 
synergistic drug ratio for extended periods of time in vivo  [  7,   20,   21,   61,   62  ] . 
Maintaining the synergistic ratio of the drugs has been shown to lead to increased 
in vivo effi cacy. Several disparate classes of drugs have been successfully  formulated 
using the CombiPlex technology platform, including topoisomerase I inhibitors 
 (irinotecan)  [  7,   21,   61  ] , antimetabolites (fl oxuridine, cytarabine), and anthracycline 
antibiotics (daunorubicin)  [  20  ] . By formulating the reactive agent cisplatin in a 
separate liposome, we can combine liposomal cisplatin with liposomal irinotecan at 
a 7:1 ratio and achieve greater in vivo effi cacy against solid tumors than the free 
drug cocktail at its respective MTD  [  62  ] . However, these formulations involved 
liposomal encapsulation of hydrophilic drugs, for which liposomes are ideal. We 
have recently demonstrated that the CombiPlex approach can also be used with 
hydrophobic drugs such as the taxanes, using the conjugated drug approach 
described above. Here, we will discuss the use of this approach to develop a dual 
drug-loaded nanoparticle system that can stably encapsulate two drugs with wildly 
different physicochemical properties (i.e., paclitaxel and gemcitabine) at a fi xed 
drug ratio. Through careful selection of linker and conjugate moieties, the release 
rate of the two drugs can be coordinated such that the ratio of these disparate agents 
can be maintained within a nanoparticle for extended periods of time in vivo. 

 Many drug conjugates for the taxanes and camptothecins  [  63,   64  ]  have focused 
on increasing the  hydrophilicity  (i.e., aqueous solubility) of these agents in an 
attempt to increase delivery to tumor sites. Some of the conjugates used included 
water-soluble polymers such as PEG  [  65–  67  ] , polypeptides  [  68–  70  ] , and polylac-
tides  [  71  ] . Our approach is to greatly increase the  hydrophobicity  of each agent in a 
drug combination through conjugation to highly nonpolar fatty acids, cholesterol, or 
diacyl glycerol, producing prodrugs composed of the parent drug, a hydrolysable 
linker, and the nonpolar anchor. Rapid mixing of the hydrophobic prodrugs with 
appropriate amounts of amphiphilic, PEGylated polymer leads to the spontaneous 
formation of nanoscale (20–100 nm), solid-core nanoparticles  [  72,   73  ] . Thus, the 
plasma circulation lifetime of both prodrugs is dictated by three factors: (1) the 
distribution properties of the polymer nanoparticle, (2) the hydrolysis kinetics of 
the ester bond between the parent drug and the linker, and (3) the hydrophobicity 
of the anchor. The goal is to render both drugs suffi ciently hydrophobic so that the 
choices of anchor and linker chemistry are the critical factors that determine the 
plasma elimination rate, not the physicochemical properties of the parent drugs 
themselves. By generating a library of different anchor and linker combinations for 
each drug, the retention time of each prodrug within the particle can be normalized 
to each other, thus maintaining the synergistic drug ratio of the retained drugs. 
Scheme  6.3  provides an overview of the library of linkers and hydrophobic anchors 
we have used to generate a variety of hydrophobic prodrugs of paclitaxel  [  74,   75  ] .  
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  Scheme 6.3    Synthesis of hydrophobic paclitaxel prodrugs. The numbers indicate the designation 
of the prodrug, that is, ProPac#, where # is the indicated combination of linker X (succinate for 
ProPac1 and 2, diglycolate for ProPac3–9) and anchor R ( py  pyridine;  DIPC  diisopropylcarbodi-
imide;  DMAP N,N -4-dimethylaminopyridine). Reproduced with permission from  [  75  ]        
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  Fig. 6.6    Elimination of paclitaxel prodrugs formulated as prodrug/POPC/PEG 
2000

 -PS 
2500

  (1:1:2; 
w/w) formulations and administered intravenously to athymic nude  Fox n1 nu  mice at a dose of 
7 mg/kg ( n  = 3/time point). The prodrugs used were (1) succinate- a -tocopherol ( fi lled circle ), (2) 
succinate-oleyl alcohol ( open circle ), (3) diglycolate- a -tocopherol ( open diamond ), (4) diglyco-
late-oleyl alcohol ( fi lled square ), (5) diglycolate-octadecanol ( open square ), (6) diglycolate-
cosanol ( fi lled triangle ), (7) diglycolate-docosanol ( open triangle ), (8) diglycolate-cholesterol 
( fi lled inverted triangle ), and (9) diglycolate-1,2-dimiristoyl- sn -glycerol ( open inverted triangle ). 
Error bars represent standard deviation ( n  = 3). Reproduced with permission from  [  75  ]        

 Paclitaxel was fi rst selected as a model compound. Paclitaxel prodrugs (named 
ProPac#, where # represents a combination of a particular linker and anchor; see 
Scheme  6.3 ) were formulated into 20 to 30 nm nanoparticles composed of PEG-
polystyrene and POPC as a lipid stabilizer. Through iterative combination of pacli-
taxel with two linkers (succinate and diglycolate) and a variety of nonpolar anchors, 
the relationships between anchor hydrophobicity and linker lability with pharma-
cokinetic profi le and in vitro and in vivo effi cacy were established. 

 In vitro release assays can provide some insight into the relative release rates of 
drugs from particulate carriers; however, in our experience, an in vivo pharmacoki-
netic assessment of plasma elimination rates of drug combinations provides greater 
assurance that the synergistic drug ratio established in the administered particle is in 
fact delivered to the site of action. Therefore, we evaluated plasma drug elimination 
kinetics of formulated ProPac nanoparticles by intravenous (i.v.) administration in 
mice (Fig.  6.6 ). Plasma elimination of the prodrug was found to be dictated by two 
main processes: elimination of the intact nanoparticle from the circulation and release 
of the prodrug from the nanoparticle, which is then expected to be rapidly eliminated 
from the circulation as free paclitaxel. ProPac1, for example, composed of a succinate 
linker and tocopherol as the nonpolar anchor, showed very little release of the prodrug 
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from the particle. This was determined by labeling the nanoparticle with tritiated 
cholesteryl hexadecyl ether ( 3 H-CHE), a non-metabolizable radioactive marker, which 
tracked clearance of the polymer. In the case of ProPac1, the slow plasma clearance 
of the polymer and the prodrug was virtually identical, indicating negligible prodrug 
release over 24 h. Consequently, this formulation also exhibited poor in vivo effi cacy 
against HT-29 solid tumor xenografts; suffi cient bioavailability of the prodrug from 
the particle is critical to antitumor effi cacy. To increase the release rate of the prodrug 
from the particle, the succinate linker was replaced with the more labile diglycolate 
linker. Pharmacokinetic analysis revealed that this change increased the release rate of 
the prodrug from the particle (Fig.  6.6 , ProPac3). Prodrug clearance rate of ProPac3 
in plasma was signifi cantly faster than ProPac1. We prepared and tested a large set of 
paclitaxel-diglycolate-anchor  prodrugs, in which the hydrophobicity of the anchor 
was systematically varied. While paclitaxel conjugated to oleyl C18:1 alcohol 
(Fig.  6.6 , ProPac4) resulted in only 10% of the injected dose remaining after 4 h, satu-
rated docosanoic (behenic) C22:0 acid and cholesterol anchors increased circulation 
times dramatically, with 20–30% of the administered prodrug remaining in the plasma 
24 h after injection  [  75  ] . By subtracting the clearance rate of the particle itself (as 
determined by radiolabeled CHE content), the half-life of ProPac release from the 
particle could be calculated. This method revealed that parent drug-release half-lives 
increased from 1 to 2 h for unsaturated C18:1 and saturated C18:0 lipid anchors to 
12–24 h for the more hydrophobic C22:0 and cholesterol anchors, respectively  [  75  ] .  

 Linker chemistry, prodrug hydrophobicity, and prodrug pharmacokinetic behav-
ior were correlated with effi cacy against HT-29 human colorectal cancer solid tumor 
xenografts in mice. Tumor growth inhibition of the various systems was compared 
for identical paclitaxel molar equivalents and at lower dose levels to differentiate 
therapeutic activities. Diglycolate-linked prodrugs showed activity against the xeno-
graft, while succinate-based prodrugs (ProPac1, as described above) were largely 
inactive. Within the diglycolate series, increased tumor growth inhibition was 
observed with increasing hydrophobicity of the lipid anchor (from C18:1 up to 
C22:0). The most active formulations (Propac7, C22:0 anchor and Propac8, choles-
terol anchor) were compared to conventional Taxol® at each formulation’s MTD. 
Propac8 nanoparticles were found to induce greater tumor growth inhibition than 
Taxol, with complete tumor regression observed and regrowth delayed approxi-
mately 6 weeks beyond that observed with Taxol  [  75  ] . 

 With the relationship between linker/anchor construct and therapeutic effi cacy 
defi ned with the ProPac series, co-formulation with a second drug was attempted 
with the goal of achieving similar retention times for both prodrugs within the par-
ticle to ensure delivery of the established drug ratio. Gemcitabine was selected as 
the second agent due to its current clinical use in combination with paclitaxel  [  76  ]  
and its high hydrophilicity, which would demonstrate the fl exibility of the CombiPlex 
prodrug nanoparticle platform. Single aliphatic anchors were insuffi ciently hydro-
phobic to retain the gemcitabine prodrugs in nanoparticles for extended times. 
Conjugation of gemcitabine to diacyl glycerol (C18:0, ProGem12) enabled the 
prodrug to be stably incorporated into nanoparticles, co-formulated with ProPac7 
conjugates (C22:0 anchor). The two prodrugs exhibited coordinated PK and 
 maintenance of the formulated 4:1 paclitaxel-to-gemcitabine ratio for 24 h after i.v. 
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administration (Fig.  6.7a ). Co-formulated ProGem12-ProPac7 nanoparticles 
 exhibited superior effi cacy against HT-29 xenografts than the individual nanoparti-
cle agents, as shown in Fig.  6.7b   [  74  ] . The data presented indicates that the 
CombiPlex nanoparticle platform can be successfully applied to drug combinations 
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  Fig. 6.7    ( a ) Plasma elimination of ProPac7 ( open circle ) and ProGem12 ( open inverted triangle ) 
prodrugs co-formulated as ProPac7:ProGem12:POPC:PEG 

2000
 -PS 

2500
  (4:1:2:8 w/w). Error bars 

represent standard deviation. Figure adapted from data presented in  [  74  ] . ( b ) Effi cacy of ProPac7 
( fi lled inverted triangle , 30 mg/kg), ProGem12 ( fi lled diamond , 12 mg/kg), and co-formulated 
ProPac7:ProGem12 prodrug nanoparticles ( open circle , 30:12 mg/kg) against HT-29 human colon 
carcinoma xenograft (Q2Dx5,  fi lled circle , saline). Reproduced with permission from  [  25  ]        
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with disparate physicochemical properties through the generation of hydrophobic 
prodrugs and formulation into nanoparticles. Careful selection of linker and anchor 
properties allows for careful tuning of the release rates of both drugs and coordina-
tion of plasma elimination rates, ensuring that the drug-to-drug ratio within the 
particle is maintained for delivery to the target site. This technology therefore 
expands the scope of drug combinations that can be evaluated for the benefi ts of 
drug delivery vehicle-based ratiometric dosing.   

    6.4   Conclusions 

 We have presented a rationale for delivery of chemotherapeutic drug combinations 
at carefully defi ned synergistic ratios to ensure maximal effi cacy. A liposomal for-
mulation of cytarabine and daunorubicin, CPX-351, demonstrated that drug interac-
tions, either synergistic, antagonistic, or additive, can be highly ratio dependent, and 
only by locking in this ratio with a drug carrier can we expect to deliver effi cacious 
drug combinations. 

 Development of dual drug formulations has now expanded into polymer-based 
nanoparticles. These systems use a variety of encapsulation techniques such as pas-
sive incorporation and polymer or drug conjugation to generate a nanoparticle for-
mulation containing two active agents. While many examples of these two-drug 
nanoparticle systems can now be found in the literature, few provide adequate con-
trol over the drug retention properties of each component. In most cases, drug 
release from the particle is not coordinated, which could lead to rapid loss of the 
synergistic drug ratio within the particle and potential exposure of the target site to 
an antagonistic ratio, further compromising in vivo effi cacy. 

 Our approach of generating a library of prodrugs of each agent, examining their 
PK properties in vivo and fi nally co-formulating the two prodrugs in a single sys-
tem, represents an extension of the successful CombiPlex technology previously 
used to formulate several clinical combinations of hydrophilic drugs in liposomal 
carriers. We have now extended this technique to allow for formulation of hydro-
philic and hydrophobic drugs within a single particle. Correlation of prodrug com-
position to in vivo PK and effi cacy properties permits the selection of the optimal 
prodrug for each active agent, such that when the prodrugs are co-formulated, the 
drug-to-drug ratio can be maintained for extended periods of time in vivo, and 
 superior effi cacy is observed.      
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           7.1   Introduction 

 The supramolecular core/shell architecture of a polymeric micelle is shown in 
Fig.  7.1 . Assembly of amphiphilic block copolymers (ABCs) in water occurs at a 
critical micelle concentration (CMC), forming nanoscopic micelles composed of 
several hundred ABCs. For drug delivery, the hydrophilic block is often poly(ethylene 
glycol) (PEG), a biocompatible, highly hydrated polymer that is approved for use in 
humans. The hydrophobic block largely dictates the chemical and physical nature of 
the core region, the usual site for drug solubilization of polymeric micelles. Given the 
versatility in the chemistry of the core-forming block, it is easy to imagine that a 
variety of poorly water-soluble drugs can be incorporated in polymeric micelles, 
resulting in drug solubilization, and there are a growing number of scientifi c papers 
and review articles on the capacity of polymeric micelles for drug solubilization 
 [  1–  4  ] . However, the hydrophobic block must also be biocompatible for preclinical drug 
development, limiting chemical diversity. ABCs that have a poly(lactic acid) (PLA) or 
a poly( l -amino acid) block are prototypes that have been safely injected intravenously 
in humans besides the better known Pluronics  [  5  ] . From a safety perspective, ABCs 
have molecular weights that permit renal clearance and have a low tendency for cellular 
membrane disruption relative to low-molecular-weight surfactants. Furthermore, ABC 
micelles can be sterilized simply by fi ltration (0.22  m m) as a step during the manufac-
turing process or prior to intravenous (IV) injection or infusion.  

 In this chapter, I will discuss recent progress in multiple-drug solubilization via 
polymeric micelles  [  6,   7  ] . While it is evident that drug delivery nanotechnology has 
exciting potential in drug targeting via the EPR effect, it is easy to surmise that a 
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single anticancer agent delivered by a “nanocarrier” will not be suffi cient for cancer 
therapy given the likelihood of drug resistance. Multiple-drug delivery is common 
in current cancer therapy, but it is done in an arcane manner: it requires sequential 
IV drug infusion; it utilizes toxic IV vehicles, e.g., ethanol, Cremophor EL, even 
DMSO in clinical studies  [  8  ] , contributing to deleterious toxicity of chemotherapy; 
and it is incapable of multiple-drug delivery into solid tumors at the same time, a 
situation that is mirrored by cell culture studies seeking synergistic combinations of 
drugs  [  9  ] . In recent drug delivery research, there is a greater emphasis on the deliv-
ery of multiple anticancer agents via water-soluble drug conjugates and liposomes 
 [  9–  11  ] , aiming for synergistic effi cacy. I will describe recent studies on polymeric 
micelles that suggest that they will play a key part in cancer therapy and in multiple-
drug delivery, especially for poorly water-soluble anticancer agents that are common 
in cancer drug development. In the future, we can imagine that polymeric micelles 
will be multimodal for cancer therapy, i.e., possess capability in drug delivery and 
other modalities, such as molecular imaging.  

    7.2   PEG- b -PLA Micelles for Paclitaxel Delivery 

 PEG- b -PLA micelles have been widely studied for drug delivery and have gained 
approval in Korea as a nanocarrier for paclitaxel in cancer therapy as an alternative 
to a mixture of Cremophor® EL (PEG–triglycerol triricinoleate) and ethanol in the 
standard IV formulation  [  12  ] . Paclitaxel stabilizes microtubules and thereby acts as 
a mitotic inhibitor, and it is used to treat patients with lung, breast, and ovarian cancers 
 [  13  ] . However, paclitaxel is poorly water-soluble, ca. 1 mg/L, hampering early clinical 

  Fig. 7.1    Sketch of polymeric micelles containing a poorly water-soluble drug and a transmission 
electron microscopy (TEM) image of polymer micelles. Note from the TEM picture that polymeric 
micelles are spherical in shape and have low polydispersity in terms of size       
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development for about 10 years, and it required Cremophor EL and ethanol in its 
original formulation termed Taxol. One gram of paclitaxel requires about 80 g of 
Cremophor EL for drug solubilization. While the primary dose-limiting toxicities 
of paclitaxel are neutropenia and peripheral neuropathy, Cremophor EL, a nonionic 
surfactant, has been implicated in acute hypersensitivity reactions, peripheral neu-
ropathy, and dyslipidemia after the IV infusion of paclitaxel and several other poorly 
water-soluble drugs, including cyclosporin A, photosensitizers, and fat-soluble vita-
mins  [  14,   15  ] . The pharmacological and PK effects of Cremophor EL and Tween 80 
have been reviewed  [  12,   14,   15  ] . Hypersensitivity reactions range from mild pruritus 
to systemic anaphylaxis, resulting in severe clinical outcomes that include respiratory 
arrest, cardiac arrest, and death. About 2–4% of patients have severe hypersensitivity 
reactions despite prophylaxis and have to discontinue therapy. Thus, there has been 
wide interest in alternative IV vehicles for paclitaxel, culminating in the approval of 
Abraxane®, an albumin nanoparticle-based vehicle that has a low propensity to 
cause hypersensitivity reactions  [  16  ] . 

 PEG- b -PLA micelles readily increase the water solubility of paclitaxel to >1 mg/
mL, which is suffi cient for cancer therapy  [  17  ] . The CMC of PEG- b -PLA is 40  m M 
at 25°C in water, based on the measurement of fl uorescence changes of 1,6-diphenyl-
1,3,5-hexatriene. The process for the solubilization of paclitaxel by PEG- b -PLA 
micelles is straightforward: both are dissolved in acetonitrile, and the organic sol-
vent removed by heat and reduced pressure. PEG- b -PLA and paclitaxel form a solid 
in which the crystallinity of PEG is low relative to PEG alone, and paclitaxel is in a 
molecularly dispersed or an amorphous state  [  17  ] . The dissolution of the solid is 
accomplished by heating at 60°C, resulting in a gel, which is dissolved by addition 
of water and stirring. In this way, PEG- b -PLA micelles increase the water solubility 
of paclitaxel to >1 mg/mL at 25% drug loading. In the approved IV formulation of 
paclitaxel, Genexol-PM, the molecular weight of PEG and poly( d ,  l  lactic acid) is 
2,000 and 1,750 g/mol, respectively, and it is a solid product that is reconstituted 
with an aqueous vehicle prior to IV infusion. 

 In preclinical experiments, Genexol-PM was surprisingly less toxic than Taxol® 
 [  18–  20  ] . After intraperitoneal (IP) injections on fi ve consecutive days in B6D2F1 
mice with IP P388 leukemia, the maximum tolerated dose (MTD) of paclitaxel 
injected as part of PEG- b -PLA micelles was 100 mg/kg, whereas the MTD of Taxol 
was 20 mg/kg  [  18  ] . On a daily schedule for fi ve consecutive days, the MTD of 
paclitaxel after IV injection was 25 and 20 mg/kg, respectively, in nude mice  [  19  ] . 
After three IV injections on days 0, 4, and 8, the MTD of Genexol-PM and Taxol in 
nude mice was 60 and 20 mg/kg, respectively  [  20  ] . The MTD was defi ned as <15% 
change in body weight relative to controls and no deaths or remarkable changes in 
appearance within 1 week of injections. Clinically, Taxol is administered every 
week or once every 3 weeks for cancer therapy. All mice that received Taxol showed 
apathy for 30 s after injection, whereas there were no visible signs of distress for 
Genexol-PM. Cremophor EL alone also caused mice to show signs of apathy. The 
median lethal dose (LD 

50
 ) of Genexol-PM in Sprague–Dawley rats was 205 and 

222 mg/kg for males and female rats, respectively, whereas the LD 
50

  for Taxol was 
8.3 and 8.8 mg/kg for male and female rats, respectively. 
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 The low acute toxicity of Genexol-PM relative to Taxol is likely due to the 
absence of pharmacological effects caused by PEG- b -PLA; however, changes in 
the pharmacokinetics (PK) of paclitaxel brought about by PEG- b -PLA micelles 
relative to Cremophor EL micelles play a role  [  15,   20  ] . In a subcutaneous (SC) B16 
melanoma murine tumor model, Genexol-PM dosed IV at 50 mg/kg had a lower 
maximum plasma concentration ( C  

max
 ) and area under the curve (AUC) than Taxol 

at 20 mg/kg, as shown in Fig.  7.2   [  20  ] . The elimination half-life of paclitaxel ( t  
1/2 b 

 ) 
was 0.21 and 0.34 h for Genexol-PM and Taxol, respectively. At these doses, the 
biodistribution of paclitaxel in organs was 2–3 times greater for Genexol-PM over 
Taxol, including the SC tumor (Fig.  7.2 ). At an equivalent dose of 20 mg/kg, the 
biodistribution of paclitaxel was similar; however, the plasma AUC was 10–20 
times less for Genexol-PM relative to Taxol. Cremophor EL micelles have a unique 
ability to affect the PK of paclitaxel: a nonlinear PK profi le for paclitaxel, resulting 
in a dose-proportional increase in various organs, but a disproportionate increase in 
plasma AUC  [  21  ] . It has been postulated that Cremophor EL micelles entrap pacli-
taxel in blood, resulting in a non-PK profi le.  

 While quite a bit is known on the PK of paclitaxel as Taxol, there is a surprising 
lack of detailed mechanistic insight into the role(s) of Cremophor EL and its PK in 
relation to the kinetic stability of its micelles in blood. Any discussion on the PK of 
paclitaxel must take into account Cremophor EL’s effects on serum lipoproteins: a 
decrease in electrophoretic mobility and production of lipoprotein dissociation 
products, which bind paclitaxel  [  15  ] . Furthermore, Cremophor EL is an inhibitor of 
P-glycoprotein, a multidrug transporter, associated with drug resistance in cancer 
 [  22  ] . Cremophor EL micelles display nonlinear PK, showing reduced clearance 
with elevated dose  [  15,   21  ] . The bioanalytical assay of Cremophor EL involves 
saponifi cation that produces ricinoleic acid, which is modifi ed by naphthylamine 
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  Fig. 7.2    Plasma profi le and tumor biodistribution of paclitaxel as Genexol-PM dosed IV at 50 mg/
kg ( diamond ) and Taxol dosed IV at 20 mg/kg ( inverted triangle ) in a B16 melanoma tumor model. 
 n  = 4 for each time point. Reproduced with Permission from  [  20  ]        
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for reverse-phase HPLC  [  23  ] . Other bioanalytical assays for Cremophor EL have 
been described  [  15  ] . The terminal half-life of Cremophor EL is 89 h with values 
ranging from 10 to 140 h, depending on the method of its bioanalysis. Interestingly, 
little is known about the ultimate fate of Cremophor EL after infusion, noting <0.1% 
renal clearance and insignifi cant accumulation at solid tumors, which is surprising 
considering its long half-life in plasma. In summary, while it is known that 
Cremophor EL has effects on the PK of paclitaxel and causes drug interactions for 
hydrophobic drugs, e.g., etoposide, the relative contribution of entrapment in 
Cremophor EL micelles versus effects on serum lipoproteins is ill defi ned. 

 PK studies on paclitaxel, PEG- b -PLA, and Genexol-PM are even fewer in num-
ber, but suggest that paclitaxel is released within a few minutes from PEG- b -PLA 
micelles, and it distributes among serum proteins, classifi ed as lipoprotein-defi cient 
plasma fraction, HDL fraction, LDL fraction, and VLDL fraction  [  24  ] . After 5 min, 
the distribution of free paclitaxel and paclitaxel added as part of PEG- b -PLA 
micelles in human plasma was remarkably similar. PEG was 2,000 g/mol, and the 
weight ratio of PEG to PLA was 40:60. Paclitaxel distributed equally between serum 
lipoprotein and serum lipoprotein defi cient fractions in both cases. In the serum 
lipoprotein fractions, 70–75% of paclitaxel was associated with HDL. PEG- b -PLA 
at 2.0 mg/mL did not alter the composition of plasma lipoproteins, indicating an 
absence of intermolecular interaction that has been noted for Cremophor EL. 

 The release of paclitaxel from PEG- b -PLA micelles on a timescale of several 
minutes is consistent with recent work on PEG- b -PLA micelles that showed a loss 
of Förster resonance energy transfer (FRET) in vivo between a pair of lipophilic 
dyes (DiIC 

18
  and DiOC 

18
 ) within 15 min after IV injection  [  25  ] . FRET for DiIC 

18
  

and DiOC 
18

  in PEG- b -PLA micelles is readily observed due to their distance prox-
imity in the cores after solubilization at 0.75%. Disruption of PEG- b -PLA micelles 
leads to the leakage of DiIC 

18
  and DiOC 

18
  and loss of FRET. In this way, it was 

shown that  a - and  b -globulins play major roles in the leakage of DiIC 
18

  and DiOC 
18

  
and loss of FRET for PEG- b -PLA micelles, whereas  g -globulins, serum albumin, 
and red blood cells play minor roles in determining the stability of PEG- b -PLA 
micelles in blood. 

 In summary, PEG- b -PLA micelles are unable to increase the circulation time of 
hydrophobic drugs such as paclitaxel because of their disruption in blood after IV 
injection and leakage of drug, caused by the action of  a - and  b -globulins. Instead, 
PEG- b -PLA micelles are safer than Cremophor EL, permitting dose escalation; a 
relative absence of pharmacological effects, e.g., hypersensitivity reactions; and 
evidence of a linear PK profi le for paclitaxel. At this stage, it is tempting to state that 
PEG- b -PLA micelles cannot carry paclitaxel into solid tumors by the EPR effect. 
However, there are not enough studies to fully support this conclusion, noting evi-
dence for prolonged circulation in mice for PEG- b -PLA micelles (25% in blood 
after 24 h) when the molecular weights of the PEG and PLA blocks were 5,100 and 
5,300 g/mol, respectively  [  26  ] . The integrity of PEG- b -PLA micelles was confi rmed 
after 24 h by collection of plasma and a gel fi ltration assay, noting that this result 
was at odds with the FRET study on PEG- b -PLA micelles  [  25  ] . Additional PK stud-
ies on paclitaxel delivered by PEG- b -PLA micelles are required that defi ne effects 



138 G.S. Kwon

of the molecular weights of PEG and PLA blocks, paclitaxel content, and drug 
targeting mediated by targeting ligands attached on the distal ends of PEG. 

 Owing to an elevated MTD over Taxol and superior PK profi le, Genexol-PM had 
higher antitumor activity in tumor xenograft models  [  20  ] . In vitro, Genexol-PM and 
Taxol showed comparable cytotoxicity against a human ovarian cancer cell line, 
OVCAR-3, and a human breast cancer cell line, MCF-7. However, Genexol-PM 
dosed IV at its MTD (60 mg/kg) had signifi cantly greater antitumor effi cacy (reduc-
tion in tumor volume) than Taxol at its MTD (20 mg/kg), dosed on the same sched-
ule in a SKOV3 human ovarian cancer implanted SC in nude (nu/nu) athymic mice 
and in a MX-1 human breast cancer implanted SC in Tac:Cr:(NCr)-nu athymic 
mice. Taxol delayed tumor growth in a SKOV3 human ovarian xenograft model; by 
contrast, Genexol-PM caused tumor shrinkage and, in some cases, tumor regression. 
Similar results were obtained in an MX-1 human breast xenograft model, noting 
undetectable tumors after 18 days from the start of treatment for Genexol-PM. 

 Clinical studies have largely confi rmed the safety of Genexol-PM over Taxol, 
higher MTD, linear PK profi le in humans, and better antitumor response  [  27–  29  ] . 
In a phase I clinical trial, 21 patients received IV Genexol-PM over 3 h every 
3 weeks at escalating doses (135–390 mg/m 2 ) and were evaluated for toxicity and 
response  [  27  ] . Peripheral neuropathy and myalgia (muscle pain) were the most 
common toxicities of Genexol-PM. One patient had a grade 3 myalgia during cycle 
1 at 230 and 300 mg/m 2 , and two of three patients developed grade 4 neutropenia or 
grade 3 neuropathy at 390 mg/m 2 . There were no acute hypersensitivity reactions 
despite the lack of premedication with hydrocortisone and histamine blocker. 
The MTD of Genexol-PM was set at 390 mg/m 2 , which is higher than the MTD for 
Taxol (175 mg/m 2 ) infused IV in a 3-week regimen. Three patients had partial 
responses among the 21 patients, and of the three, two were refractory to Taxol. 
Lastly, the AUC of paclitaxel in humans ( n  = 13) increased with dose with the excep-
tion of 230 mg/m 2 , suggesting that Genexol-PM has a linear PK profi le in humans. 

 In a single-arm Phase II study, the recommended IV dose of Genexol-PM was set 
at 230–300 mg/m 2  (3 h infusion every 3 weeks) for patients ( n  = 69) with advanced 
non-small cell lung cancer (NSCLC), and therapy was evaluated in combination 
with cisplatin at 60 mg/m 2 . Cisplatin was infused IV after Genexol-PM (sequential 
drug administration)  [  28  ] . The objective response rate was 37.7%; all were partial 
responders, noting that the objective response rate for Abraxane as a single agent in 
advanced NSCLC was 16%  [  30  ] . The median time to progression was 5.8 months, 
and the median survival time was 21.7 months for Genexol-PM plus cisplatin. The 
response rates and survival data compared favorably to results in phase II and III 
clinical trials on Taxol (175–200 mg/m 2 ) in combination with cisplatin (75–80 mg/
m 2 )  [  31–  33  ] . In spite of a higher dose of paclitaxel, adverse effects of Genexol-PM 
plus cisplatin were comparable to Taxol plus cisplatin. The major toxic side effects 
were grade 3/4 neutropenia (29 and 17%, respectively), grade 3 peripheral neuropa-
thy (13%), and grade 3/4 arthralgia, i.e., joint pain (7.3%). Four patients experienced 
grade 3/4 hypersensitivity reactions. After implementation of prophylaxis, incidence 
of grade 3/4 hypersensitivity reactions decreased, but still a few patients had hyper-
sensitivity reactions despite premedication. While somewhat surprising based on 
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the earlier phase I clinical trial, the authors suggested that paclitaxel itself may 
cause hypersensitivity reactions and that patients that receive paclitaxel in a com-
bination with cisplatin are at higher risk for hypersensitivity reactions. 

 In a single-arm phase II study in women with histologically confi rmed metastatic 
breast cancer ( n  = 41), IV infusion of Genexol-PM at 300 mg/m 2  over 3 h every 
3 weeks with an average of 8 cycles per patient produced an overall response rate of 
58.5% with 5 complete responses and 19 partial responses  [  29  ] . Thirty seven patients 
who received Genexol-PM as a fi rst-line therapy had a 59.5% response rate, and 
two responses were observed in four patients treated in a second-line setting. This 
response rate compared favorably with Abraxane, which had a response rate of 
47.6% at 300 mg/m 2  in a 3-week dosing regimen  [  34  ]  and Taxol, which had a response 
rate of 21–54% as a fi rst-line therapy in patients with metastatic breast cancer  [  35–
  38  ] . The major toxic side effects were grade 3/4 neutropenia (51 and 17.1%, respec-
tively), grade 3 peripheral neuropathy (51%), grade 1 and 2 thrombocytopenia (22%), 
and grade 3/4 myalgia (2.4%). Eight patients experienced hypersensitivity reactions 
with 3, 3, and 2 patients at grades 1, 2, and 3, respectively. Only one patient who had 
a grade 2 hypersensitivity reactions had to prematurely halt therapy. The two patients 
who had grade 3 hypersensitivity reactions responded well to corticosteroid and/or 
antihistamine. Subsequent prophylaxis prevented additional hypersensitivity reac-
tions. It appears that Genexol-PM does illicit hypersensitivity reactions in cancer 
patients, although at a lower level than that of Cremophor EL. 

 In summary, Genexol-PM has signifi cant antitumor effi cacy in advanced NSCLC 
with cisplatin, and in metastatic breast cancer as a single agent. The high response 
rates of Genexol-PM are probably due to a higher MTD and higher tumor accumu-
lation of paclitaxel, and these phase II results compare favorably to Abraxane and 
Taxol, although the results to date are not defi nitive and require head-to-head clini-
cal trials. The major toxic side effects are the same as those observed for Taxol and 
are comparable even though a higher dose of paclitaxel was used in the phase II 
clinical trials on Genexol-PM. The hypersensitivity reactions noted for Genexol-PM 
were somewhat surprising although seemingly less for Cremophor EL in Taxol. 
Genexol-PM represents a safe, simple, and soluble nanocarrier for paclitaxel, and 
this clinical work done in Korea culminated in its premarket approval in this country 
in 2006. A phase II clinical trial on Genexol-PM plus gemcitabine for pancreatic 
cancer is ongoing in the United States of America.  

    7.3   PEG- b -PLA Micelles for Multiple-Drug Delivery 

 PEG- b -PLA micelles have a proven ability for single-drug solubilization, and there 
is a growing body of preclinical and clinical knowledge on PEG- b -PLA micelles 
due to the signifi cance of Genexol-PM. Besides the major advantages of safety and 
evidence of a superior PK profi le, i.e., linear PK, over Cremophor EL, there is solid 
evidence that PEG- b -PLA micelles can serve as a nanocontainer for multiple poorly 
water-soluble anticancer agents (Fig.  7.3 ), raising unexplored avenues of combination 
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cancer therapy. Combination drug therapy is commonplace in cancer therapy, 
noting that paclitaxel as Genexol-PM has been used in combination with one other 
anticancer agent for NSCLC and pancreatic cancers  [  28  ] . There is a lot of interest 
in combining chemotherapy with signal transduction inhibitors in efforts that seek 
to disable cancer cell survival pathways and overcome drug resistance  [  39,   40  ] . 
Chemotherapy and signal transduction inhibitors are often poorly water soluble and 
require Cremophor EL; cosolvent, such as ethanol or DMSO; or other drug solubi-
lization vehicles for IV infusion.  

 We envision combination cancer strategies that benefi t from sequential drug admin-
istration can be achieved via single-drug-loaded PEG- b -PLA micelles. Sequential 
administration of anticancer agents may be required to prevent cell cycle arrest and 
obtain synergistic cancer cell apoptosis  [  41  ] . The replacement of two or more toxic IV 
vehicles by PEG- b -PLA micelles is a simple but signifi cant advance for combination 
drug therapy, especially when it involves chemotherapy, such as paclitaxel. Beyond 
paclitaxel, PEG- b -PLA micelles have been used to solubilize  b -lapachone, etoposide, 
and 17-allylamino-17-demethoxygeldanamycin (17-AAG) in water  [  42–  44  ] . It is 
expected that PEG- b -PLA micelles will increase the water solubility of other poorly 
water-soluble anticancer agents in preclinical development. 

 Multiple-drug-loaded PEG- b -PLA micelles are unique in drug delivery and offer 
a simple and safe solution to concurrent drug delivery in combination cancer strate-
gies. Instead of a separate IV vehicle for every poorly water-soluble anticancer agent 
in a combination cancer strategy, PEG- b -PLA micelles entrain multiple anticancer 
agents, lowering costs associated with the production of multiple-drug formulations, 
simplifying IV infusion of drug “cocktails,” and raising the possibility that anticancer 
agents access solid tumor at the same time for synergistic antitumor responses. 
All anticancer agents in combination cancer strategies are now infused sequentially, 
lowering the likelihood that they act simultaneously at solid tumors even though 
proof of synergy was obtained in cell culture after simultaneous drug exposure. 

 Table  7.1  summarizes results for PEG- b -PLA micelles on the solubilization indi-
vidual drugs and 2- and 3-drug combinations of paclitaxel, docetaxel, 17-AAG, and 

  Fig. 7.3    Single-drug- and multiple-drug-loaded polymeric micelles       
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etoposide  [  6  ] . The molecular weight of PEG and poly( d , l  lactic acid) was 4,200 
and 1,800 g/mol, respectively. Individually, PEG- b -PLA micelles raised the water 
solubility of paclitaxel, docetaxel, etoposide, and 17-AAG from 0.1 to 10 mg/L to 
ca. 4.0 mg/mL. This is suffi cient water solubility for cancer therapy for each one of 
these anticancer agents. The % drug loading (wt drug/wt polymer) for PEG- b -PLA 
micelles was 11–13% and consistent with values for polymeric micelles in the 
literature  [  45  ] . In every case, the average hydrodynamic diameter of PEG- b -PLA 
micelles was about 40 nm, irrespective of the anticancer agent. For 2- and 3-drug 
combinations, solubilization of each anticancer agent was similar to the solubiliza-
tion achieved for each anticancer agent incorporated individually by PEG- b -PLA 
micelles. Remarkably, % drug loading increased to 26–29% for 2-drug combinations 
and to 34% for the 3-drug combination without a signifi cant change in hydrody-
namic diameter of PEG- b -PLA micelles. It is noted that the simultaneous solubili-
zation of multiple poorly water-soluble anticancer agents in water is unprecedented 
and cannot be achieved with nonionic surfactants, such as Tween 80  [  46  ] .  

 The physical stability of PEG- b -PLA micelles with respect to drug precipitation 
was monitored by reverse-phase HPLC after storage at room temperature for 24 h. 
Surprisingly, individual anticancer agents with the exception of 17-AAG entrained 
in PEG- b -PLA micelles precipitated from solution over 24 h (data not shown); only 
16% of paclitaxel remained in solution, whereas 98.6% of 17-AAG remained in 
solution. The results suggest that Genexol-PM does not form a thermodynamically 
stable aqueous solution, and it has to be administered to patients within several 
hours to avoid the infusion of paclitaxel precipitate, noting that a similar situation 
is present for Taxol upon dilution with an aqueous vehicle prior to IV infusion. 
In contrast, 17-AAG and its 2- and 3-drug combinations that have been solubilized 
by PEG- b -PLA micelles are stable with respect to drug precipitation over 24 h, 
indicating thermodynamic stability. The origin of this unique physical stability of 
PEG- b -PLA micelles containing multiple poorly water-soluble anticancer agents 

   Table 7.1    Single agent and multiple-drug solubilization by PEG- b -PLA micelles (mean ± SD;  n  = 3)   

 Anticancer agent 
 Drug level in water 
(mg/mL) 

 % drug loading 
(wt drug(s)/wt polymer) 

 PEG- b -PLA micelle 
diameter (nm ± SD) 

 Paclitaxel  3.54 ± 0.32  11.8 ± 1.1  38.8 ± 0.6 
 Docetaxel  4.27 ± 0.44  14.2 ± 1.5  37.3 ± 1.7 
 Etoposide  3.31 ± 0.15  11.0 ± 0.5  32.6 ± 1.0 
 17-AAG  3.90 ± 0.28  13.0 ± 0.9  39.3 ± 2.9 
 Paclitaxel+ 
 17-AAG 

 3.92 ± 0.17 
 3.88 ± 0.29 

 26.0 ± 1.4  38.9 ± 1.1 

 Docetaxel+ 
 17-AAG 

 4.62 ± 0.44 
 4.01 ± 0.08 

 28.8 ± 0.2  39.0 ± 0.8 

 Etoposide+ 
 17-AAG 

 3.49 ± 0.24 
 4.21 ± 0.38 

 25.6 ± 1.3  35.3 ± 1.2 

 Etoposide+ 
 Paclitaxel+ 
 17-AAG 

 3.17 ± 0.04 
 3.50 ± 0.20 
 3.61 ± 0.33 

 34.3 ± 1.6  36.5 ± 0.5 
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has not been defi ned, but may involve intermolecular interaction of 17-AAG and 
other anticancer agents in the core region of PEG- b -PLA micelles. The absence of 
 1 H NMR signals for paclitaxel, etoposide, and 17-AAG in D 

2
 O after their solubiliza-

tion together by PEG- b -PLA micelles suggests that the site of multiple-drug solubi-
lization is the core region of PEG- b -PLA micelles  [  6  ] . 

 Figure  7.4  shows the release profi le of paclitaxel, etoposide, and 17-AAG co-
incorporated in PEG- b -PLA micelles. Etoposide had the fastest release, followed by 
17-AAG and then paclitaxel. The release profi les of multiple-drug-loaded PEG- b -
PLA micelles were quite similar to the release profi les for the individual anticancer 
agents released by PEG- b -PLA micelles, and they corresponded well to their oil-
in-water partition coeffi cients: log  P  values increased along with half-lives of drug 
release for PEG- b -PLA micelles (data not shown). One limitation of this study was 
that it was done above the CMC of PEG- b -PLA micelles. In vivo, it is expected that 
the PEG- b -PLA micelles will dissociate due to the action of  a - and  b -globulins and 
dilution beneath the CMC, resulting in drug release due to micelle dissociation as a 
possible alternative mechanism of drug release. In this situation, we expect that 
PEG- b -PLA micelles will not have a major impact on the PK of paclitaxel, etoposide, 
and 17-AAG co-incorporated in PEG- b -PLA micelles, but this hypothesis awaits 
validation by PK experiments in rodent models.  

 In summary, PEG- b -PLA micelles are capable of multiple-drug solubilization 
for parenteral drug delivery, offering an alternative drug delivery strategy for com-
bination cancer therapy. For combination cancer therapy involving paclitaxel, 
etoposide, and 17-AAG, PEG- b -PLA micelles simply replace Cremophor EL, etha-
nol, Tween 80, and DMSO  [  12,   47,   48  ] . Under current clinical practice, each 
anticancer agent would require separate sequential IV infusion, and Cremophor EL, 
ethanol, Tween 80, and DMSO would add to the signifi cant toxicity burden brought 
about by paclitaxel, etoposide, and 17-AAG. It is noted that Taxol and 17-AAG 
have been tested in a phase I clinical trial  [  49  ] . However, the toxicity of Cremophor 

  Fig. 7.4    In vitro release kinetics of paclitaxel, etoposide, and 17-AAG from PEG- b -PLA micelles 
(mean ± SD;  n  = 4). In vitro half-lives for drug release are 5.1, 0.88, and 1.8 h, respectively (fairly 
rapid release). Reproduced with permission from  [  6  ]        
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EL and DMSO has been noted in mice, with several deaths observed after the rapid 
sequential IP injections of Taxol and 17-AAG solubilized by DMSO  [  50  ] . Recently, 
Cremophor EL replaced DMSO as a vehicle for 17-AAG in phase I clinical trials 
 [  51  ] , but this added Cremophor EL in a combination with Taxol will certainly 
contribute to the overall toxicity burden, which was described earlier. In contrast, 
PEG- b -PLA micelles will minimize the toxicity of 2- and 3-drug combinations of 
paclitaxel and 17-AAG. Given the satisfactory safety profi le of Genexol-PM, PEG-
 b -PLA micelles may facilitate entry of 2- and 3-drug combinations of paclitaxel and 
17-AAG into cancer clinical trials. At this point, additional experiments must be 
done to better understand multiple-drug solubilization by PEG- b -PLA micelles: 
Can we expand the range of drugs that can undergo multiple-drug solubilization? 
Can we explain the unique results obtained with 17-AAG? Are there PK interactions 
for multiple-drug-loaded PEG- b -PLA micelles? Recently, we have found that other 
poorly water-soluble anticancer agents can undergo multiple-drug solubilization, 
and other polymeric micelles besides PEG- b -PLA micelles are capable of multiple-
drug solubilization (data not shown).  

    7.4   PEG- b -Poly( l -Amino Acid) Micelles 
for Doxorubicin Delivery 

 PEG- b -poly( l -amino acid) micelles have also been widely studied for drug delivery 
and have entered clinical trials for doxorubicin (DOX), cisplatin, irinotecan, and 
paclitaxel  [  3,   52–  55  ] . The clinical advancement of this major class of drug delivery 
nanotechnology has been reviewed recently by Matsumura and Kataoka  [  55  ] . 
A major advantage of PEG- b -poly( l -amino acid) micelles for drug delivery is the 
variety in  l -amino acids that can make up the core-forming block that permits fl ex-
ibility in composition for drug solubilization simply by hydrophobic interaction and 
by reversible chemical linkages (i.e., prodrugs)  [  56  ] . The best evidence for tumor 
targeting by polymeric micelles in murine tumor models has been achieved by PEG-
 b -poly( l -amino acid) prodrug micelles because premature drug release during cir-
culation in blood is minimized, and drug release can be triggered at solid tumors in 
response to external signals such as pH change. 

 Kataoka and coworkers have developed a particularly attractive PEG- b -poly( l -
amino acid) micelle for the pH-sensitive delivery of DOX that set the foundation for 
efforts in multiple-drug delivery via mixed polymeric micelles  [  57–  60  ] . The chemi-
cal structure of PEG- b -poly(aspartate-hydrazone) with bound DOX (PEG- b -
poly(aspartate-hyd-DOX)) is shown in Fig.  7.5 ; the synthetic procedure has been 
described in a review article  [  56  ] . The molecular weight of PEG for PEG- b -
poly(aspartate-hyd-DOX) was 12,000 g/mol, and the numbers of aspartic acid and 
hydrazide groups were 37 and 28, respectively. The degree of DOX substitution for 
PEG- b -poly(aspartate-hyd-DOX) was 67%. PEG- b -poly(aspartate-hyd-DOX) assem-
bled into micelles that release DOX in a pH-sensitive manner (Fig.  7.5 ): the release of 
DOX at physiological pH is slow due to hydrolysis of the hydrazone linkage, whereas 
the release rate increased under slightly acidic conditions (pH = 4.5–6).  
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 Using multicellular tumor spheroids from C26 colon adenocarcinoma cells, 
PEG- b -poly(aspartate-hyd-DOX) micelles showed little evidence of drug release 
(quenched fl uorescence of DOX) after 1 h, whereas the presence of DOX fl uores-
cence in C26 cells after 3 h signifi ed entry of PEG- b -poly(aspartate-hyd-DOX) 
micelles into many of the C26 cells and drug release. However, most of the nuclei 
of C26 cells remained blue due to Hoechst 33258 staining and low nuclear entry of 
DOX. After 24 h, DOX fl uorescence in the nuclei was clearly present and over-
lapped Hoechst 33258 staining, resulting in a pinkish appearance for C26 nuclei. 
These results suggest that PEG- b -poly(aspartate-hyd-DOX) micelles are taken up 
by C26 cells by endocytosis and traffi cked via the endosomal/lysosomal pathway. 
Once PEG- b -poly(aspartate-hyd-DOX) micelles encounter the slightly acidic pH of 
endosomes and lysosomes, DOX release quickens and proceeds over 24 h, and DOX 
localizes at its major site of drug action, the nuclei of cancer cells. For a human 
small cell lung cancer cell line, SBC-3, the IC 

50
  of DOX was 0.039 mg/L, whereas 

the IC 
50

  for PEG- b -poly(aspartate-hyd-DOX) micelles was 0.27 mg/L after incuba-
tion for 24 h. Facile penetration of PEG- b -poly(aspartate-hyd-DOX) micelles in 
multicellular tumor spheroids is encouraging and probably refl ects their small size, 
which is ca. 65 nm. 

 PEG- b -poly(aspartate-hyd-DOX) micelles circulated for over 24 h in mice 
bearing C26 colon tumors and had higher tumor accumulation than free DOX, 
probably due to the EPR effect  [  58  ] . At 10 mg/kg, the tumor AUC (Area Under the 
Curve) of PEG- b -poly(aspartate-hyd-DOX) micelles was fourfold higher than that 
of free DOX. As a result, PEG- b -poly(aspartate-hyd-DOX) micelles had superior 
antitumor effi cacy. At 20 mg/kg, PEG- b -poly(aspartate-hyd-DOX) micelles reduced 
tumor volumes and resulted in two complete cures (no tumor reoccurrence) after 
three IV injections on 4-day intervals without a major loss in body weight. In contrast, 
free DOX only inhibited tumor growth at 10 mg/kg and resulted in a signifi cant loss 
of body weight in tumor-bearing mice (17% loss in body weight). At 15 mg/kg, 
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  Fig. 7.5    Chemical structure of PEG- b -poly(aspartate-hyd-DOX) and ADR (DOX) release from 
its micelles as a function of time and pH. DOX is the generic name for ADR. Reproduced with 
permission from  [  57  ]        
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DOX killed 6 out of 6 mice. In a C26 adenocarcinoma murine tumor model, 
PEG- b -poly(aspartate-hyd-DOX) micelles increased the antitumor effi cacy of DOX 
over free DOX without a corresponding increase in toxicity, i.e., increased the thera-
peutic index of DOX. PEG- b -poly(aspartate-hyd-DOX) micelles are in preclinical 
development in Japan.  

    7.5   PEG- b -Poly( l -Amino Acid) Micelles
 for Multiple-Drug Delivery 

 For multiple-drug delivery, PEG- b -poly( l -amino acid) prodrugs assemble into 
mixed polymeric micelles that carry two or more different drugs in their core region 
(Fig.  7.6 ).    In this strategy, each PEG- b -poly( l -amino acid) prodrug is synthesized 
separately, mixed together in an organic solvent, and assembled into mixed polymeric 
micelles by the simple replacement of organic solvent by water, using hydrophobic 
interaction as the driving force for assembly  [  7  ] . In this way, it is straightforward to 
adjust drug ratios in mixed polymeric micelles by varying the degree of drug substi-
tution on PEG- b -poly( l -amino acid) prodrugs or varying the ratio of PEG- b -poly( l -
amino acid) prodrugs in the organic solvent, noting that it is common that the drug 
ratio will be a key factor in determining synergy in cell culture  [  9  ] . If we employ 
hydrazone chemistry established for PEG- b -poly(aspartate-hyd-DOX), mixed poly-
meric micelles may carry a payload of two or more anticancer agents into solid 
tumors by the EPR effect with an identical PK profi le, undergo endocytosis, and 
simultaneously release the drug payload within the cancer cells due to a drop in pH, 
aiming for synergy (Fig.  7.6 ).  

  Fig. 7.6    Multiple-drug delivery via mixed polymeric micelles that release drug in response to 
acidic pH       
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 Prodrugs PEG- b -poly(aspartate-hyd-DOX) and PEG- b -poly(aspartate-hydra
zone) with conjugated wortmannin (WORT), a poorly water-soluble, phosphati-
dylinositol-3 kinase (PI3K) inhibitor, assembled into mixed polymeric micelles  [  7  ] . 
The molecular weight of PEG was 12,000 g/mol, and the numbers of aspartic acid 
and hydrazide groups were 40 and 31, respectively. The degree of DOX and WORT 
substitution for PEG- b -poly(aspartate-hyd-DOX) and PEG- b -poly(aspartate-
hyd-WORT) was ca. 30%. DOX and WORT were also attached together on PEG- b -
poly(aspartate-hydrazide), forming polymeric micelles that contain DOX and WORT 
in the core region (Fig.  7.7 ).  

 At this point, it is likely that mixed polymeric micelles offer the simplest way for 
multiple-drug delivery. For DOX and WORT, the reactivity of their ketone groups 
was similar, allowing control of drug ratios on PEG- b -poly(aspartate-hydrazide) by 
adjusting the ratios of DOX and WORT in the reaction mixture: 20, 50, and 75% 
WORT. However, this may not always be the case, given differences in reactivity 
between drugs, and it is easier to separately characterize PEG- b -poly(aspartate-hyd-
DOX) and PEG- b -poly(aspartate-hyd-WORT) by  1 H NMR spectroscopy because of 
an absence of overlapping peaks in their spectra. The differences in physical proper-
ties between mixed polymeric micelles based on PEG- b -poly(aspartate-hyd-DOX) 
and PEG- b -poly(aspartate-hyd-WORT) relative to PEG- b -poly(aspartate-hyd-DOX-
WORT) micelles have not been clearly delineated; however, differences are starting 
to be defi ned. Figure  7.8  shows the particle size distributions for PEG- b -poly(aspartate-
hyd-DOX), PEG- b -poly(aspartate-hyd-WORT), PEG- b -poly(aspartate-hyd-DOX-
WORT), and mixed polymeric micelles, obtained by dynamic light scattering 
measurements. PEG- b -poly(aspartate- hyd-DOX) micelles were 63 nm in diameter, 
consistent with the earlier studies done by Kataoka and coworkers  [  57–  60  ] . The aver-
age diameters of PEG- b -poly(aspartate-hyd-DOX-WORT) at 25, 50, and 75% 
WORT were 64, 91, and 73 nm, respectively. PEG- b -poly(aspartate-hyd-WORT) 
micelles were 74 nm in diameter. Interestingly, mixed polymeric micelles at a 1:1 
ratio of PEG- b -poly(aspartate-hyd-DOX) to PEG- b -poly(aspartate-hyd-WORT) 
were larger, having an average diameter of 220 nm. The larger size of the mixed 

  Fig. 7.7    Chemical structure of PEG- b -poly(aspartate-hyd-DOX-WORT). Reproduced with 
permission from  [  7  ]        
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polymeric micelles suggest that assembly of PEG- b -poly(aspartate-hyd-DOX) and 
PEG- b -poly(aspartate-hyd-WORT) does occur and that the mixed polymeric micelles 
have a higher association number than individual polymeric micelles that contain 
solely DOX, WORT, or both attached onto PEG- b -poly(aspartate-hydrazide).  

 The cytotoxicity of combinations of DOX and WORT as free drug and polymeric 
micelles against MCF-7 breast cancer cells after incubation for 30 or 72 h is shown in 
Fig.  7.9 . After 30 h, the results for free drugs indicate that DOX and WORT at a 1:1 ratio 
exerts either additive or synergistic activity against MCF-7 cells. This enhanced potency 
of the drug combination with half the quantity of DOX likely results from the action of 
WORT on the PI3K/AKT/mTOR pathway, which is one of the most frequently dysregu-
lated signaling pathways in cancer  [  40  ] . A similar trend was noted for mixed polymeric 
micelles of PEG- b -poly(aspartate-hyd-DOX) and PEG- b -poly(aspartate-hyd-WORT) 
and PEG- b -poly(aspartate-hyd-DOX-WORT) micelles at a 1:1 ratio. Clearly, polymeric 
micelles were less potent than free drugs, and this difference was lower at 72 h, presum-
ably due to drug release from polymeric micelles over time. There were no statistical 
differences in cytotoxicity against MCF-7 cells between mixed polymeric micelles of 
PEG- b -poly(aspartate-hyd-DOX) and PEG- b -poly(aspartate-hyd-WORT) and PEG- b -
poly(aspartate-hyd-DOX-WORT) micelles at a 1:1 ratio.  

  Fig. 7.8    Particle size distributions for PEG- b -poly(aspartate-hyd-DOX), PEG- b -poly(aspartate-
hyd-WORT), PEG- b -poly(aspartate-hyd-DOX-WORT), and their mixed polymeric micelles. 
CMM: chemically mixed micelle, i.e., PEG- b -poly(aspartate-hyd-DOX-WORT). CMM varied in 
WORT content from zero (CMM-DW0) to 100% (CMM-DW100). PMM: physically mixed 
micelle. Reproduced with permission from  [  7  ]        
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 In summary, PEG- b -poly( l -amino acid) prodrugs assemble into mixed poly-
meric micelles that carry two or more different drugs in their core region. 
Lipophilic drugs that possess an aldehyde or ketone group can be linked to PEG-
 b -poly(aspartate-hydrazide) for assembly into polymeric micelles and mixed 
polymeric micelles, and facilitate multiple-drug solubilization. When a lipophilic 
drug does not possess an aldehyde or ketone group, spacer groups can be intro-
duced that utilize an ester group and a pH-sensitive hydrazone linkage  [  61  ] . 
Besides anticancer agents, imaging agents also can be co-incorporated in mixed 
polymeric micelles in multimodel strategies that have gained interest in the realm 
of cancer nanotechnology  [  62  ] .  

  Fig. 7.9    Cytotoxicity of DOX, WORT, and 1:1 combinations as free drugs and polymeric micelles at 
50  m M against MCF-7 breast cancer cells (mean ± SD;  n  = 4). Reproduced with permission from  [  7  ]        
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    7.6   Future Perspectives and Conclusions 

 PEG- b -PLA and PEG- b -poly( l -amino acid) prodrug micelles are capable of 
multiple-drug solubilization and multiple-drug delivery of poorly water-soluble 
anticancer agents. PEG- b -PLA micelles physically entrain two to three anticancer 
agents—paclitaxel, docetaxel, etoposide, and 17-AAG—without the requirement of 
Cremophor EL, ethanol, or DMSO. Remarkably, the dimensions of PEG- b -PLA 
micelles do not change after multiple-drug solubilization, even though the level of 
PEG- b -PLA remained unchanged. A greater physical understanding of multiple-
drug solubilization via PEG- b -PLA micelles will undoubtedly provide an impetus 
toward additional examples of poorly water-soluble drug “cocktails,” which might 
exert synergistic anticancer activity. The attainment of synergistic anticancer activ-
ity in a safe and simple drug delivery strategy is satisfying, given the current state of 
drug delivery via the IV route for poorly water-soluble anticancer agents, e.g., pacli-
taxel. In this mode of concurrent drug delivery, it will be important to show a lack 
of PK interactions, e.g., drug metabolism by CYP-450, which may cause unex-
pected changes in PK and unforeseen toxicity. For drug solubilization in cancer 
drug development, PEG- b -PLA micelles or related ABCs will likely replace 
Cremophor EL, probably the most commonly used solubilizer despite its known 
weaknesses. PEG- b -poly( l -amino acid) prodrugs assemble into interesting mixed 
polymeric micelles for multiple-drug delivery. In contrast to PEG- b -PLA micelles, 
there is strong evidence for prolonged circulation in blood and for tumor targeting 
via the EPR effect for PEG- b -poly(aspartate-hyd-DOX) micelles. It is likely that 
mixed polymeric micelles based upon similar chemistries will enable multiple-drug 
targeting of solid tumors and triggered drug release due to a drop in intracellular pH, 
releasing two or more anticancer agents simultaneously in cancer cells for synergis-
tic activity. Both PEG- b -PLA and PEG- b -poly( l -amino acid) prodrug micelles 
require additional testing in animal models, but it is expected that they will enter 
clinical trials for multiple-drug delivery without major safety issues due to their 
proven track record of safety in humans in single-agent studies.      
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           8.1   Introduction 

 We have witnessed an explosive growth in the development, preclinical application, 
and funding of nanoparticle research to improve the management of disease since 
the early 2000s  [  1,   2  ] . This was a result of important advances in nanotechnology 
and the fi eld of nanoparticle-facilitated drug delivery  [  3  ]  in general, and the dra-
matically increased utilization and development of (molecular) imaging technolo-
gies that require nanoparticle probes specifi cally  [  2  ] . Molecular imaging  [  4  ] , which 
aims to noninvasively visualize processes at the cellular and molecular level, has 
developed to be an important preclinical diagnostic tool in the twenty-fi rst century. 
Besides advances in, and the development of, new imaging modalities, the success 
of molecular imaging highly relies on the development of process-specifi c probes. 
Such probes may specifi cally target a molecular epitope of interest, may be designed 
or applied to make a cell type of interest “visible,” or may attenuate or generate 
signal as a result of molecular interactions. This latter category is also referred to as 
activatable probes and is especially, but not exclusively, interesting in combination 
with optical techniques  [  5  ] . For example, activatable quantum dot nanoparticles are 
applied as Förster resonance energy transfer (FRET)-based biosensors  [  6  ] . Target-
specifi c imaging can be realized by functionalization of nanoparticles with ligands 
that specifi cally bind an epitope of interest, while cellular imaging can be accom-
plished by labeling cells with nanoparticle contrast agents ex vivo or in vivo  [  7  ] . 

 Simultaneously, the fi eld of nanoparticle-based drug delivery has seen some 
important advances in the same period  [  1  ] . For example, polymeric nanoparticles, 
including nanoparticles formed from amphiphilic copolymers, were proposed as 
effi cient and biodegradable drug delivery vehicles  [  3  ] . These classes of nanoparticles 
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allow for controlled and sustained release of the drug and can be functionalized to 
increase the specifi city of the treatment. Even more sophisticated nanoparticles for 
drug delivery include nanoparticles whose content is released as function of a physi-
ological or biological trigger, or nanoparticles whose protecting surface can trans-
form once accumulated at the diseased site. One of the latest advances in nanoparticle 
development for biomedical purposes includes multifunctionality  [  8  ] . This may 
apply to different features, for example, the inclusion of two or more drugs to enhance 
therapeutic effi cacy or specifi city or the integration of multiple labels to allow mul-
timodal imaging. In the former case, the nanoparticle design can be such that the 
release kinetics of the different drugs are independently tuned to the different pro-
cesses they intervene in  [  9  ] , while in the latter case, the amount of contrast-generat-
ing material may be adjusted to match the sensitivity of the different imaging 
modalities  [  10  ] . Lastly and importantly, nanoparticles can be designed that contain 
both therapeutic molecules and contrast-generating materials  [  11  ] . These so-called 
theranostic nanoparticle platforms not only allow imaging-guided drug delivery but 
potentially also allow monitoring of drug release or therapeutic effi cacy with nonin-
vasive imaging. 

 This chapter will discuss some of the latest advances in multifunctional nanopar-
ticle design and application. We will fi rst provide a context by briefl y describing the 
evolution of different nanoparticle categories, ranging from the fi rst manmade class 
of nanoparticles, i.e., liposomes  [  12  ] , to very sophisticated hybrid structures that 
can be employed for multimodal imaging  [  13  ] , combinatory therapies, or theranos-
tics  [  2  ] . Subsequently, we will discuss some recent and important examples of stud-
ies where these types of nanoparticle platforms were developed and applied.  

    8.2   The Evolution of Nanoparticle Development 
for Biomedical Purposes 

    8.2.1   Liposomes 

 The fi rst artifi cial nanoparticles that were identifi ed are liposomes. They were dis-
covered in the early 1960s by Alec D. Bangham, who found that phospholipids 
combined with water self-organized into spherical structures because of the 
amphiphilic character of the lipids  [  14,   15  ] . Soon after their discovery, liposomes 
were suggested for use as a drug carrier vehicle because of their striking biological 
properties, i.e., they are composed of naturally occurring lipids or derived synthetic 
lipids, their ability to carry a high payload of water-soluble therapeutic agents, as 
well as their ability to protect drugs from interactions with plasma proteins, or drug 
deactivation, while simultaneously enhancing the drugs’ circulation half-lives  [  12  ] . 
Liposomes can be defi ned as spherical, self-closed structures, formed by one or 
several concentric lipid bilayers with an aqueous phase inside and between the lipid 
bilayer. Liposomes can vary in size and lamellarity and are therefore subdivided into 
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multilamellar vesicles, large unilamellar vesicles, and small unilamellar vesicles. 
The latter type, most commonly used for biomedical applications, can be synthe-
sized in a size range of 50–150 nm. Altering their surface properties allows for 
improved pharmacokinetics and makes specifi c delivery of liposomes to diseased 
tissue and into cells possible. These properties also make liposomes excellent candi-
dates to carry or deliver contrast agents for magnetic resonance imaging (MRI), and 
in the 1980s, the fi rst studies about the use of liposomes as a carrier of MR contrast 
agents appeared in the literature  [  16  ] . Currently, liposomes also serve as contrast 
agents for optical imaging, nuclear imaging, ultrasound imaging, and computed 
tomography (CT)  [  12  ] .  

    8.2.2   Lipidic Nanoparticles (Micelles and Emulsions) 

 Besides liposomes, a variety of different other lipid-based nanoparticle platforms 
have been employed as therapeutic and/or diagnostic agents over the years. 
Frequently employed platforms include micelles and oil-in-water emulsions. 
Micelles are composed of amphiphilic molecules that form an aggregate in which 
the hydrophilic part of these molecules is faced towards the water and the hydro-
phobic part forms the core. They can be used as carriers for hydrophobic and lipo-
philic agents. Oil-in-water emulsions, also referred to as microemulsions, are 
mixtures of water, oil, and an amphiphile (or surfactant), where the amphiphiles 
serve to stabilize tiny oil droplets in the aqueous environment. The hydrophobic tail 
groups of the surfactant are embedded in the oil, and the charged headgroups of the 
surfactant face the water. Microemulsions can be used as carrier vehicles for deliv-
ery of hydrophobic drugs in their oil core, whereas lipophilic agents and molecules 
can be included in the lipid monolayer that can also be used to incorporate target-
specifi c molecules.  

    8.2.3   Polymeric Nanoparticles 

 The development of polymeric nanoparticles as long circulating drug carriers has 
also witnessed a fast expansion after they were fi rst introduced in 1994  [  17  ] . 
Polymeric nanoparticles exhibit several advantages, including their ability to carry 
high payloads of water-insoluble drugs and to control release kinetics as well as 
their biodegradability  [  1  ] . Popular synthetic polymers in nanoparticle formulations 
include poly(amides), poly(amino acids), poly(alkyl- a -cyanoacrylates), poly(esters), 
poly(orthoesters), poly(urethanes), and poly(acrylamides). Among them, the ther-
moplastic aliphatic poly(esters) such as poly(lactic acid) (PLA), poly(glycolic acid) 
(PGA), and, in particular, poly(lactic- co -glycolic acid) (PLGA) have been investi-
gated most abundantly due to their excellent biocompatibility and biodegradability.  
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    8.2.4   Inorganic Nanoparticles (Iron Oxide, 
Quantum Dots, Gold, and Silica) 

 Another class of important nanoparticles that have seen a fast growth in use in the 
biomedical fi eld over the past decade comprises inorganic nanocrystals. Some of 
these have very exciting properties as contrast-generating materials for MRI, CT, 
and optical imaging. Iron oxide nanoparticles  [  7  ]  are widely used as contrast in MR 
imaging but also have other applications in biomedicine, including thermal therapy 
and drug delivery. They are usually synthesized via a coprecipitation of Fe 2+  and 
Fe 3+  under basic conditions to form superparamagnetic Fe 

3
 O 

4
  (magnetite). The con-

ditions of synthesis are usually tuned to produce particles that consist of a single 
domain, are superparamagnetic (i.e., they are magnetized only when an external 
fi eld is applied), and are smaller than 15 nm. To allow their application to cells and 
animals, a variety of biocompatible materials, including poly(ethylene glycol) 
(PEG), lipids, or dextran, have been used as coatings  [  2  ] . Iron oxide nanoparticles 
produce negative contrast in MRI (darkening of the image) due to a reduction in 
T2* (gradient echo, spin–spin relaxation time), caused by local inhomogeneities in 
the magnetic fi eld that the particles create. Feridex®, coated with dextran, and 
Resovist®, coated with carboxydextran, are iron oxide-based agents that have been 
licensed for clinical use. Both are large aggregates of the coating into which multi-
ple iron cores are embedded. In order to make iron oxides specifi c, investigators 
have developed amine-functionalized dextran coatings to allow attachment of tar-
geting ligands and/or other labels, such as fl uorophores. Targets such as VCAM-1, 
E-selectin, and phosphatidylserine-expressing apoptotic cells have been success-
fully imaged in vivo using this platform  [  18  ] . 

 Semiconductor nanocrystals (quantum dots, QDs) have unique optical proper-
ties, which make them ideally suited for a number of applications in biomedical 
imaging, with several important advantages over fl uorescent dye molecules  [  19  ] . In 
contrast to fl uorescent dyes, the absorption spectrum of a QD is characterized by a 
very broad band, since any photon with energy equal to or higher than the bandgap 
is absorbed, while the emission spectrum is rather narrow. The optical properties of 
QDs can be tuned by a judicious control of composition and size, reaching emission 
wavelengths spanning from the near-UV to near-infrared (NIR), making QDs par-
ticularly suitable for multiplexed imaging. For the visible range CdSe, CdTe, or InP 
can be used, whereas the NIR can be easily covered by PbSe or PbS nanocrystals. 
QDs are more stable and brighter than fl uorescent dyes. Importantly, the surface 
of QDs can be easily modifi ed so that new functionalities and properties can be 
conferred. QDs are potentially cytotoxic when they interact with the cellular envi-
ronment and are prone to photochemical degradation, albeit to a lesser extent than 
dyes. These shortcomings can be (partially) overcome by the use of core–shell QDs, 
suitable coatings, or the use of other materials. High-quality QDs are usually pre-
pared by a chemical synthesis that starts with injecting suitable precursors into a 
high-boiling point, coordinating solvent. This injection initiates nucleation and sub-
sequent growth of the nanocrystals. Coating these just formed QDs with a shell of a 
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wider bandgap semiconductor yields the so-called core–shell QDs that exhibit a 
much better stability and lower cytotoxicity. 

 In recent years, there has been strong interest in the biomedical application of 
gold nanoparticles  [  2  ]  due to their unique properties for optical imaging, thermal 
ablation, and their application as CT contrast agents. Gold nanoparticles may be 
synthesized with excellent control of core size, and many different biologically 
compatible coatings such as poly(vinylpyrrolidone) (PVP) or PEG have been 
applied. The properties of gold nanoparticles used for medical imaging purposes are 
the strong X-ray attenuation of this element and the above-mentioned array of opti-
cal properties, but they can also be used as a scaffold for other contrast-inducing 
species such as gadolinium. For example, Qian and coworkers were able to detect 
tumors located in the fl ank of mice by taking advantage of the surface-enhanced 
Raman scattering of systemically injected targeted gold nanoparticles  [  20  ] . Recently, 
Cormode and colleagues have shown multicolor CT imaging in mice, using gold 
nanoparticles and a spectral CT scanner, as we will expound upon later  [  21  ] . 

 Silica nanoparticles can be synthesized in a wide range of desired sizes (50–
1,000 nm) and have been investigated extensively as model systems to study funda-
mental colloidal phenomena. Apart from the size and composition, the shape and 
surface properties of silica can be precisely controlled. In the past decade, silica-
based nanoparticles have increasingly been exploited for biomedical applications, 
including drug and gene delivery, as well as a carrier vehicle for different contrast-
generating materials. Interestingly, the ease of incorporation of different chemicals 
in silica makes it an excellent material for the integration of multiple diagnostically 
active materials to enable multimodality biomedical imaging  [  13  ] . Silica can be syn-
thesized in the presence of cetyltrimethylammonium bromide, which results in mes-
oporous (honeycombed) particles. These pores can be loaded with therapeutic agents 
and/or contrast-generating materials. Alternatively, silica can be grown on other 
nanoparticles, resulting in a silica shell of tunable thickness  [  22  ] . This has been 
accomplished with a variety of nanocrystals, including gold, iron oxide, and quan-
tum dots  [  23  ] . The silica shell protects the diagnostically active cores from degrada-
tion and allows the size of the particle to be easily increased to the desired size.  

    8.2.5   Natural Nanoparticles (Lipoproteins and Viruses) 

 In addition to synthetic approaches to create nanoparticles, nature also offers its 
own nanoparticles. Lipoproteins  [  24  ] , self-assembled nanoparticles of lipids and 
apolipoproteins, transport fats throughout the body and are involved in several path-
ological processes. In cardiovascular disease, for example, high-density lipoprotein 
(HDL), popularly known as “good cholesterol,” is known to have a protective role, 
while low-density lipoprotein (LDL, “bad cholesterol”) is causative of the forma-
tion of atherosclerotic plaques. Both HDL and LDL are subject of studies for tar-
geted therapy and/or imaging  [  24  ] . 
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 Viruses are another example of natural nanoparticles that can be exploited for 
targeted therapy, i.e., gene transfection, or may be chemically modifi ed to serve as 
drug or contrast agent vehicles  [  25,   26  ] . For diagnostic purposes, the iron-transport-
ing natural nanoparticle ferritin has received considerable interest, especially in 
relation to MRI  [  27,   28  ] . This nanoparticle, composed of protein 24 subunits, con-
tains an approximately 10 nm hydrated iron oxide core that includes thousands of 
iron atoms and therefore can serve as an MRI reporter gene  [  28  ] , a natural MRI 
contrast agent, or can be reconstituted to contain MRI contrast agents such as 
Gd-DTPA chelates  [  27  ] .   

    8.3   Architectural Features of Multifunctional 
Hybrid Nanoparticles 

 One of the most interesting features of nanoparticles for their use in biomedicine is 
the possibility to integrate and combine different materials to build multifunctional 
hybrid nanostructures  [  8  ] . Although this fi eld is young, the number of such hybrid 
nanoparticles available today is considerable and rapidly growing. A generalized 
schematic is depicted in Fig.  8.1 . It has to be stressed that different variations are 
possible, and numerous examples that do not resemble this schematic have been 
developed.  

 Hybrid nanoparticles may consist of an inorganic core material, for example, 
silica, iron oxide, or gold, which is subsequently coated with organic materials of syn-
thetic origin, for example, block copolymers or natural materials, for example, lipids  [  30  ] . 
Combinations of hydrophobic oil cores carrying nanocrystalline materials that 
are stabilized by amphiphilic surfactants are also possible  [  31  ] . Combinations of 

  Fig. 8.1       Schematic depicting 
the typical features and 
buildup of multimodal 
nanoparticles. Reproduced 
with permission from  [  29  ]        
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synthetic and natural molecules and/or nanoparticles are under investigation as 
well  [  25  ] , for example, viruses  [  26  ]  or lipoproteins  [  32  ]  that are chemically modi-
fi ed for drug delivery or diagnostic purposes. Polymer/lipid hybrid nanoparticles 
represent a class that combines advantages of lipidic platforms with those of poly-
meric platforms, including recently introduced PLGA-lecithin-PEG core–shell 
nanoparticles  [  33,   34  ] . Generally, all the abovementioned nanoparticle platforms 
consist of a core that can contain a payload that is covered by a shell. The latter may 
have distinctively different properties from the core and therefore may be used to 
incorporate certain molecules that cannot be integrated in the nanoparticle core. 
Notably, the surface of most nanoparticles can be designed to be readily modifi ed, 
which is a valuable feature that can be exploited not only to include diagnostic and 
therapeutic molecules but also to alter the surface to increase biocompatibility and 
bioapplicability. Such coatings include hydrophilic polymers like PEG and allow 
the conjugation of ligands, including antibodies, antibody fragments, sugars, pep-
tides, peptidomimetics, and small molecules  [  2  ] .  

    8.4   Examples of Multifunctional Nanoparticle Platforms 

    8.4.1   Oil-in-Water Emulsions for Combined Diagnosis 
and Therapy 

 Nanoparticle platforms for simultaneous drug delivery and diagnostic purposes 
offer a number of unique advantages that add to our understanding of the targeting, 
effi cacy, mode of action, and specifi city of the therapy, especially in a preclinical 
setting. This fi eld of diagnostic therapy is popularly referred to as “theranostics” 
and has the ultimate goal to improve and personalize nanotherapeutic approaches. 
Lanza, Wickline, and colleagues have published a number of theranostic studies in 
which perfl uorocarbon microemulsions were used for simultaneous drug delivery 
and imaging  [  35–  39  ] . For example, Winter et al. have shown the application of 
fumagillin-loaded microemulsions to inhibit atherosclerotic plaque angiogenesis in 
rabbit models of atherosclerosis and cancer, while using MRI as readout for 
therapeutic effi cacy  [  36–  39  ] . In a proof-of-concept study, the nanoparticles were 
functionalized with an angiogenesis-specifi c targeting ligand, and their neovascu-
larization-reducing effi cacy was extensively studied. It was shown that in a rabbit 
model of atherosclerosis, with abundant angiogenesis, the  a v b 3 integrin-targeted 
nanoparticles could be applied for noninvasive MR molecular imaging plaque neo-
vascularization. In a subsequent study, a similar approach was applied, albeit in this 
case the nanoparticles were also loaded with fumagillin. It was shown by nanopar-
ticle-facilitated MRI that rabbits treated with these nanoparticles displayed severe 
inhibition of neovascularization in their atherosclerotic plaques. In a follow-up 
study, it was shown that this nanoparticle-induced angiogenesis reduction could be 
sustained by consecutive statin therapy (Fig.  8.2 ).   
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  Fig. 8.2    ( a ) MR images of the aortic vessel wall (outlined in  yellow ) before and up to 4 weeks 
after fumagillin nanoparticle treatment. The color-coded overlay of signal enhancement (%) shows 
patchy areas of high angiogenesis. At week 1, the signal enhancement has clearly decreased due to 
the antiangiogenic effect of targeted fumagillin treatment and gradually increased to the pretreat-
ment level. ( b ) Enhancement in rabbits receiving atorvastatin alone ( triangles ) or in conjunction 
with one ( squares ) or two ( circles ) doses of targeted fumagillin nanoparticles. The combination of 
two fumagillin doses and statin produced a sustained decrease in angiogenesis. Reproduced with 
permission from  [  36  ]        
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    8.4.2   Hybrid Structures of Inorganic Nanocrystals 
and Lipoproteins 

 Recently, Cormode et al. modifi ed HDL particles to create endogenous nanoparti-
cle–inorganic material hybrid composites  [  32  ] . In addition to modifying the phos-
pholipid coating to provide contrast for medical imaging, as was shown previously 
by Frias and colleagues  [  40  ] , a method was developed to modify the hydrophobic 
core for the same purpose. The original hydrophobic HDL core of triglycerides and 
cholesteryl esters was replaced by different nanocrystals, i.e., gold nanoparticles, 
iron oxide nanoparticles, and quantum dots to produce a broad range of novel con-
trast agents for multimodality imaging. As appropriate, fl uorescent and paramag-
netic lipids were included in the phospholipid corona of the particles to render all 
the nanocrystal HDL formulations at least MRI and fl uorescence active. Negative 
stain TEM, protein analysis, cholesterol effl ux, and lipid-exchange studies proved 
the nanoparticles to be very similar to native HDL. In vivo, it was observed that 
these nanoparticles traffi cked throughout the body as individual entities. In vitro 
experiments revealed that these particles were abundantly taken up by macrophages, 
as evidenced by confocal laser scanning microscopy, fl uorescence imaging, cell pel-
let MR, and CT imaging, as well as TEM. In vivo experiments using the imageable 
HDL nanoparticles were performed with the apolipoprotein E knockout (apoE-KO) 
mouse model of atherosclerosis. It was observed that the different versions of the 
nanocrystal core HDL particles traffi cked to and accumulated in atherosclerotic 
plaques. These observations were corroborated by confocal microscopy of aortic 
sections as well as computed tomography and fl uorescence images of intact aorta 
specimen. 

 In a recently published study, Cormode and colleagues further explored the 
potential of this nanoparticle platform  [  21  ] . As mentioned above, the gold core ver-
sion (Au-HDL, Fig.  8.3a ) has excellent properties to serve as a contrast agent for 
CT. In the study, atherosclerotic mice were intravenously injected with Au-HDL to 
visualize atherosclerotic plaques and with an iodine contrast agent to visualize the 
vasculature. Subsequently, the animals were imaged by conventional CT (Fig.  8.3b ) 
and spectral CT (Fig.  8.3c ), a novel CT approach that allows multicolor imaging of 
different elements. This unique approach showed, for the fi rst time, that it is possi-
ble to apply spectral CT to specifi cally discern different atherosclerotic plaque 
components.  

 In addition to in vivo imaging, nanocrystal core HDL also exhibits unique prop-
erties for live cell imaging. Skajaa et al. developed QD-HDL that was additionally 
labeled with the near-infrared dye Cy5.5, which allowed them to investigate impor-
tant biological features of lipoproteins, including lipid-exchange dynamics, cellular 
interactions, and nanoparticle disassembly via Förster resonance energy transfer 
(FRET)  [  41  ] .  
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    8.4.3   siRNA Delivery and Imaging with Iron Oxide 
Nanoparticles 

 A variety of diffi culties have limited the application of nucleic acids as a therapeutic 
strategy. Among those diffi culties are degradation of the nucleotides, poor bioavail-
ability, and biodistribution upon intravenous administration, as well as problems that 
are associated with diminished activity in the cells of interest due to compartmental-
ization. Nanoparticulate formulations may have signifi cant advantages to deal with 
these limitations and therefore have been applied extensively in this fi eld of research. 
Most recently, studies have appeared where the nucleotide delivery vehicle was 
additionally labeled for visualization with diagnostic imaging techniques. 

 Medarova et al. reported a study where they developed and employed a dextran-
coated iron oxide nanoparticle that had a near-infrared fl uorescent dye, a transloca-
tion peptide, and a small interfering RNA specifi c for green fl uorescent protein (GFP) 
mRNA covalently conjugated to the nanoparticle (Fig.  8.4a )  [  42  ] . This design allows 

  Fig. 8.3    ( a ) Schematic representation of a gold core high-density lipoprotein nanoparticle 
(Au-HDL). ( b ) A conventional CT image of the abdomen of an atherosclerotic apoE-KO mouse 
after the administration of an iodine-based vascular agent and the plaque-specifi c agent, Au-HDL. 
( c ) The same image as in ( b ) acquired by spectral CT visualizes the different elements in color 
codes and allows the differentiation of the bones ( blue ), the aorta ( red ), and the atherosclerotic 
plaque ( yellow ). Reproduced with permission from  [  21  ]        
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the nanoparticle to be visualized with MRI and near-infrared fl uorescent imaging to 
be effi ciently taken up by cells and to subsequently silence GFP expression. The 
authors showed, with MRI and NIRF imaging, that upon intravenous administration, 
this nanoparticle accumulated in the tumors of mice that had two tumor types inocu-
lated on the fl ank, of which one tumor expressed red fl uorescent protein and one 
tumor expressed green fl uorescent protein. Using in vivo optical imaging, it was 
shown that GFP expression was selectively silenced 48 h after probe administration, 
while RFP expression remained unaffected. This study convincingly demonstrated 
how the combination of nanotechnology, imaging, and genetics generates valuable 
insights and allows investigators to visualize nanoparticle delivery and subsequent 
silencing in live animals. In a subsequent study from the same authors, it was 

  Fig. 8.4    ( a ) Schematic depiction of a multifunctional iron oxide-based MR nanoparticle that is 
labeled with the near-infrared dye Cy5.5 and functionalized with siRNA specifi c to GFP as well as 
with cell penetrating peptides. Reproduced with permission from  [  42  ] . ( b ) A nanoparticle similar 
to the one in ( a ) that was equipped with the antiapoptotic gene BIRC5 induced tumor apoptosis 
and ( c ) signifi cantly inhibited tumor growth. Reproduced with permission from  [  43  ]        
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 demonstrated that upon intravenous injection of a similar nanoparticle, equipped 
with siRNA that targets the tumor-specifi c antiapoptotic gene BIRC5, tumor necro-
sis and apoptosis could be induced (Fig.  8.4b ), which resulted in a signifi cant decrease 
in tumor growth rate (Fig.  8.4c )  [  43  ] .   

    8.4.4   Multimodal Liposomes for Imaging-Guided Treatment 
of Atherosclerotic Plaque Infl ammation 

 As stated earlier in this chapter, liposomes can be considered the fi rst artifi cial 
 nanoparticles for biomedical applications. They are the most widely investigated, 
developed, and clinically explored nanoparticles  [  12  ] . Interestingly, and despite 
their mature developmental state, novel applications and modifi cations of liposomes 
are still being explored. In the early 1990s, PEGylation of liposomal nanoparticles 
induced a tremendous boost in their applicability, while in the past 10 years the fi eld 
of (molecular) imaging has caused a renewed interest in the application of lipo-
somes. Metselaar and colleagues developed prednisolone phosphate-loaded and 
long circulating liposomes for the treatment of infl ammatory diseases. Strong thera-
peutic effects were observed in animal models of rheumatoid arthritis, multiple scle-
rosis, and cancer  [  44–  46  ] . The approach of combining an FDA-approved drug, like 
prednisolone phosphate, and long circulating liposomes to amplify pleiotropic 
effects and enhance therapeutic effect is simple but effective. Lobatto and colleagues 
reported another application of the above anti-infl ammatory treatment. They applied 
multifunctional, multimodal, and prednisolone phosphate-loaded liposomes to treat 
atherosclerotic plaque infl ammation in a rabbit model  [  47  ] . Since atherosclerosis is 
a systemic disease of the arteries, the evaluation of valid endpoints is a challenge, 
especially in a longitudinal study design. A methodology that was comprised of a 
two-pronged approach was developed (Fig.  8.5 ). First, long circulating liposomes 
were applied to deliver glucocorticoids (prednisolone phosphate) to atherosclerotic 
plaques via the EPR effect, thereby increasing their effi cacy and lowering the dose. 
These liposomes were also labeled with Gd-DTPA and rhodamine-functionalized 
lipids to enable their visualization with MRI and optical techniques. Second, nonin-
vasive multimodality clinical imaging methods, i.e., MRI, PET, and CT were 
employed to monitor drug delivery and to evaluate the response after treatment. To 
corroborate the observations, endpoints determined in vivo were also established 
histologically  ex vivo . MRI, fl uorescence imaging, and microscopy revealed the 
accumulation of liposomes in the atherosclerotic lesions, mostly colocalized with 
macrophages. FDG-PET, applied to evaluate vessel wall infl ammation, and DCE-
MRI revealed an unprecedented therapeutic effect lasting almost 2 weeks after a 
single dose of the multifunctional liposomes. In addition to the therapeutic effi cacy 
of prednisolone phosphate liposomes for atherosclerosis, this study also showed the 
validity of using imaging endpoints.   
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    8.4.5   Lipid-Coated Silica Quantum Dot Hybrid Structures 
for Multimodal Imaging 

 Despite the promises of silica for biomedical applications, a serious drawback of 
these inorganic nanoparticles is their inherently low biocompatibility. To address 
this issue, Koole et al. recently developed a novel method to obtain hydrophobic 
silica nanoparticles, coated with a physically adsorbed monolayer of PEGylated 
phospholipids  [  30  ] . This highly fl exible coating method allows, next to the inclu-
sion of PEGylated lipids, the incorporation of many other lipid species, for example, 
paramagnetic lipids for MRI and functional lipids to achieve target specifi city. The 
cytotoxicity and pharmacokinetics of these paramagnetic and PEG lipid-coated, 
quantum dot-containing silica nanoparticles were studied by van Schooneveld et al.  [  48  ] . 
A variety of imaging techniques were employed, and the results were compared 
with those obtained with bare silica nanoparticles. Compared to bare silica, lipid-
coated silica nanoparticles exhibited a prolonged circulation half-life, while analy-
sis of tissue sections of mice sacrifi ced 24 h after the administration revealed that 
both particles accumulated in the liver and spleen. Interestingly, the bare silica par-
ticles were also found to accumulate in the lungs of the animals, most likely caused 
by the aggregation of the bare silica particles upon intravenous administration, a 
phenomenon that was not observed for the lipid-coated nanoparticles. The enhanced 
biocompatibility of such lipid-coated silica nanoparticles was independently con-
fi rmed in a recent study by Hu and Gao  [  49  ] . Because of their complex and hetero-
geneous morphology, these organic–inorganic hybrid nanoparticles are of great 
interest to be studied with advanced electron microscopy techniques. A detailed 
study of the different elements in this material was done with electron microscopy 
combined with electron energy-loss spectroscopy (EELS). For the fi rst time, it was 
reported that detailed quantitative information about the composition of a complex 
nanoparticle can be extracted (Fig.  8.6 )  [  50  ] .    

  Fig. 8.5    Overview of a nanotheranostics study in atherosclerotic rabbits. Liposomal nanomedi-
cine carrying glucocorticoids in its aqueous lumen and paramagnetic and fl uorescent amphiphiles 
in its lipid bilayer ( left ). The nanotherapy was evaluated in a rabbit model of atherosclerosis ( mid-
dle ). Targeting and therapeutic effi cacy was evaluated in a longitudinal fashion with multimodal 
imaging ( right ). Reproduced with permission from  [  47  ]        
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    8.5   Perspective and Conclusions 

 In this chapter, we fi rst outlined the nanoparticle developments that led to the current 
state-of-the-art, multifunctional nanoparticle platforms. Interestingly, the more tra-
ditional nanoparticle platforms are presently still under development, while new 
types of nanoparticles are being developed at an unprecedented pace. So-called mul-
tifunctional hybrid nanoparticles currently are a popular topic of investigation, and 
many variations are possible, for example, nanoparticles that are composed of natu-
ral and synthetic components or nanoparticles that have an inorganic or polymeric 
core that is stabilized and functionalized by phospholipids. We reviewed some inter-
esting nanoparticle platforms, some of them developed in our own laboratory, but it 
has to be stressed that numerous other examples have appeared in the literature in 
recent years. We primarily focused our selection on nanoparticle platforms that have 
also been extensively evaluated in animal models, are utilized in a number of stud-
ies, and were independently evaluated by other researchers. 

 We have shown the unique advantages multifunctional nanoparticles offer for 
diseases such as atherosclerosis and cancer. Because of their multifunctional character, 
they may be applied to inhibit or even regress disease as well as to function as diag-
nostic agents or even as readouts for therapeutic effi cacy. In addition, the multifunc-
tionality also allows improved biocompatibility, biodegradability, and, importantly, 
specifi city. 

 Although important developments have been made in the past decade, the clini-
cal translation of nanoparticles in general and multifunctional nanoparticles specifi -
cally is still hampered by regulatory and fi nancial limitations. The complexity of 
nanoparticle-based agents inhibits the approval for human use, while at the same 
time the costs associated with such products may not outweigh the benefi ts. 
Nevertheless, many aspects remain to be investigated in preclinical studies and will 
further contribute to the maturation of this exciting and fast growing fi eld.      

  Fig. 8.6    ( a ) Schematic depiction of a lipid-coated silica-encapsulated quantum dot nanoparticle. 
The lipid layer is comprised of Gd-containing, paramagnetic amphiphiles and PEGylated phos-
pholipids. ( b ) High-angle annular dark-fi eld electron microscopy of the nanoparticle in ( a ). 
 Red  = Gd;  Blue  = Si;  Green  = C. Reproduced with permission from  [  50  ]        
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           9.1   Introduction 

 Despite recent advances in the understanding of fundamental cancer biology, many 
of these advances have not translated into clinical applications via the development 
of new therapeutics  [  1  ] . Arguably, the main reasons for this are the inability to 
administer therapeutics so that they reach the desired target without causing collat-
eral damage and the lack of tumor-specifi c, noninvasive imaging modalities to 
determine the effi cacy and selectivity of cancer treatments  [  2  ] . As such, a major 
focus of current cancer research is the development of therapeutic systems that 
demonstrate the synergistic goals of increasing the effi cacy per dose of any thera-
peutic or imaging agent, increasing the targeted selectivity of the system, and 
introducing the ability to overcome any biological barriers that may stop the device 
from reaching its desired target  [  2–  4  ] . The technology that offers the greatest poten-
tial in addressing these needs is nanotechnology, and perhaps, the best example of 
nanotechnology related to cancer treatment is the use of nanovectors. Nanovectors 
are solid or hollow multifunctional organic or inorganic nanoparticles, which can be 
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functionalized with therapeutics, targeting ligands, and imaging agents  [  5–  8  ] . 
Ideally, nanovectors will be used for the in vivo, noninvasive visualization of early 
stage molecular markers for cancer, the targeted delivery of therapeutic agents, and 
the trapping and suppression of lesions before they reach either lethal or malignant 
phenotype, with little to no simultaneous loss of quality of life  [  1  ] . In conjunction to 
the focus on cancer therapeutics, the development of targeted diagnostic imaging 
agents has become a major interest for the clinical application of nanotechnology 
 [  1,   9,   10  ] . Because of the versatility and control over the nanostructures that can be 
formed, nanoparticles have been used as imaging agents for numerous imaging 
techniques including magnetic resonance imaging (MRI), computed X-ray tomog-
raphy (CT), and optical imaging  [  11,   12  ] . Examples of nanoparticles that have been 
used as imaging agents include iron oxide nanoparticles  [  5,   13  ] , silicon and silica 
nanoparticles  [  14,   15  ] , gold (Au) nanoparticles and nanoshells  [  16–  20  ] , and quan-
tum dots  [  21,   22  ] . Nanoparticle-based diagnostic agents with targeting capabilities 
show advantages over conventional imaging agents such as increased retention time, 
specifi city, and enhanced imaging capabilities  [  12,   23–  25  ] . The addition of active 
targeting ligands such as antibodies has increased the applicability of these novel 
imaging agents due to their ability to induce receptor-mediated endocytosis by 
diseased cells, preferential to healthy cells, through biomolecular recognition. While 
these systems offer much promise, there are a number of challenges that must be 
overcome before they can be applied in a clinical setting. These challenges include 
issues such as cytotoxicity, stability, and the inability to incorporate all of the 
components required of an effective targeted multimodal imaging agent. Arguably, 
polymer-modifi ed inorganic nanoparticles represent the most promising structures 
to meet the above challenges. Research into the use of inorganic nanoparticles as 
nanovectors has highlighted the use of nanoparticles that possess properties useful 
for molecular imaging. For example, iron oxide nanoparticles behave as negative 
 T  

2
 -contrast agents in MRI, and Au nanostructures can be observed using either CT 

or confocal microscopy  [  26  ] . The use of nanoparticles as the imaging component of 
multifunctional nanovectors is benefi cial due to the fact that a large concentration of 
imaging agent can be delivered to the desired location per targeting biorecognition 
event. However, in order to produce a nanoparticle-based imaging agent that can be 
easily translated to clinical application, it is important that the nanodevice be useful 
for application with common and widely utilized diagnostic imaging instrumenta-
tion, such as MRI, and that the nanodevice can be modifi ed so as to render the 
nanostructure biocompatible while providing a means of biomolecular targeting and 
disease therapy. 

 Superparamagnetic iron oxide nanoparticles (SPIOs) have garnered a majority of 
the focus on nanoparticle contrast agents for MRI, which has led to current testing 
of ferucarbotran (Resovist®, approved in Japan, Europe, and Australia) and fer-
umoxtran in phases II and III clinical trials in the USA, while ferumoxsil 
(GastroMARK® and Lumirem®) and ferumoxide (Feridex® and Endorem®) are 
approved for clinical use. Unfortunately, negative contrast agents such as SPIOs 
suffer from a series of drawbacks, including limited in vivo cell tracking (MRI 
cannot distinguish the negative contrast agent from other signal voids), and negative 



1759 Polymer-Modifi ed Nanoparticles as Targeted MR Imaging Agents

contrast agents are limited by partial volume effects  [  27–  29  ] . Recently, focus on 
nanoparticle-based MRI contrast agents has shifted to gadolinium (Gd)-based 
nanoparticles  [  27,   30–  36  ]  due to their ability to act as a positive contrast agent and 
due to their relationship to currently employed MRI contrast agents, such as gado-
pentetate dimeglumine (Magnevist®) and gadobenate dimeglumine (MultiHance®), 
which are based on Gd chelates. This attention on Gd-based nanoparticles has been 
mostly driven by limitations with the conventional contrast agents based on Gd 
chelates, such as low concentrations of Gd per molecule, short retention times 
in vivo due to contrast agent dimensions, limited biostability, and diffi culty in func-
tionalization to enable use in more complex diagnostic devices. These Gd-based 
nanoparticles have been synthesized with both inorganic and organometallic com-
pounds of Gd such as gadolinium oxide, gadolinium phosphate, gadolinium fl uo-
ride, gadolinium hexanedione and acetylacetenoate mixed with emulsifying wax, 
and most recently, nanoscale metal-organic frameworks (MOFs)  [  27,   31–  37  ] . While 
Gd-based nanoparticles exhibit relaxivities signifi cantly higher than typical Gd che-
lates and also provide a contrast agent with higher molecular weight for improved 
retention times and a high concentration of Gd 3+  ions per contrast agent particle, 
their application has been limited due to the diffi culty in producing nanoparticles 
that are biocompatible, stable, and have specifi c surface functionality  [  27,   32  ] . 

 One of the most interesting Gd nanoparticle systems is the nanoscale MOFs, 
which are constructed from Gd 3+  ions and organic bridging ligands, such as 1,4-ben-
zenedicarboxylic acid (1,4-BDC), as they have demonstrated exceptional MRI 
capabilities  [  31,   38,   39  ] . However, in order to take advantage of Gd nanoparticles as 
nanoscale contrast agents for MRI, focus has shifted to overcoming some of their 
inherent limitations by developing methods to surface-modify the nanoparticles  [  33, 
  36  ] . Current surface modifi cation methods have yielded limited success, as they 
have resulted in instabilities in the coatings due to their noncovalent nature, poorly 
defi ned surfaces, insuffi cient control over surface functionality, or reduced imaging 
capabilities due to masking of the underlying Gd nanoparticle. As such, the search 
for a surface modifi cation technique that provides control over surface functionality 
and architecture, along with the ability to produce a stable structure without dimin-
ishing the inherent imaging properties, represents a signifi cant challenge for 
researchers. Surface modifi cation of Gd-based MOFs through covalent attachment 
of well-defi ned polymers offers a means of modifying and/or tuning the relaxation 
properties of the nanoparticles, incorporating a higher degree of functionality, and 
increasing their in vivo stability and biocompatibility. 

 Herein, we discuss a novel surface modifi cation procedure developed in our 
research group, allowing the attachment of well-defi ned polymers synthesized via 
reversible addition-fragmentation chain transfer (RAFT) polymerization through 
reduction of the thiocarbonylthio end group under basic conditions to form thio-
lates, and further attachment through coordination chemistry to the Gd MOF nano-
particles  [  40,   41  ] . In vitro MRI was employed to determine the relaxivities of the 
novel polymer-modifi ed Gd MOF nanoparticles in comparison to the clinically 
employed contrast agents, Magnevist® and MultiHance®. Furthermore, Gd MOF 
nanoparticles were surface-modifi ed by the covalent attachment of well-defi ned 
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RAFT copolymers containing a targeting ligand and antineoplastic agent to produce 
a novel theragnostic nanodevice, with bimodal diagnostic imaging capabilities. 
Finally, tailoring either the size and shape of the nanoparticles or the functionality 
and thickness of the polymer coating provided a means of tuning the MRI charac-
teristics of these novel polymer-modifi ed positive contrast nanoparticle agents.  

    9.2   Experimental Section 

    9.2.1   Materials and Characterization 

 All chemicals were purchased from Sigma-Aldrich, unless otherwise noted. 
H-glycine-arginine-glycine-aspartate-serine-NH 

2
  (GRGDS-NH 

2
 ) peptide motif was 

purchased from AnaSpec. Epidermal growth factor antibody (EGFR) was purchased 
from Invitrogen.  N -isopropyacrylamide (NIPAM) was doubly recrystallized in 
hexanes before use. Azobisisobutyronitrile (AIBN) was doubly recrystallized from 
methanol prior to use. Triethylamine was distilled under pressure and stored in the 
freezer prior to use. Styrene (Sty) was fi ltered over basic alumina oxide and then 
stored in a freezer prior to use. All other chemicals, unless otherwise discussed, 
were reagent grade and used as received. S-1-dodecyl S ¢ -( a , a -dimethylacetic acid) 
trithiocarbonate (DATC) was prepared via Lai et al.’s literature procedure  [  42  ] . 
 N -(2-hydroxypropyl) methacrylamide (HPMA) was synthesized by a procedure in 
the literature  [  43  ] . A discussion of the characterization of polymers, Gd MOF nano-
particles, and RAFT polymer-modifi ed Gd MOF nanoparticles is described in great 
detail in the recent literature  [  40,   41  ] .  

    9.2.2   Homopolymer Synthesis via RAFT Polymerization 

 A range of homopolymers including poly( N -isopropyacrylamide) (PNIPAM), 
poly[(2-hydroxypropyl)methacrylamide] (PHPMA), and poly(styrene) (PSty) were 
synthesized by RAFT polymerization techniques. For example, in order to produce 
a PNIPAM homopolymer with a  M  

 n ,theoretical
  of 5,500 g/mol, NIPAM (10.07 g, 

8.90 × 10 −2  mol),  N , N -dimethylformamide (DMF) (50 mL), and DATC (0.488 g, 
1.34 × 10 −3  mol) were added to a 150-mL Schlenk fl ask equipped with a stir bar. 
The fl ask was sealed, and the solution was gently degassed for 45 min and then left 
under a high-purity nitrogen atmosphere. The fl ask was allowed to stir at room 
temperature until the monomer and DATC were completely dissolved. To a second 
150-mL Schlenk fl ask equipped with a stir bar was added AIBN (0.0204 g, 
1.24 × 10 −4  mol). This fl ask was sealed with a rubber septum, subjected to three 
evacuation-nitrogen purge cycles, and left under a nitrogen atmosphere. The mono-
mer solution was then transferred via cannula to the initiator-containing fl ask. 
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The reaction was then heated for 1 h at 60°C, after which the polymer was isolated 
from the solution by evaporating residual solvent under vacuum at 40°C overnight. 
Polymer was then purifi ed via precipitation to remove residual monomer. Specifi c 
RAFT polymerization conditions for each of the other monomer systems can be 
found in the literature  [  40  ] .  

    9.2.3   Copolymer Synthesis via RAFT Polymerization 

 A random copolymer of PHPMA- co -poly( N -methacryloxysuccinimide)- co -poly
(fl uorescein  O -methacrylate) (PHPMA- co -PmNAOS- co -PFMA) was synthesized 
with 15 wt% monomer in a mixture of DMF and tert-butanol at 80°C via RAFT 
polymerization techniques utilizing a 10:1 molar ratio of DATC, as the RAFT agent, 
to AIBN, as the initiator. HPMA comprised the majority of the copolymer backbone, 
with NAOS being incorporated into the backbone at 15 wt% loading to provide a 
reactive sight for attachment of targeting ligands. FMA, at approximately 0.5 wt% 
loading, was added allowing for fl uorescent tagging of the copolymer for subsequent 
imaging capabilities in fl uorescent microscopy. For example, in order to produce 
PHPMA- co -PmNAOS- co -PFMA with a 15 wt% loading of mNAOS, tert-butanol 
(15 mL), HPMA (3.00 g, 20.8 mmol), FMA (0.0300 g, 0.0749 mmol), DATC 
(0.100 g, 0.274 mmol), and AIBN (0.00300 g, 0.0183 mmol) were added to a 2-neck 
150-mL Schlenk fl ask equipped with a stir bar and a 100-mL addition funnel. 
Anhydrous DMF (30 mL) and mNAOS (0.450 g, 2.46 mmol) were added to the addi-
tion funnel equipped with a bubbler, which was then sealed. Each solution was gently 
degassed for 45 min and then left under a high-purity nitrogen atmosphere. The fl ask 
was allowed to stir at room temperature until all of the solid reactants were com-
pletely dissolved. The reaction was then heated to 80°C, at which time the mNAOS 
solution was added dropwise via the addition funnel. The polymerization was allowed 
to proceed for 24 h, after which the polymer was isolated from the solution by double 
precipitation into a 50:50 vol/vol solution of acetone and ethyl ether.  

    9.2.4   Attachment of Targeting Ligands to RAFT Copolymer 

 The PHPMA- co -PmNAOS- co -PFMA copolymers were subsequently reacted through 
a condensation reaction of the succinimide groups with primary amine groups of the 
targeting ligand. Reactions were carried out at room temperature in deuterated  N,N -
dimethylsulfoxide (DMSO) with 0.01 M triethylamine and stirring at room tem-
perature for 24 h. Unreacted targeting ligand was then removed via silica column 
chromatography and aqueous/solvent extraction. GRGDS-NH 

2
  and anti-EGFR 

were incorporated into the copolymer backbone at 9 and 5 wt% loading capacity, 
respectively. Detailed reaction conditions for the attachment of the GRGDS-NH 

2
 -

targeting ligand are discussed in the literature  [  41  ] .  
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    9.2.5   Synthesis of Gd MOF Nanoparticles 

 Gd MOF nanoparticles were prepared via a reverse microemulsion synthesis 
reported by Reiter and coworkers  [  31  ] . Briefl y, a water-to-surfactant ratio ( w ) of 10 
was employed for the reverse microemulsion system containing gadolinium(III) 
chloride (GdCl 

3
 ) and the bridging ligand, 1,4-BDC (0.075 M). Cetyltrimethyl

ammonium bromide (CTAB) (0.05 M) was employed as the surfactant, with hexanol 
as a cosurfactant in a heptane oil phase. The resulting solution was allowed to stir 
for 24 h at room temperature. Unreacted reagents were removed from the Gd MOF 
nanoparticles through repeated centrifugation and resuspension in ethanol (2×) and 
water (2×), followed by drying.  

    9.2.6   Synthesis of Gd MOF Nanoparticles Including Hydrotrope 

 Gd MOF nanoparticles were prepared exactly as mentioned in the previous section 
except for the inclusion of varying weight percentages of sodium salicylate (NaSal) 
to the reverse microemulsion system. Briefl y, a water-to-surfactant ratio of 10 was 
employed for the reverse microemulsion system containing GdCl 

3
  and the bridging 

ligand, 1,4-BDC (0.075 M). CTAB (0.05 M) was employed as the surfactant, with 
hexanol as a cosurfactant in a heptane oil phase. The resulting solution was allowed 
to stir for 5–10 min at room temperature until the solution became clear. The NaSal 
was weighed according to the desired weight percentage and was subsequently 
added to the clear solution. The solution was then allowed to stir for 24 h at room 
temperature. Unreacted reagents were removed from the Gd MOF nanoparticles 
through repeated centrifugation and resuspension in ethanol (2×) and water (2×), 
followed by drying.  

    9.2.7   Surface Modifi cation of Gd MOF Nanoparticles 
with RAFT Homopolymers and Copolymers 

 In a typical experiment, RAFT polymer (0.1 g) was added to 25 mL of anhydrous 
DMF in a 150-mL Schlenk fl ask equipped with a stir bar and then sealed with a 
rubber septum. The RAFT polymer solution was purged with high-purity nitrogen 
and then subsequently left under a nitrogen atmosphere. The RAFT agent-terminated 
polymer was then converted to a thiolate-terminated polymer through aminolysis, 
by the addition of hexylamine (0.4 mL, 0.075 M) and stirring for 1 h at room 
temperature. Gd MOF nanoparticles (0.01 g) were suspended in an additional 25 mL 
of DMF in a second 150-mL Schlenk fl ask equipped with a stir bar and then sealed 
with a rubber septum. The nanoparticle solution was then purged with high-purity 
nitrogen for 30 min and was subsequently left under a nitrogen atmosphere. 
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The polymer solution was transferred via cannula to the Gd MOF nanoparticle 
solution. The resulting solution was allowed to stir for 24 h at room temperature 
under a nitrogen atmosphere. Untethered polymer was removed from the polymer-
modifi ed Gd MOF nanoparticles through repeated centrifugation and resuspension 
in DMF (2×) and ethanol (2×), followed by drying.   

    9.3   Results and Discussion 

    9.3.1   Polymer-Modifi ed Nanoparticles as Targeted 
Imaging Agents 

 Despite the tremendous potential that nanoparticles offer in the thriving area of 
nanomedicines, their modifi cation to provide critical properties, such as multimodal 
imaging, biocompatibility, and biomolecular targeting, is of utmost importance. 
Developing a method to provide reproducible, well-defi ned, and stable surface 
modifi cation of nanoparticles is critical. RAFT polymerization techniques offer one 
of the most versatile routes to enhancing the properties of high surface area nano-
particle structures through modifi cation of nanoparticle surfaces with well-defi ned 
RAFT polymers. RAFT polymerization is arguably the most versatile living radical 
polymerization (LRP) technique with respect to polymerization conditions, along 
with the ability to produce well-defi ned, low polydispersity index (PDI) polymers 
with both simple and complex architectures and a high degree of end group control 
 [  44,   45  ] . RAFT polymerization shows great promise in the synthesis of multifunc-
tional polymers due to the versatility of monomer selection and its functional group 
tolerance. It has been widely employed for the preparation of highly specialized 
materials for advanced biomedical applications, such as antibody and small interfer-
ing ribonucleic acid (siRNA)–polymer conjugates, controlled drug delivery vehi-
cles, and bioconjugation  [  46–  52  ] . Due to the well-defi ned nature of the RAFT 
polymerization technique, another advantage of RAFT polymers is the presence of 
a thiocarbonylthio group on the end of each polymer chain. Literature has shown 
that the thiocarbonylthio end groups can be reduced to a thiol in the presence of a 
nucleophile such as a primary amine or sodium borohydride  [  53,   54  ] . Thiols have 
been shown to react strongly with a variety of metal surfaces, such as gold and silver 
 [  54  ] , and the surface of semiconducting nanoparticles, such as CdSe nanoparticles; 
therefore, RAFT polymerization is uniquely placed as one of the premier polymer-
ization techniques to prepare polymers for surface functionalization of a wide range 
of both planar and nanoparticle substrates  [  53–  56  ] . Specifi cally, gold nanorods and 
Gd nanoparticles have gained interest due to their potential application as biomedi-
cal imaging agents in dark fi eld microscopy and MRI, respectively  [  26,   27,   30–  33, 
  35–  37,   39,   57–  59  ] . 

 To date, there are few reports of the utilization of the RAFT polymerization tech-
nique to produce well-defi ned polymers that allow for the surface modifi cation of Gd 
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MOF nanoparticles to produce polymer-modifi ed positive contrast nanoparticle agent 
platforms for MRI  [  40,   41  ] . Herein, we discuss a novel surface modifi cation proce-
dure developed in our research, allowing the attachment of well-defi ned polymers 
synthesized  via  RAFT polymerization through reduction of the thiocarbonylthio end 
group under basic conditions to form thiolates, and further attachment through coor-
dination chemistry to the Gd MOF nanoparticles (Scheme  9.1 ). In vitro MRI was 
employed to determine the relaxivities of the novel polymer-modifi ed Gd MOF nano-
particles in comparison to the clinically employed contrast agents, Magnevist® and 
MultiHance®.    Furthermore, tailoring either the size and shape of the nanoparticles or 
the functionality and thickness of the polymer coating provided a means of tuning the 
MRI characteristics of these novel polymer-modifi ed positive contrast nanoparticle 
agents. Finally, Gd MOF nanoparticles were surface-modifi ed by the covalent attach-
ment of well-defi ned RAFT copolymers containing a targeting ligand to produce a 
novel targeted diagnostic nanodevice, with bimodal imaging capabilities.   

    9.3.2   Gd MOF Nanoparticles 

 The use of Gd MOF nanoparticles as positive contrast agents for MRI should pro-
vide several advantages over the clinically employed Gd chelates, such as enhanced 
imaging through magnetic resonance, increased biostability, and longer in vivo 
retention  [  27,   30,   31,   33–  37  ] . Gd-based contrast agents largely reduce the longitu-
dinal relaxation time ( T  

1
 ) and longitudinal relaxivity ( r  

1
 ) and are called positive 

contrast agents, where the relaxivity value,  r , is defi ned as the inverse of the relax-
ation time with respect to the contrast agent concentration  [  27,   60  ] . The ratio of the 
transverse relaxivity ( r  

2
 ) to  r  

1
  is used to provide information about the contrast 

agent, where  r  
2
 / r  

1
  values below 2 show brightening in  T  

1
 -weighted images, yielding 

a positive contrast agent  [  27  ] . As there is a preference for the use of positive contrast 
agents at the clinical level due to their wider dynamic range, contrast agents based 
on Gd 3+  chelates are the most widely used. 

 In this research, Gd MOF nanoparticles were synthesized as described in the 
literature  [  31,   32,   61  ] . The Gd MOF nanoparticles were characterized thoroughly by 
employing transmission electron microscopy (TEM), attenuated total refl ectance 

     Scheme 9.1    General route to modifi cation of Gd MOF nanoparticles with biomolecular targeted 
RAFT copolymers       
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Fourier transform infrared spectroscopy (ATR-FTIR), and thermogravimetric 
analysis (TGA). Figure  9.1a  and Table  9.1  show the average dimensions of the 
synthesized Gd MOF nanoparticles to be 120 nm in length and 50 nm in width. 
The ATR-FTIR spectrum showed a characteristic out-of-plane = C–H aromatic 
stretch at 725 cm −1 , symmetric carboxylate stretch at 1,400 cm −1 , and an asymmetric 
carboxylate stretch at 1,540 cm −1 , along with peaks at 2,855, 2,925, and 3,065 cm −1 , 
which are attributed to the –C–H stretching vibrations of the 1,4-BDC bridging 
ligand, and 3,460 cm −1  which was attributed to the –OH stretch of the water ligand. 
Additionally, TGA was employed and confi rmed the empirical formula of the Gd 
MOF nanoparticles to be Gd(1,4-BDC) 

1.5
 (H 

2
 O) 

2,
  as discussed in the literature  [  31  ] .    

    9.3.3   Effect of NaSal on Gd MOF Nanoparticle Synthesis 

 The use of NaSal in normal micelles containing the surfactant CTAB has shown a 
transition from spherical/ellipsoidal micelles to wormlike micelles at varying 
concentration, indicating that there is an infl uence of NaSal on the micelle structure 

  Fig. 9.1    Transmission electron microscopy of Gd MOFs synthesized via the traditional method, 
utilizing ( a ) no hydrotrope at a water-to-surfactant ratio ( w)  = 10, ( b ) 135  m M NaSal at  w  = 10, 
( c ) 540  m M NaSal at  w  = 10, and ( d ) 135  m M NaSal at  w  = 7       

   Table 9.1    Dimensions of Gd MOFs synthesized with the addition of NaSal as a hydrotrope 
at various water-to-surfactant ratios ( w )   

  W  

 NaSal  Length (nm)  Width (nm)  Aspect ratio 

  m M  wt% a   Average b   Std Dev b   %RSD b   Average b   Std Dev b   %RSD b   Average b  

 10  –  –  120  60  50%  50  20  50%  3 
 10  67.5  0.05  120  40  33%  23  5  22%  5 
 7  135  0.1  80  20  25%  17  4  24%  5 
 10  135  0.1  110  40  33%  25  6  22%  4 
 10  270  0.2  160  50  31%  28  7  23%  6 
 10  405  0.3  150  50  33%  24  5  23%  6 
 10  540  0.4  160  40  25%  26  5  23%  6 

   a  Wt% is calculated with respect to CTAB 
  b  A minimum of 500 particles were measured and averaged from at least fi ve separate batches 
of Gd MOF nanoparticles  
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as a function of hydrotrope concentration  [  62,   63  ] . The same reported transition 
from ellipsoidal to wormlike micelles is expected for reverse microemulsion sys-
tems and potentially provides a mechanism to control particle size and reduce par-
ticle size distribution. Once again, Gd MOF nanoparticles were synthesized as 
described in the literature; however, NaSal was incorporated into the fi nal microe-
mulsion during combining of the two miniemulsions of GdCl 

3
  and 1,4-BDC. The 

effect of varying the weight percentage of NaSal on the Gd MOF nanoparticle size 
and size distribution can be seen in Fig.  9.1  and Table  9.1 . Synthesis of Gd MOF 
nanoparticles with 135  m M of NaSal at a water-to-surfactant ratio of  w  = 10 com-
pared to Gd MOF nanoparticles synthesized without a hydrotrope at the same 
 w -value demonstrated comparable average particle lengths of 110 nm and 120 nm, 
respectively (Fig.  9.1a , b). However, the standard deviation of particle length 
decreased from 60 nm (without NaSal) to 40 nm (with NaSal), which is a percent-
age deviation drop from 50% to 33% (Table  9.1 ). The diameter of the nanoparti-
cles also shows a decrease in percentage standard deviation when synthesized 
with NaSal, from 50% to 22%. With an increase in the concentration of NaSal 
added to the Gd MOF nanoparticle synthesis, at a constant  w -value, the length 
appears to increase to a maximum value of approximately 160 nm (Fig.  9.1c  and 
Table  9.1 ), while the diameter of the nanoparticles decreases to a value of approxi-
mately 25 nm. These results demonstrate that there is an increase in the aspect ratio 
of the nanoparticles from 3 to 6 with an increasing NaSal concentration. Based on 
these observations, it appears as though the addition of NaSal to the reverse micro-
emulsion results in the formation of wormlike micelle shapes, most likely due to 
the NaSal simultaneously screening the surfactant head groups and increasing the 
end cap energy for surfactant and hydrotrope to align linearly along the axial inter-
face  [  62,   63  ] . In addition to studying the effect of NaSal concentration on nanopar-
ticle size and shape, the effect of changing the  w -value at a fi xed NaSal concentration 
of 135  m M was also examined. A decrease in the  w -value from ten to seven at a fi xed 
concentration of NaSal resulted in a decrease in both the length and width of the 
nanoparticles to 80 nm and 17 nm, respectively (Fig.  9.1d  and Table  9.1 ). There was 
also a signifi cant improvement in the percentage standard deviation of the nanopar-
ticle length from 50% to 25%, indicating more uniform nanoparticle structures 
(Table  9.1 ).  

    9.3.4   Surface Modifi cation of Gd MOF Nanoparticles 
with RAFT Homopolymers 

 As DATC is employed as the RAFT agent in the formation of RAFT polymers in 
this study, each of the polymers produced should have trithiocarbonate-terminated 
chains. Surface modifi cation of Gd MOF nanoparticles was achieved by the 
“grafting to” technique, which involved an initial aminolysis, using hexylamine, 
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of the trithiocarbonate end group of the RAFT polymers to a thiolate functionality 
under inert and basic conditions (Scheme  9.1 ). Subsequently, it is hypothesized 
that the thiolate-terminated homopolymer was covalently attached to the nanopar-
ticle surface through a coordination reaction between the thiolate end group moi-
ety and vacant orbitals on the Gd 3+  ions at the surface of the Gd MOF nanoparticles. 
Using this procedure, Gd MOF nanoparticles were modifi ed with various RAFT 
homopolymers, including PNIPAM, PHPMA, and PSty. It should be noted that 
after polymer deposition and prior to characterization or use, the nanoparticles 
were washed several times with a good solvent for the polymer, via repeated 
washing and centrifugation steps, to remove any untethered polymer from the 
system. Prior to attachment of the RAFT polymers to the Gd MOF nanoparticles, 
proton nuclear magnetic resonance spectroscopy ( 1 H NMR), ultraviolet–visible 
(UV–vis) spectroscopy, and ATR-FTIR were used to verify the conversion of the 
trithiocarbonate end group to a thiolate upon addition of the hexylamine. In each 
case, the aminolysis reaction resulted in approximately quantitative conversion of 
the RAFT polymer end groups to thiolates, as had been observed in the literature 
for similar reactions  [  53  ] , with minimal dimerization confi rmed by  1 H NMR and 
gel permeation chromatography (GPC). Surface modifi cation of the Gd MOF 
nanoparticles with RAFT homopolymers was characterized through both TEM 
(Table  9.2 ) and ATR-FTIR spectroscopy. The Gd MOF nanoparticles were fi rst 
modifi ed with a series of different molecular weight PNIPAM homopolymers 
synthesized via RAFT polymerization. ATR-FTIR was employed to confi rm the 
addition of the PNIPAM homopolymer onto the surface of the Gd MOF nanopar-
ticles: several of the characteristic stretches of the free PNIPAM homopolymer, 
including a broad N–H stretch above 3,300 cm −1  and a small N–H bend at 
1,640 cm −1 , indicating the presence of the acrylamide functionality; an increase in 
intensity of the –CH 

2
  stretching and C–H stretching vibrations between 2,800 and 

3,000 cm −1  due to backbone methylenes; a peak at 1,720 cm −1  assigned to the 
carbonyl stretch of the amide; and a stretch at 1,380 cm −1  attributed to the addition 
of –CH 

3
  and isopropyl groups display good transference to the polymer-modifi ed 

Gd MOF nanoparticles when compared to the unmodifi ed Gd MOF nanoparticle. 
TEM images show a relatively uniform coating of the PNIPAM homopolymer 
around the Gd MOF nanoparticles after deposition with an average coating thick-
ness of about 11 nm.  

 Other RAFT homopolymers such as PHPMA and PSty synthesized via RAFT 
polymerization techniques were also employed in the successful modifi cation of Gd 
MOF nanoparticles. In each case, TEM showed relatively uniform coatings on the 
surface of the nanoparticles after deposition. Polymer coating thicknesses for these 
samples are shown in Table  9.2 . Additionally, upon modifi cation of the Gd MOF 
nanoparticles, several of the respective characteristic stretches of each of the free 
homopolymers displayed good transference to the polymer-modifi ed Gd MOF 
nanoparticles when compared to the unmodifi ed Gd MOF nanoparticles  [  40  ] .  
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   Table 9.2    Molecular weight and coating properties of RAFT-synthesized homopolymers   

 Polymer 
coating 

     M  
 n 
  (g/mol) 

 PDI  d,e  
 Coating 
thickness (nm)  f  

 Grafting density (chain/nm 2 ) 

 Theory  a   Experimental  b,c   Theory  g   Experimental  h,i  

 PNIPAM  5,500  5,700  1.23  4.2 ± 0.3  0.1849  0.1395 
 8,700  8,600  1.12  7.0 ± 0.4  0.1591  0.1037 

 17,100  17,800  1.12  10.9 ± 1.0  0.1070  0.0873 
 PHPMA  5,100  5,300  1.44  2.4 ± 1.1  0.1847  0.1379 

 9,000  10,200  1.30  3.5 ± 0.7  0.0957  0.0993 
 19,700  19,400  1.24  7.3 ± 0.6  0.0729  0.0638 

 PSTY  4,900  4,800  1.15  1.6 ± 0.3  0.1660  0.1839 
 9,400  9,000  1.15  5.7 ± 0.9  0.1341  0.0960 

 18,900  15,300  1.13  8.7 ± 0.9  0.1033  0.0815 

      a   M  
 n , theoretical

  is defi ned as the theoretical number average molecular weight, and each RAFT polym-
erization was calculated using the equation  M  

 n 
  = (molecular weight of RAFT agent) + (molecular 

weight of monomer) × ([monomer] 
0
 /[RAFT agent] 

0
 ) × (monomer conversion) 

  b  Values determined by gel permeation chromatography 
  c  Values calculated by end group analysis using proton nuclear magnetic resonance spectroscopy 
( 1 H NMR) 
  d  Values determined by matrix-assisted laser desorption ionization time-of-fl ight mass spectrometry 
(MALDI-TOFMS) 
  e  PDI was calculated using the equation PDI = ( M  

w
 / M  

 n 
 ) 

  f  Polymer coating thickness was determined by TEM and is an average of ten measurements 
  g  Theoretical grafting densities were calculated from equations discussed in the literature, using an 
average Gd MOF nanoparticle length of 122 nm and width of 53 nm, along with the experimental 
molecular weight and bulk density of each polymer 
  h  Experimental grafting densities were calculated using an average Gd MOF nanoparticle lengtht 
of 122 nm and width of 53 nm, the experimental molecular weight of each polymer, a bulk density 
of 2.529 g/cm 3  for the Gd MOF nanoparticles, along with the mass of polymer per mass of Gd 
MOF nanoparticle determined by TGA 
  i  Percent relative standard deviations were determined to be <7% for the experimental grafting 
density calculations  

    9.3.5   Effect of Polymer Molecular Weight on Coating 
Thickness and Grafting Density 

 The different PNIPAM, PHPMA, and PSty samples were also used to examine the 
effect of molecular weight on grafting density, coating thickness, and relaxivity. 
As can be seen in Table  9.2 , there is a defi nite trend of increasing polymer coating 
thickness with molecular weight of each of the three polymers. For example, the 
average thickness of the PNIPAM homopolymer with an  M  

 n ,experimental
  of 5,700 g/mol 

is approximately 4.2 ± 0.3 nm. The PNIPAM homopolymer with an  M  
 n ,exp

  equal to 
8,600 g/mol increased the polymer coating thickness to 7.0 ± 0.4 nm, while an  M  

 n ,exp
  

of 17,800 g/mol further raised the thickness to 10.9 ± 1.0 nm. Similar results 
were seen for the PHPMA samples. For example, the average thickness of the 
PHPMA homopolymer with an  M  

 n ,exp
  of 5,327 g/mol is approximately 2.4 ± 1.1 nm. 

The PHPMA homopolymer with an  M  
 n ,exp

  equal to 10,281 g/mol increased the 
polymer coating thickness to 3.5 ± 0.7 nm, while an  M  

 n ,exp
  of 5,327 g/mol further 
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raised the thickness to 7.3 ± 0.6 nm. Finally, the average thickness of the PSty 
homopolymer with an  M  

 n ,exp
  of 4,802 g/mol is approximately 1.6 ± 0.3 nm. The PSty 

homopolymer with an  M  
 n ,exp

  equal to 8,972 g/mol increased the polymer coating 
thickness to 6.7 ± 0.9 nm, while an  M  

 n ,exp
  of 15,245 g/mol further raised the thick-

ness to 8.7 ± 0.9 nm (Table  9.2 ). This trend suggests the ability to tailor the polymer 
coating thickness by simply changing the molecular weight characteristics of the 
RAFT polymer used for modifi cation. 

 Table  9.2  shows both the theoretical and experimental grafting density values for 
each of the polymer-modifi ed Gd MOF nanoparticle samples, calculated from 
equations discussed in the literature  [  40  ] . As can be seen in Table  9.2 , the theoretical 
and experimental grafting densities for each of the polymers used for surface modi-
fi cation of the Gd MOF nanoparticles correlated quite well, with nearly all of the 
experimental calculations being within 25% of their theoretical grafting densities. 
For example, the PHPMA homopolymer with a molecular weight of 5,327 g/mol 
employed to modify Gd MOF nanoparticles provided comparable theoretical and 
experimental polymer grafting densities of 0.1847 chain/nm 2  and 0.1379 chain/nm 2 , 
respectively. In each case, the grafting densities are relatively high for use of a 
“grafting to” technique, as most of the samples have values around 0.1 chains/nm 2 , 
indicating modifi cation of the Gd MOF nanoparticles with each polymer in the 
“brush” regime  [  64–  66  ] . However, although the values are quite high, similar exper-
imental grafting densities have been documented in the literature for the “grafting 
to” technique  [  67–  70  ] . Despite this high grafting density, a defi nite trend was seen, 
which showed a decrease in the grafting density with increased molecular weight of 
the grafted polymer (Table  9.2 ). For example, as the molecular weight of the 
PHPMA increased from 5,327 to 10,281 g/mol, the experimental grafting density 
decreased from 0.1379 to 0.0993 chains/nm 2 . The experimental grafting density 
further decreased to 0.0638 chains/nm 2  with modifi cation of the Gd MOF nanopar-
ticles using the PHPMA homopolymer with an experimental molecular weight of 
19,370 g/mol. This trend of decreasing grafting density with increasing polymer 
molecular weight has been discussed extensively in the literature with the “grafting 
to” technique and is a result of limited diffusion of polymer chains to reactive sites 
on the nanoparticle surface due to increased steric hindrance of polymer chains that 
are already attached to the surface  [  64–  66  ] . As such, as the molecular weight of the 
chains increases, it becomes more diffi cult for chains to diffuse to the surface, pro-
viding lower polymer grafting densities.  

    9.3.6   In Vitro Imaging Properties of RAFT Homopolymer-
Modifi ed Gd MOF Nanoparticles 

 In order to provide information about the clinical imaging viability of the polymer-
modifi ed Gd MOF nanoparticles as positive contrast nanoparticle agents, in vitro 
MRI was employed to determine relaxation properties of the unmodifi ed and 
polymer-modifi ed Gd MOF nanoparticles. Table  9.3  compares the relaxivity values 
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   Table 9.3    Relaxivity properties of Gd MOF nanoparticles modifi ed with RAFT-synthesized 
homopolymers   

 Contrast agent   r  
1
  (s −1  mM −1 ) a    r  

2
  (s −1  mM −1 ) a    r  

2
 / r  

1
  

 Magnevist®  13.44  21.40  1.59 
 MultiHance®  19.45  30.44  1.57 
 Gd MOF nanoparticles  9.86  17.94  1.82 

 PNIPAM (5,700 g/mol)-modifi ed Gd MOF 
nanoparticles 

 20.27  29.73  1.47 

 PNIPAM (8,600 g/mol)-modifi ed Gd MOF 
nanoparticles 

 46.99  64.10  1.36 

 PNIPAM (17,800 g/mol)-modifi ed Gd MOF 
nanoparticles 

 62.51  79.90  1.28 

 PHPMA (5,300 g/mol)-modifi ed Gd MOF 
nanoparticles 

 17.81  25.77  1.45 

 PHPMA (10,200 g/mol)-modifi ed Gd MOF 
nanoparticles 

 32.94  44.85  1.36 

 PHPMA (19,400 g/mol)-modifi ed Gd MOF 
nanoparticles 

 105.36  129.63  1.23 

 PSty (4,800 g/mol)-modifi ed Gd MOF 
nanoparticles 

 1.17  14.16  12.10 

 PSty (9,000 g/mol)-modifi ed Gd MOF 
nanoparticles 

 1.20  25.75  21.46 

 PSty (15,300 g/mol)-modifi ed Gd MOF 
nanoparticles 

 3.91  123.40  31.56 

   a  Longitudinal relaxivity ( r  
1
 ) and transverse relaxivity ( r  

2
 ) values, calculated as the reciprocal values 

of the longitudinal relaxation time ( T  
1
 ) and transverse relaxation time ( T  

2
 ), respectively, of each of the 

contrast agents were determined with a 1.5-T scanner with samples diluted in deionized ultrafi ltered 
water by acquiring signal intensity ( I ) measurements via region-of-interest analysis of the samples for 

all pulse sequences with  T  
1
  and  T  

2
  values being calculated using:     -= - ( / )

o, 1 e )xp( it T
i II I     

collected on a 1.5 T scanner for unmodifi ed Gd MOF nanoparticles, each of the 
polymer-modifi ed Gd MOF nanoparticles, and the clinically employed contrasts 
agents, Magnevist® and MultiHance®. The  r  

1
  values demonstrate that both the 

unmodifi ed and polymer-modifi ed Gd MOF nanoparticles, with the exception of the 
PSty-modifi ed Gd MOF nanoparticles, result in a large shortening of the  T  

1
  relax-

ation time and, thus, behave as positive contrast agents. Of particular note is the fact 
that the polymer modifi cation of the Gd MOF nanoparticles with the PHPMA and 
PNIPAM RAFT homopolymers demonstrated signifi cantly higher relaxivity values 
in comparison to both the unmodifi ed Gd MOF nanoparticles and the clinically 
employed small molecule contrast agents. This phenomenon is attributed to increased 
water retention by the hydrophilic RAFT homopolymer matrices attached to the sur-
face of the Gd MOF nanoparticles. The increased water retention allows for more 
favorable interactions between the water protons and the free orbitals of the Gd 3+ -
containing MOF nanoparticle, thus enhancing  T  

1
  relaxation shortening effects. For 

example, when the highly hydrophilic PHPMA homopolymer, with a molecular 
weight of 19,370 g/mol, was employed for the modifi cation of the Gd MOF nanopar-
ticles,  r  

1
  and  r  

2
  values of 105.36 s −1  mM −1  and 129.63 s −1  mM −1 , respectively, were 
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determined. These values are over ten times higher than the observed relaxivities of 
the unmodifi ed Gd MOF nanoparticles and six times higher than the values for the 
clinically employed Magnevist® and MultiHance®. Furthermore, in each case, the 
polymer modifi cation of the Gd MOF nanoparticles provided a much lower  r  

2
 / r  

1
  

value in comparison to both the unmodifi ed Gd MOF nanoparticles and the clinically 
employed contrast agents, which is advantageous for their use as clinical positive 
contrast agents. The PSty-modifi ed Gd MOF nanoparticles showed very low  r  

1
  val-

ues and very large  r  
2
  values, which provided relaxivity ratio values more than an 

order of magnitude higher than the other polymer-modifi ed samples. For instance, in 
comparison to the PHPMA homopolymer (19,370 g/mol)-modifi ed Gd MOF nano-
particles, which showed an  r  

2
 / r  

1
  value of 1.23, the PSty samples with a comparable 

molecular weight of 15,245 g/mol yielded an  r  
2
 / r  

1
  value of 31.56 (Table  9.3 ). This 

difference was attributed to decreased water retention due to the hydrophobic nature 
of the PSty surface-modifi ed Gd MOF nanoparticles, which minimizes interactions 
between the Gd 3+  and water molecules and thus lengthens the  T  

1
  relaxation times in 

comparison to the other systems.  
 In order to determine the effect of polymer molecular weight on the relaxation 

properties of the polymer-modifi ed Gd MOF nanoparticle, three different molecu-
lar weights of PHPMA, PNIPAM, and PSty were used to surface-modify the nano-
particle constructs. As can be seen in Table  9.3 , both PNIPAM and PHPMA-modifi ed 
Gd MOF nanoparticles showed a trend of enhanced  r  

1
  values and  r  

2
 / r  

1
  values with 

a respective increase in number average molecular weight of the polymer. For 
instance, as the PNIPAM molecular weight was increased from 5,700 to 8,600 g/
mol, the longitudinal relaxivity increased from 20.27 to 46.99 s −1  mM −1 , with a 
decreased  r  

2
 / r  

1
  value of 1.36 from 1.47. Furthermore, as the molecular weight of 

the PNIPAM was increased to 17,800 g/mol, the longitudinal relaxivity value 
increased to 62.51 s −1  mM −1 , while the  r  

2
 / r  

1
  value decreased to 1.28, which is sub-

stantially improved in comparison to the clinically employed contrast agents and 
unmodifi ed Gd MOF nanoparticles. Increases in the molecular weight of the 
PHPMA used for modifi cation of the Gd MOF nanoparticles showed similar 
enhanced  r  

1
  values. In contrast, an increase in the molecular weight of the PSty 

from 4,800 to 15,300 g/mol resulted in a limited change in the  r  
1
  values, but a large 

increase in the  r  
2
  values from 14.16 to 123.40 s −1  mM −1 , which is nearly ten times 

higher than that of the unmodifi ed Gd MOF nanoparticles, and Magnevist® and 
MultiHance® (Table  9.3 ). This apparent decrease in the  r  

1
  values was attributed to 

the substantial hydrophobic coating of PSty, which prevents interactions of water 
with vacant orbitals on the Gd 3+ .  

    9.3.7   Surface Modifi cation of Gd MOF Nanoparticles 
with Multifunctional RAFT Polymers 

 Next, a highly functional random copolymer of PHPMA- co -PmNAOS- co -PFMA 
was synthesized  via  RAFT polymerization employing the RAFT agent, DATC. 
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The HPMA monomer was chosen because of its extensive use in polymers for 
bio-based applications and the overall biocompatibility of PHPMA  [  71  ] , which 
comprises the major component of the prepared random copolymers in most cases. 
The mNAOS monomer was incorporated into the copolymer as a site for the attach-
ment of different targeting ligands, as shown in Scheme  9.2 . It has been widely 
reported that primary amines and alcohols will react readily with the succinimide 
functionality present on the mNAOS monomer  [  46,   72  ] . As each of the targeting 
ligands chosen to be used in this work contains an available primary amine, the 
targeting and/or chemotherapeutic loading can be easily modifi ed by introducing 
the mNAOS monomer at different weight percentages into the copolymer. However, 
for the purpose of this study, the content of the mNAOS monomer was fi xed at 
15 wt%. The addition of the FMA monomer into the copolymer at 0.5 wt% allowed 
for the introduction of a fl uorescence moiety, providing in vitro cellular level imag-
ing and making the fi nal polymer-modifi ed Gd MOF nanoparticle bimodal with 
respect to imaging. RAFT polymerization is arguably the best living radical polym-
erization technique for the polymerization of functional monomers, such as HPMA, 
mNAOS, and FMA  [  44,   73,   74  ] . The experimental  M  

 n 
  of PHPMA- co -PmNAOS- co -

PFMA (at 15 wt% mNAOS) was 10,100 g/mol, which is within 10% of the theoreti-
cal  M  

 n 
  of 10,900 g/mol. Furthermore,  1 H NMR confi rmed the experimental weight 

percentage of PmNAOS to be within 2 wt% of the corresponding theoretical value. 

  Scheme 9.2    General modifi cation of RAFT copolymer with biomolecular targeting agents       
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Finally, due to the controlled nature of RAFT polymerizations, the PDI for the 
copolymer synthesized was 1.12, indicating a very narrow molecular weight distri-
bution, and the GPC curve indicated a monomodal molecular weight distribution. 
Additionally, since the copolymerization of HPMA and mNAOS monomers was 
allowed to proceed to moderate conversions before the addition of the FMA mono-
mer,  1 H NMR confi rmed the copolymer backbone had approximately a random 
structure with blocky PFMA characteristic near the chain end.  

 Once the random copolymer was synthesized, the ability to incorporate a target-
ing ligand onto the polymer backbone via reaction with the mNAOS segments was 
investigated. The peptide GRGDS-NH 

2
  and antibody EGFR were chosen as the tar-

geting ligands. The GRGDS-NH 
2
  ligand was chosen due to its ability to target the 

 a  
V
  b  

3
  integrin, which is expressed in angiogenic vasculature in a range of cancerous 

tumors  [  75  ] , while the anti-EGFR was chosen due to its ability to selectively target 
the epidermal growth factor receptor on a variety of cancer cells  [  76  ] . Attachment of 
the GRGDS-NH 

2
  or anti-EGFR peptide motifs to the copolymer was achieved via a 

condensation reaction between the succinimide group on the mNAOS monomer and 
the primary amine present on each motif in the presence of 0.01 M triethylamine 
(Scheme  9.2 ). Successful attachment of the targeting ligand was qualitatively con-
fi rmed by  1 H NMR spectroscopy. The  1 H NMR studies also provided information 
regarding critical characteristics of the multifunctional copolymers, including the 
number of targeting ligands per polymer chain. After surface modifi cation of the Gd 
MOF nanoparticles with each of the targeted RAFT copolymers, the average grafting 
density was calculated to be about 22,500 chains/nm 2 . Using the grafting density, the 
number of targeting agents per particle was calculated to be about 30 × 10 4  molecules 
GRGDS-NH 

2
  and 20 × 10 4  molecules of anti-EGFR, respectively. 

 The surface modifi cation of nanoparticles to incorporate advanced functionality 
and biocompatibility is a critical step in the development of the next generation of 
nanoscale-targeted imaging agents. In a similar procedure as before, modifi cation of 
the Gd MOF nanoparticles was achieved via initial aminolysis, using hexylamine, 
of the trithiocarbonate end group of the RAFT copolymers to the thiolate function-
ality under inert and basic conditions. Both ATR-FTIR and  1 H NMR spectroscopy 
confi rmed near quantitative reduction of the trithiocarbonate end groups of the 
RAFT copolymer to the thiolate with the addition of hexylamine, followed by sub-
sequent attachment of the thiolate end group to the Gd MOF nanoparticle surface. 
As discussed earlier, after polymer deposition and prior to characterization, the 
nanoparticles were washed several times with a good solvent for the polymer to 
remove untethered polymer from the system. Successful modifi cation of the Gd 
MOF nanoparticles with the RAFT copolymer was characterized through both TEM 
and ATR-FTIR spectroscopy. The TEM image indicates a relatively uniform coat-
ing of polymer around the Gd MOF nanoparticles after deposition, with an average 
thickness of approximately 8 nm. ATR-FTIR was utilized to confi rm the addition of 
the polymer onto the nanoparticles without the loss of the copolymer functionality. 
Several characteristic stretches of the free copolymer, including the carbonyl stretch 
at 1,735 cm −1 , succinimide stretch at 1,650 cm −1 , and methylene stretches from 
2,810 to 3,000 cm −1 , confi rm good transference to the polymer-modifi ed Gd MOF 
nanoparticles when compared to the unmodifi ed Gd MOF nanoparticles.  



190 S.G. Boyes et al.

    9.3.8   In Vitro Imaging Capabilities of Multifunctional RAFT 
Copolymer-Modifi ed Gd MOF Nanoparticles 

 One of the primary requirements of any nanoscale-targeted imaging agent is the 
ability to image the construct using standard clinical techniques. The PHPMA-
 co -PmNAOS- co -PFMA copolymer-modifi ed Gd MOF nanoparticles prepared in 
this work provide the specifi c advantage of multimodal imaging capability. The 
incorporation of the FMA monomer into the RAFT copolymer allows for cellular 
level imaging via fl uorescence microscopy, while the Gd MOF nanoparticle acts 
as a positive contrast agent for MRI, providing diagnostic imaging at the clinical 
level. The presence of fl uorescence and MRI in one nanoparticle is of high inter-
est because it combines the sensitivity of the fl uorescence component with the 
high degree of spatial resolution of MRI  [  34,   39,   58  ] . The clinical imaging viabil-
ity of the copolymer-modifi ed Gd MOF nanoparticles as a positive contrast agent 
was determined through in vitro MR imaging. The relaxivity values demonstrate 
that both the unmodifi ed and the PHPMA- co -PmNAOS- co -PFMA copolymer-
modifi ed Gd MOF nanoparticles result in a large decrease in the  r  

1
  values and, 

thus, behave as positive contrast agents. Of particular note is the fact that the 
copolymer-modifi ed Gd MOF nanoparticles increased the longitudinal relaxivity 
( r  

1
  = 40.3 s −1  mM −1 ) fourfold compared to the values determined for the unmodi-

fi ed Gd MOF nanoparticles ( r  
1
  = 9.86 s −1  mM −1 ), and two- and threefold compared 

to the clinical contrast agents, MultiHance® ( r  
1
  = 19.45 s −1  mM −1 ) and Magnevist® 

( r  
1
  = 13.44 s −1  mM −1 ), respectively. As discussed before, this phenomenon is 

attributed to increased water retention by the hydrophilic RAFT copolymer matrix 
attached to the surface of the Gd MOF nanoparticles, thus enhancing  T  

1
  relaxation 

shortening effects. This data demonstrates the feasibility of achieving clinically 
useful  T  

1
  shortening effects with these novel multifunctional, polymer-modifi ed Gd 

MOF nanoparticles.  

    9.3.9   Molecular Targeting of Multifunctional Copolymer-
Modifi ed Gd MOF Nanoparticles 

 In addition to an imaging component, one of the other essential requirements of a 
successful targeted imaging nanodevice is the presence of a molecular targeting 
component or ligand to increase the target selectivity of the system and, in the case 
of nanoparticles, to take advantage of the large amount of imaging agent that can be 
delivered to the desired location per targeting biorecognition event, thus reducing 
the amount of Gd 3+  required for effective MR imaging  [  2  ] . The synthesized multi-
functional, copolymer-modifi ed Gd MOF nanoparticles have been designed to 
incorporate dual targeting components. The fi rst targeting component is incorporated 
by tailoring the PHPMA- co -PmNAOS- co -PFMA copolymer with an active targeting 
ligand, either GRGDS-NH 

2
  or anti-EGFR. The second potential route of targeting 
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is passive targeting through the enhanced permeability and retention (EPR) effect. 
This tumor-targeting mechanism results from the leaky vasculature present in most 
tumors, resulting in preferential extravasation and protracted lodging of particles of 
a particular size  [  77  ] . The EPR effect can be taken advantage of due to the control-
lable size of the Gd MOF nanoparticles. 

 To investigate the ability of the polymer-modifi ed Gd MOF nanoparticles to be 
utilized as theragnostic devices for cancer, using either the active GRGDS-NH 

2
  

ligand or anti-EGFR, cell fl ow cytometry and in vitro targeted MRI experiments 
were completed. Two head and neck squamous cell carcinomas were chosen for 
these experiments, UMSCC10 and UMSCC2. UMSCC10 was utilized as the nega-
tive control because there should be no active targeting mechanisms available in this 
cell line. On the other hand, UMSCC2 cells were used as the positive control because 
they overexpress  a  

v
  b  

3
  integrins, which are targeted with GRGDS-NH 

2
 , and they 

show an increased number of EGFR at their vasculature, which can be targeted 
utilizing the anti-EGFR moiety. Cell fl ow cytometry experiments proved to be quite 
successful for both targeted Gd MOF nanoparticle samples. As was noted above, 
FMA was incorporated into the RAFT copolymer backbone to allow for optical 
imaging, in this case, allowing for a quantitative measurement of targeting by the 
Gd MOF nanoparticles. For example, after the untargeted Gd MOF nanoparticles, 
or Gd MOF nanoparticles modifi ed with GRGDS-NH 

2
  (Fig.  9.2a ) or anti-EGFR 

were incubated for 1 h with the negative control cells, UMSCC10, a nominal amount 
of less than 30% of fl uorescence shift was visualized, showing minimal nonspecifi c 
uptake of any of these nanoparticles by the cells. It is quite possible that this small 
shift in fl uorescence is due to passive targeting strictly based on the Gd MOF nano-
particle size. However, when the GRGDS-NH 

2
 -modifi ed Gd MOF nanoparticles 

were incubated with UMSCC2 cells, an increase of almost 100% of fl uorescence 
shift was seen in comparison to the untreated cells (Fig.  9.2b ). This data not only 
confi rms a cellular level-specifi c interaction but also shows that nearly all of the Gd 
MOF nanoparticles are labeled with the GRGDS-NH 

2
  targeting ligand. This shift in 

fl uorescence is expected to be caused by the increased number of  a  
v
  b  

3
  integrins on 

or within the UMSCC2 cells interacting with the GRGDS-NH 
2
  peptide on the Gd 

MOF nanoparticles. In addition, Gd MOF nanoparticles modifi ed with the anti-EGFR 
ligand showed similar results. Again, a gated increase of nearly 100% confi rmed 
both specifi city of the anti-EGFR-modifi ed Gd MOFs towards the UMSCC2 cell 
line and uniformly labeled nanoparticle constructs.  

 Finally, in vitro MRI experiments allowed determination of enhanced imaging 
capabilities with incorporation of a molecular targeting moiety.  T  

1
 -weighted MRI 

was performed using a 4.7-T Bruker PharmaScan instrument. For each experiment, 
Gd MOF nanoparticle samples were incubated with either UMSCC10 or UMSCC2 
cell lines for 1 h in phosphate-buffered saline (PBS). Incubation dishes were washed 
several times with PBS to remove unattached Gd MOF nanoparticles before the 
cells were pelletized in microcentrifuge tubes. In vitro MRI was then utilized to 
measure  T  

1
  relaxation times of each sample to determine if there was enhanced 

imaging as a result of incorporation of active targeting Gd MOF nanoparticles. 
A baseline sample of UMSCC10 and UMSCC2 cell pellets was prepared as above 



192 S.G. Boyes et al.

without the addition of Gd MOF nanoparticles. As with the cell fl ow cytometry 
studies, when the untargeted Gd MOF nanoparticles, or Gd MOF nanoparticles 
modifi ed with GRGDS-NH 

2
  or anti-EGFR were incubated with the negative control 

UMSCC10 cell line, there were only nominal changes in the  T  
1
  relaxation times in 

comparison to the baseline (Table  9.4 ). As suggested above, these small changes 
could be due to either a small amount of nonspecifi c uptake or, more likely, due to 
a passive targeting mechanism. However, when the GRGDS-NH 

2
 -targeted Gd MOF 

nanoparticles were incubated with the positive UMSCC2 cell line, a  T  
1
  relaxation 

rate of 912 ms was seen, which is a signifi cant enhancement from that of the baseline. 
Furthermore, the anti-EGFR-modifi ed nanoparticles showed an even larger change 
of  T  

1
  relaxation time from 822 to 1,046 ms in comparison to the baseline measure-

ments (Table  9.4 ). These results not only demonstrate the capability of targeted Gd 
MOF nanoparticles to be employed as positive nanoparticle-based contrast agents 
in MRI but also show the fl exibility of our constructs to be utilized in targeted imag-
ing and treatment of a range of different advanced diseases.    
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  Fig. 9.2    In vitro cell fl ow cytometry for GRGDS-NH 
2
 -modifi ed Gd MOF nanoparticles, incubated 

with ( a ) UMSCC10 cell line and ( b ) UMSCC2 cell line. The peak shift observed in the  inset  in 
( b ) demonstrates attachment of the nanoparticles to the targeted cells (main plots:  y -axis—SSC-
H = side light scatter;  x -axis—FSC-H = forward light scatter)       

   Table 9.4    In vitro MRI relaxation experimental data   

 T1 relaxation (ms) 

 Contrast agent  UMSCC10(−)  UMSCC2 (+) 

 Control (cells only)  971  1,046 
 Untargeted Gd MOF nanoparticles  984  978 
 GRGDS-NH2-modifi ed Gd MOF nanoparticles  940  912 
 Anti-EGFR-modifi ed Gd MOF nanoparticles  979  822 
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    9.4   Future Perspective 

 It is becoming increasingly more evident from the number of publications, conference 
symposia, and clinical trials that nanotechnology will play a pivotal role in the 
development of the next generation of diagnostics and therapeutics. The develop-
ment of nanoparticles for use as imaging agents has grown dramatically in the past 
decade. This development has been driven by tremendous advances in chemistry, 
physics, nanotechnology, molecular biology, and radiology and has resulted in a 
wide range of different formulations to diagnose a multitude of diseases. Of particu-
lar interest recently has been the development of Gd-based or Gd-labeled nanopar-
ticles for use as MRI contrast agents. The use of Gd in the nanoparticle construct is 
particularly interesting as it provides a positive MRI contrast agent. While SPIO 
nanoparticles have previously received signifi cant attention as a MRI contrast agent, 
they are a negative contrast agent and have several drawbacks, including limited 
in vivo cell tracking (MRI cannot distinguish the negative contrast agent from other 
signal voids), and negative contrast agents are limited by partial volume effects. 
Positive contrast nanoparticles based upon Gd demonstrate tremendous potential as 
their use enables the loading of the nanoparticle with large quantities of Gd, dra-
matically improving the relaxivity when compared to small molecule Gd chelates. 
In addition, the ability to control the nanoparticle size allows for passive targeting 
and a decrease of the tumbling rate of the contrast agent which, again, improves the 
relaxivity. Finally, new surface modifi cation techniques have allowed for the incor-
poration of specifi c molecular targeting properties and improved biocompatibility, 
both of which will signifi cantly improve the specifi city of the contrast agent, lead-
ing to earlier diagnosis. Even though remarkable steps have been taken in the devel-
opment of nanoparticle-based diagnostic devices, the advances on the horizon are 
even more exciting. Researchers are already developing multimodal imaging agents 
to allow for tracking of tumor cells, provide guidance to surgeons, and enable quick 
and accurate analysis to ensure complete tumor removal. The use of stimuli-respon-
sive polymers on the surface of nanoparticle imaging agents will allow for the 
development of “smart” imaging agents that are capable of responding directly to 
their surrounding environment. For example, pH-responsive polymers may allow 
for metabolic imaging and also for improved specifi city in cancer diagnosis. While 
the strides made in developing nanoparticles for use as a positive MRI contrast 
agents have been extraordinary, there is still a long way to go before these nanode-
vices reach the clinic. The vast majority of current reports on Gd-based nanoparti-
cles as MRI contrast agents have focused on in vitro studies. The translation of the 
nanodevices from the lab to the clinic will require comprehensive in vivo studies, 
investigating the pharmacological and toxicological properties of potential nanode-
vices. This will require multidisciplinary research teams consisting of chemists, 
engineers, molecular biologists, radiologists, and clinicians to optimize the size, 
shape, surface properties, and functionality of the nanodevices in order to optimize 
in vivo effi cacy and safety. Although the required work to develop nanoparticles for 
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clinical use as positive MRI contrast agent may seem vast, the benefi ts of these 
devices are immense and potentially offer unparalleled effectiveness in the diagnosis 
and treatment of disease and improve the quality of life for patients.  

    9.5   Conclusions 

 The development of nanoscale imaging agents for the diagnosis of cancer represents 
one of the primary targets of the general fi eld of nanomedicine. Despite the fact that 
the incredible potential of these devices is widely recognized, their clinical applica-
tion has yet to be realized due to poor design and manufacturing techniques. The 
research presented here has developed a method for the surface modifi cation of Gd 
MOF nanoparticles with well-defi ned, highly functional RAFT polymers and dem-
onstrated their applicability towards use as positive contrast nanoparticle agents in 
MRI. Specifi cally, a range of RAFT homopolymers, PNIPAM, PHPMA, and PSty, 
and novel multifunctional copolymers of PHPMA- co -PmNAOS- co -PFMA were 
synthesized by employing the RAFT agent, DATC. PHPMA- co -mPNAOS- co -
PFMA copolymers were successfully combined with a targeting ligand, GRGDS-NH 

2
  

or anti-EGFR, to form a multifunctional, polymeric nanoparticle. Following prepa-
ration of the RAFT polymers, quantitative aminolysis of the trithiocarbonate end 
groups in basic conditions provided thiolate end groups which allowed for the direct 
attachment of the polymers to the surface of the Gd nanoparticle MOFs. Successful 
modifi cation was attributed to thiolate attachment through vacant orbitals on the 
Gd 3+  ions at the surface of the Gd MOF nanoparticles. To evaluate the potential of 
the RAFT polymer-modifi ed nanoparticles as a targeted diagnostic nanodevice, 
MRI, fl uorescence imaging, and cell fl ow cytometry studies were performed. This 
research demonstrated that the molecular weight and chemical properties of poly-
mers used to modify Gd MOF nanoparticles are intimately connected with their  T  

1
  

relaxation rates and that variation in these properties provides a means to tune the 
relaxivity of the nanoparticles. In the MRI studies, the unmodifi ed Gd MOF nano-
particles showed an  r  

 1 
  value comparable to the clinically employed contrast agents, 

Magnevist® and MultiHance®, while the majority of the RAFT polymer-modifi ed 
Gd MOF nanoparticles displayed signifi cantly enhanced  r  

1
  values in comparison to 

those clinical contrast agents. Furthermore, tailoring the chemical and physical 
properties of the RAFT polymers used for the surface modifi cation of Gd MOF 
nanoparticles has shown the ability to tailor and tune the  r  

1
  values, thus providing 

greatly enhanced  T  
1
  relaxation values in comparison to the unmodifi ed structure and 

clinically used small molecule contrast agents. The incorporation of FMA into the 
multifunctional copolymer constructs provided polymer-modifi ed Gd MOF nano-
particles that were successfully used as a bimodal diagnostic imaging device for 
both MR and fl uorescence imaging. Additionally, the use of fl uorescence imaging 
in conjunction with cell fl ow cytometry demonstrated that the polymer-modifi ed 
targeted nanoparticles have a cellular level-specifi c interaction, and also that nearly 
all of the Gd MOF nanoparticles are labeled with the GRGDS-NH 

2
  targeting ligand. 
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Finally, in vitro MRI experiments demonstrated the capability of targeted Gd MOF 
nanoparticles to be employed as positive, nanoparticle-based contrast agents in MRI 
and in addition demonstrated the fl exibility of our constructs to be utilized in 
targeted imaging and treatment of a range of different advanced diseases. By taking 
advantage of advancements in nanotechnology and polymer science, this research 
has effectively prepared new nanoscale multifunctional devices with tumor target-
ing and diagnostic imaging capability.      
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    10.1   Introduction: Injectable Nanovector Taxonomy 

 The concept of a “magic bullet,” envisioned by Paul Ehrlich in the beginning of the 
twentieth century  [  1  ] , was initially considered futuristic and unfeasible. However, 
the advent of molecular targets has altered this view. Currently, remarkable advances 
in understanding the pathological processes and identifying molecular signatures of 
various diseases have been made, enabling us to design specifi c and effi cient tar-
geted therapeutics. As an example, in just one decade, the FDA has approved over 
30 molecularly targeted anticancer drugs  [  2  ] . However, albeit an indisputable thera-
peutic potential at the molecular level, achieving successful clinical translation of 
these agents is frequently challenging. Physicochemical properties of some of these 
agents signifi cantly impact their effective administration. As an example, the poly-
cyclic nature of certain drugs, such as paclitaxel, makes them practically insoluble 
in aqueous environments  [  3  ] . On the other hand, recently discovered, highly potent 
bioactive substances, such as small-interfering RNA (siRNA), rapidly degrade in 
blood. Both characteristics make these drugs unacceptable for intravenous adminis-
tration. A variety of obstacles further lie in the presence of multiple biological bar-
riers, preventing the administered drug or imaging agent from reaching the target 
tissue. As a result, the distribution of these agents is highly unspecifi c, with only 1 
in 10,000–100,000 molecules reaching their target tissue. Overcoming these prob-
lems is the fundamental driving force behind the concept of nanotherapeutic drug 
delivery. In other words, nanovectors are being developed and investigated as carri-
ers for personalized therapeutic and imaging contrast agents based on the simulta-
neous, anticipated advantages of homing to the diseased site (e.g., cancer lesions, 
atherosclerotic plaque). Being at the interface of the dimensions of molecules, the 
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biological building blocks, and cells, the biologically relevant functional structures, 
nanocarriers can be designed for overcoming the variety of obstacles, so-called bio-
barriers, located between the administration site and the target organ. Historically, 
oncology represents the fi eld of medicine to which nanotechnology made the most 
prominent contributions. Beginning with the FDA approval of liposomal doxorubi-
cin in the mid-1990s for use against Kaposi’s sarcoma  [  4–  6  ] , a variety of nanocarrier-
based drug delivery systems have been conceived and are in different stages of 
development, including particles with various compositions, physicochemical char-
acteristics, geometry, and surface functionalizations  [  7,   8  ] . The library of particles, 
generated by all the possible combinations, is gigantic, and clear considerations 
should be taken when developing carriers for specifi c drugs or conditions. 

 A general taxonomy can be applied to nanovectors, dividing them into three 
main generations. These three generations are schematically presented in Fig.  10.1  
 [  4,   8–  10  ] . According to this classifi cation, the fi rst generation of nanovectors 
describes carriers that localize to the lesion through passive mechanisms. Among 
these carriers, the liposomes still remain the main representatives  [  11  ] , utilizing the 
enhanced permeability of the disease-associated vasculature and localizing into the 
desired site through the so-called enhanced permeability and retention (EPR) mech-
anism proposed by Maeda  [  12,   13  ] . Other nanocarriers in this generation include 
polymer–drug conjugates  [  14  ] , polymeric micelles  [  15  ] , and dendrimers  [  16  ] . Some 
surface modifi cations are frequently seen in nanovectors of this subclass, e.g., 
attachment of a poly(ethylene glycol) (PEG). This modifi cation produces “stealth” 
nanovectors with substantially prolonged circulation time and, as a result, more 
likely passive tumor homing  [  11,   17–  19  ] . The second generation of nanovectors 
describes systems with additional advanced functionalities, such as (1) attachment 
of recognition moieties on the nanovector surface specifi c to the disease “zip codes” 

     Fig. 10.1    Schematic presentation of three generations of nanovectors: ( Left ) First-generation 
nanovectors, as the currently clinical liposomes, comprise a container (double phospholipid bilayer 
membrane) and an active principle ( dots ). They localize in the tumor by enhanced permeation and 
retention (EPR); ( middle ) Second-generation nanovectors further possess the ability for the target-
ing of their therapeutic action via antibodies and other biomolecules, remote activation, or respon-
siveness to environment; ( right ) Third-generation nanovectors such as multistage agents are 
capable of more complex functions, such as time-controlled deployment of multiple waves of 
active nanoparticles, deployed across different biological barriers and with different subcellular 
targets. Reproduced with permission from  [  10  ]        
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or (2) a possibility for active/triggered release of the payload at the diseased location 
through the use of physical remote energy  [  20–  24  ] . This category generally presents 
a progressive evolution of the fi rst generation of nanovectors with emerging degrees 
of sophistication. Liposomes and other antibody-targeted nanoparticles have been 
the most investigated example of the second generation  [  4,   6,   8,   11,   20,   22,   25–  27  ] . 
A variety of other targeting moieties besides antibodies are under extensive investi-
gation worldwide, including ligands, aptamers, small peptides, and phage-display 
peptides binding to specifi c target cell surface markers or surface markers expressed 
in the disease microenvironment  [  28  ] . Examples of other nanocarriers in the fi rst 
and second generations include metal nanoparticles for use in diagnostics and ther-
apy  [  29,   30  ] , albumin-bound paclitaxel nanoparticles approved for use in metastatic 
breast cancer  [  31  ] , drug–polymer construct dendrimers, and polymeric micelles 
 [  25,   32–  36  ] .  

 The third generation of nanovectors encompasses therapeutic and diagnostic 
multicomponent and multifunctional constructs with logic-embedded functions. 
These systems aim at overcoming a variety of obstacles in order for the therapeutic 
and diagnostic agents to effi ciently reach their target, representing a paradigm shift 
when compared to the previous two generations of nanovectors  [  27  ] . The third-
generation multicomponent carriers are comprised of a number of nanoengineered 
components with the advantage of decoupling functions such as biorecognition, 
cytotoxicity, and biobarrier avoidance to separate nanocomponents acting in a syn-
ergistic pre-programmable and sequential manner, encoded in the properties of the 
material. 

 Multistage nanovectors (MSV), an emblematic system for the third-generation 
nanocarriers, are comprised of nanoporous silicon particles that utilize their unique 
particle geometry and other physical characteristics in concert with active biologi-
cal targeting moieties to effi ciently solve sequential mission-critical challenges and 
to deliver therapeutic payloads of nanoparticles, loaded into the porous silicon 
structure, to the disease loci  [  6,   27,   37  ] . In MSV carriers, each component (or stage) 
performs part of the journey from the site of administration toward the target lesion, 
negotiating one or more biological barriers and adding a degree of targeting  selectivity 
in the process. The geometry of the “mothership” nanoporous silicon particles, or 
fi rst-stage particles, is mathematically optimized to exhibit superior margination, 
fi rm cellular adhesion  [  38,   39  ] , and internalization  [  40,   41  ]  properties. Using photo-
lithographic techniques and bioconjugation methods, we have fabricated a large 
array of fi rst-stage particles with specifi c surface characteristics to meet the criteria 
chosen by predictive design maps. These biodegradable and biocompatible fi rst-
stage vectors are loaded with the second-stage nanovectors, which can essentially 
be any of the above-mentioned fi rst- or second-generation vectors  [  6,   37  ] . The 
release profi les of the second-stage vector from the fi rst-stage particle can be fi nely 
tuned to take place at different times and through different paths. For example, par-
ticles can be intracellularly internalized  [  42,   43  ]  and tailor-made to deliver their 
payloads to different subcellular structures. In this chapter, we will describe studies 
related to the MSV, focusing on fabrication, intracellular multisite traffi cking, 
advanced therapeutic systems, and contrast agents.  
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    10.2   Fabrication of the Multistage Nanovectors 

 As mentioned above, the concept of a multistage delivery system requires fabrication 
of proper injectable porous particles with designed geometry and pore morphology 
as the fi rst-stage carriers to load, transport, and on-site release the second-stage nano-
particles  [  37  ] . Such particles should be able to provide extensive surface area to hold 
second-stage nanometer-sized delivery carriers such as liposomes, carbon nanotubes, 
and other organic or inorganic nanoparticles. Porous silicon, a biodegradable nano-
material, has been explored for numerous biomedical applications, based on its read-
ily modifi ed physicochemical and biophysical properties  [  43–  47  ] . Owing to its 
advantageous, fully biodegradability nature, in addition to the full set of sophisti-
cated tools from the silicon micromachining industry, porous silicon particles are 
emerging as promising injectable drug delivery agents, thus making porous silicon 
an ideal candidate for multistage delivery vectors. 

 Until recently, porous silicon was used in the format of powdered materials 
obtained by ultrasonic fracture  [  48,   49  ]  or ball milling  [  47  ]  of electrochemically 
etched porous silicon fi lms. The resulting particles were characterized by their irreg-
ular shape and polydispersed size even though different subsequent sorting strate-
gies were applied. In the multistage system, precisely controlled size and shape of 
the fi rst-stage particles would be desired for highly effi cient directed delivery. Size 
and shape of nanovectors have been shown to fundamentally determine several 
properties of the particle that are relevant for drug delivery, such as fl ow dynamics, 
margination, degradation rate, and cell uptake  [  40,   50  ] . Based on mathematical 
design, nonspherical vectors are favorable compared to their spherical counterparts. 
Thus, integration of top-down fabrication approaches of porous silicon production 
with photolithography patterning, originated in the silicon semiconductor industry, 
has been adapted to produce particles with defi ned geometry for biomedical appli-
cations. Silicon technology has been well established in terms of production, char-
acterization, and translation into biomedical nanotechnologies. Scalability, precision, 
and reproducibility are characteristics of the silicon micromachining processes that 
will be extremely valuable when translated into clinical applications. 

 Our group has introduced a series of combinatorial surface and bulk silicon 
micromachining methods within the framework of industry-standard, lithography-
based microfabrication. We developed a series of protocols to fabricate porous sili-
con particles by combination of photolithography and electrochemical porosifi cation 
of silicon. These protocols allow us to fabricate particulates of essentially any 
desired nonspherical shape, size (dimensions from 50 nm to hundreds of microns), 
cylindrical nanopore diameter (range between 5 and 150 nm), and porosity. The 
fabrication protocols consist of two steps: (1) formation of nanoporous silicon fi lm 
and (2) engineering the particles from porous fi lms. The geometry of porous silicon 
particles is precisely defi ned by changing the photolithographic mask, while the 
porosity and pore size are controlled by parameters including silicon doping, elec-
tric current, and concentration of hydrogen fl uoride (HF) etching solutions. 

 A porous silicon fi lm is produced through top-down porosifi cation strategies as 
opposed to the synthesized “bottom-up” silica nanomaterials, the last process referring 
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to the self-assembly of silica sol–gel with polymeric templates as structure-directing 
agents. The commonly used top-down porosifi cation method consists of electrochemi-
cal etching of single-crystalline silicon wafers in an aqueous solution of HF  [  51  ] . 
A  simplest setup of this approach consists of a cathode immersed in the solution, the 
silicon wafer as the anode, and a power supply providing a constant current, with the 
porosifi cation process sustained as long as an electrical current is applied. The main 
characteristics of the porous silicon such as porosity, pore size, and morphology are 
determined by the current density, the type and concentration of dopant in silicon, and 
the concentration of the etchant solution  [  52  ] . The most common solution used for the 
production of porous silicon is a mixture of HF, H 

2
 O, and ethanol. Ethanol does not 

take an active part in the porosifi cation but is employed merely as a surface-active 
cosolvent  [  52  ] . A top-down lithography process following the top-down porosifi cation 
process can be applied to produce discoidal particles. If the porosifi cation process is 
performed after lithographic patterning, hemispherical particles are produced. Thus, 
the integration of the top-down lithography process and the top-down porosifi cation 
can provide the fl exibility necessary to fabricate monodisperse, porous silicon parti-
cles with tailored physical attributes as well as the uniformity and reproducibility, 
which are critical for both the proper performance of the system and the safety profi le 
required for regulatory approval and clinical effectiveness. 

 A variety of porous silicon particles have been fabricated, and their biomedical 
applications have been investigated  [  53  ] , including hemispherical, discoidal, and 
cylindrical porous silicon particles. With only one type of silicon wafer, such as 
P-type and 0.005 ohm-cm, silicon particles with pore size ranging from 5 to 150 nm, 
and porosity from 40% to 90% can be obtained by controlling the current and 
etchant  [  53  ] . Figure  10.2  shows a typical fabrication process of our featured hemi-
spherical porous silicon particles  [  37  ]  by patterning an array of circles on a dielec-
tric layer (silicon nitride, Si 

3
 N 

4
 ) on the surface of a silicon wafer, followed by a 

two-step electrochemical etch in a HF solution. Briefl y, heavily doped p++ type 
(100) wafers with resistivity of 0.005 ohm-cm are used as the substrate. A 100-nm 
layer of low stress silicon nitride is deposited by a low-pressure chemical vapor 
deposition system (Fig.  10.2a ). Then standard photolithography is used to pattern an 

  Fig. 10.2    ( a ) Si 
3
 N 

4
  fi lm on Si wafer; ( b ) photoresist coating; ( c ) photo process; ( d ) pattern 

 development; ( e ) RIE dry etch; ( f ) Si trench etching; ( g ) 2-step electrochemical etch to make 
porous silicon particles; and ( h ) SEM image of etched porous silicon particles       
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array of circles, using an EVG 620 aligner (Fig.  10.2b–d ). The silicon nitride is 
selectively removed by reactive-ion etching (RIE) (Fig.  10.2e ), and the trenches of 
desired depth are etched into silicon on the exposed area (Fig.  10.2f ). The silicon 
nitride on the back side of the wafer is then removed by RIE. After the photoresist 
is removed, the wafer is assembled in a homemade Tefl on cell for electrochemical 
etching. The nanopores are formed in the mixture of HF and ethanol (1:3 v/v) with 
an applied current density of 16 mA/cm 2  for 20 s (for 1.6  m m particles), controlled 
by a programmable power working at the constant current mode supply. A high-
porosity layer is then formed by applying the current density of 400 mA/cm 2  for 6 s 
(Fig.  10.2g ). Figure  10.2h  shows an example SEM image of etched porous silicon 
particles on the silicon wafer. Because of the nonuniform current density distribution, 
the resulting hemispherical-shaped particles have aligned cylindrical nanopores at 
the center and radial distributed pores around the rings  [  37  ] . After removing the sili-
con nitride layer by HF, a clean porous silicon particle array is kept on the substrate, 
allowing thorough washing and various surface modifi cations. These particles are 
released in isopropyl alcohol (IPA) by ultrasound for 1 min.  

 Figure  10.3  shows an example SEM image of fabricated hemispherical MSV 
particles. In this MSV system, 5-nm gold nanoparticles are covalently bound to the 
pore walls of porous silicon particles, as shown in the right panel. Applying porous 
silicon particles as the fi rst-stage carrier in the MSV systems, a wide range of bio-
logical studies are carried out in our laboratory to evaluate biodistribution, thera-
peutic, and diagnostic characteristics as will be further discussed in this chapter.   

    10.3   Intracellular Delivery and Multisite 
Traffi cking of the MSV 

 Larger particles (>500 nm in diameter) are internalized by cells via actin-mediated 
processes known as macropinocytosis and phagocytosis  [  54  ] . It is believed that 
cationic properties of particles enhance interactions with cell surfaces containing 

  Fig. 10.3    ( Left ) SEM image of microfabricated hemispherical, porous silicon particles; ( right ) 
pores of mesoporous silicon particles loaded with gold nanoparticles       
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negative glycocalyx moieties  [  55  ] . The extracellular matrix is reported to form a gel 
on the cell membrane, consisting of sulfated glycosaminoglycans and polysaccha-
ride acids, both creating negative surface properties. Additionally, integral mem-
brane proteins, including lipids and glycoproteins, the latter bearing sialic acid 
residues, both contribute to a negative surface potential. J774 macrophages have 
been shown to rapidly internalize cationic, multilamellar colloids (200–300 nm) 
with negligible binding to neutral colloids  [  55  ] . We have shown that J774 mac-
rophages associate with both positive and negative fi rst-stage silicon particles  [  41  ] . 
Interestingly, serum opsonization of cationic MSV particles alters their surface 
potential, leading to a net negative charge on the particle surface  [  56  ] . Therefore, 
physiologically relevant adhesion of particles to cell surfaces appears to be medi-
ated largely by interactions between particle-bound serum components with their 
respective cell surface receptors rather than purely by surface charge. Each unique 
particle formulation binds a distinct repertoire of proteins, leading to different affi n-
ities for various cell populations and a means for achieving targeted delivery. 

 With respect to porous silicon microparticles, following cellular adhesion, fi rst-
stage particles are internalized either by macropinocytosis or phagocytosis  [  41  ] . 
Both processes depend on actin polymerization, with the resulting vacuole termed 
the phagosome. During the initial phase of cellular internalization, pseudopods 
extend from the cell surface, creating a phagocytic cup beneath the porous silicon 
particle. The pseudopods extend further, wrapping around the particle and pulling it 
into the cell. Phagocytosis is reported to differ qualitatively, depending on the type 
of receptors mediating cell surface adhesion  [  57  ] . For example, mitogens and cytok-
ines activate complement receptors and mediate cell adhesion of complement-bound 
particulates with the attached particulate “sinking into the cell,” resulting in the 
formation of more loosely associated vesicles  [  58  ] .    Fc-gamma receptor-mediated 
adhesion leads to internalization mediated by “zipper-like” growth of the cell mem-
brane around the particulate and leads to the formation of a vesicle whose mem-
brane is tightly associated with the particulate. Under serum-free conditions, 
low-porosity fi rst-stage silicon particles (1.6 and 3.2  m m in diameter), anionic and 
cationic, were shown to be internalized into cellular vacuoles of endothelial cells 
with membranes bound tightly around the microparticle  [  59  ] . 

 In association with F-actin are molecular motor proteins, with myosin II accumu-
lating in the actin cup  [  60  ] . Other motor proteins, including myosin I, V, and IX, 
colocalize with evolving phagosomes and play a role in traffi cking of phagosomes 
to the perinuclear region of the cell. Cellular migration occurs along microtubules 
and is mediated by members of the kinesin and dynein motor families  [  61  ] . Transport 
along microtubules is disrupted by the presence of microtubule-dissociating agents, 
such as nocodazole. Endothelial cells (human microvascular endothelial cells; 
HMVEC) incubated with fi rst-stage silicon particles in the absence (a) or presence 
(b) of 150 nM nocodazole are shown in Fig.  10.4   [  62  ] . The cells were stained using 
DRAQ5 and FITC-conjugated antibody, specifi c for nuclear staining and  a -tubulin, 
respectively. Accumulation of microparticles in the perinuclear region of the cell 4 h 
after introduction was decreased by 80% in the presence of nocodazole, supporting 
involvement of microtubules in the transport of microparticle-loaded endosomes.  
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 Proteins that associate transiently with the maturing endosome/phagosome 
include early endosomal autoantigen 1 (EEA1) and Rab 5  [  63  ] . These proteins asso-
ciate with the newly formed compartments (early endosome/phagosome), while 
proteins such as Lamp1 and NPC1 (Niemann–Pick C1) associate with more mature 
endosomes and lysosomes  [  64  ] . HMVECs, transfected with green fl uorescent pro-
tein (GFP) fused to NPC1, were incubated with Dylight 594-labeled 3.2- m m silicon 
microparticles for 4 h (Fig.  10.4c ). In confocal images, rings of GFP–NPC1 sur-
round the internalized microparticles, with microparticles predominately located in 
the perinuclear region of the cell. Thus, endosomes containing porous silicon 
microparticles mature along the endolysosomal pathway. Unlabeled microparticles 
were similarly located in lysosomes at the indicated time. 

 We recently reported on the assembly of MSV consisting of fi rst-stage discoidal 
porous silicon particles (50 nm pores; 3.2  m m in diameter), loaded with second-
stage iron oxide nanoparticles  [  65  ] . Nanoparticles were loaded into the porous 
matrix by capillary action (i.e., dry microparticles were incubated with a concen-
trated solution of nanoparticles). Retention of cationic nanoparticles in the anionic 
oxidized silicon matrix was based on electrostatic interactions. Similar to the fi rst-
stage unloaded porous silicon particles, the MSV were rapidly internalized by both 
endothelial cells and macrophages under serum-free conditions. 

 Through a process known as “maturation,” which may involve the fusion of 
 multiple phagosomes and endosomes, the early vacuole develops into a “sorting 

  Fig. 10.4    ( Left ) Microtubule-mediated traffi cking of porous silicon fi rst-stage particles. Confocal 
micrographs of endothelial cells with internalized fi rst-stage particles ( black objects ) in the absence 
( a ) and presence ( b ) of nocodazole. Cells are labeled with FITC-conjugated antitubulin antibody 
and DRAQ5 nuclear dye; ( right ) endolysosomal traffi cking of fi rst-stage nanocarriers. Endothelial 
cells expressing NPC1-GFP were incubated with Dylight 594-labeled 3.2- m m silicon microparti-
cles for 4 h at 37°C. Colocalization of the fl uorescent signals indicated lysosomal localization of 
the internalized microparticles. Reproduced with permission from  [  62  ]        
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endosome”  [  66  ] . This early endosome is the organelle in which sorting of cargo and 
membrane receptors occurs. Acquisition of a new array of proteins enables the divi-
sion of endosomal components into different regions of the endosome. This sorting 
process is accompanied by the formation of tubular regions and regions rich in mul-
tivesicular bodies (MVBs)  [  66  ] . MVBs that fuse with the cell membrane release the 
smaller intraluminal vesicles, known as exosomes, into the extracellular environ-
ment. Exosome membranes contain proteins and lipids, and the lumen contains pro-
teins, RNA, and other constituents selected for secretion from the cell. The exosomes 
are 50–90 nm in diameter  [  67  ]  and may represent a means for intercellular com-
munication between cells, independent of cell-to-cell contact. This process may be 
a mechanism for rapid propagation of information. 

 The size and surface chemistry of particles are known to modulate cellular uptake, 
intracellular traffi cking, and cytotoxicity of particles. The impact of varying the sur-
face chemistry of second-stage iron oxide nanoparticles on their intracellular release 
from fi rst-stage silicon particles and on intracellular traffi cking of the nanoparticles 
was recently studied  [  68  ] . Nanoparticles were either coated with PEGylated amine 
groups or chitosan. Chitosan, a biodegradable polysaccharide composed of random 
 b -(1–4)-linked  d -glucosamine and  N -acetyl- d -glucosamine units, was chosen as a 
coating for the iron oxide nanoparticles because of its biocompatibility, high charge 
density, and reports of its potential use for intracytoplasmic delivery of drugs and 
nanoparticles. Iron oxide nanoparticles coated with chitosan concentrations ranging 
from 0.01 to 1.0 mg/ml showed a steady increase in bound chitosan, reaching a pla-
teau at higher concentrations. At 1.0 mg/ml of chitosan and higher, 10  m g of chitosan 
was bound to 5  m g of nanoparticles, yielding a mass ratio of 1:2 nanoparticles to 
chitosan. Zeta potential (surface charge) and dynamic light scattering (size) mea-
surements were consistent with the fi nding that the amount of bound chitosan on 
iron oxide nanoparticles remained unchanged at concentrations of chitosan of 1 mg/
ml and higher. Additionally, the change in iron oxide nanoparticle zeta potential, 
from −27.4 to 26.1 mV that accompanied chitosan coating of carboxylated iron 
oxide nanoparticles, supported surface coating with positively charged chitosan. 

 Two hours after the introduction of the MSV, internalized MSV were present in 
large vacuoles. When the fi rst-stage silicon nanocarriers were heavily loaded with 
nanoparticles, several nanoparticles were seen in the cytoplasm at 24 h; however, 
the majority of chitosan-coated nanoparticles remained associated with the fi rst-
stage particles. At 48 h, the iron oxide nanoparticles were spatially removed from 
the silicon particle, and no membrane was detected around the released nanoparti-
cles. It is thought that release of chitosan-coated nanoparticles may result from pro-
tonation of the primary amines of the glucosamine residues as the endosome matures 
and becomes more acidic, leading to a high charge density, membrane destabiliza-
tion, and release of the nanoparticles. 

 In contrast to chitosan-coated iron oxide nanoparticles, PEGylated amine nano-
particles were not released into the cytoplasm  [  65,   68  ] . As the cationic nanoparticles 
were released from the silicon fi rst-stage nanocarriers (24 h), they aggregated into 
regions rich in multivesicular bodies (MVBs; Fig.  10.5a ). Six days after the intro-
duction of the MSV to macrophages, ultrastructural examination revealed both 
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intracellular and extracellular vesicles, containing MVBs and nanoparticles 
(Fig.  10.5b , bottom row). The porous silicon carrier particle remained in distinct 
membrane-bound compartment. The membrane-bound compartments containing 
second-stage nanoparticles were approximately 1.5  m m in diameter. In the secreted 
vesicle shown in Fig.  10.5b , 10 nm iron oxide nanoparticles are visible in the region 
of the vesicle adjacent to the plasma membrane.  

 In support of cellular secretion of vesicles containing iron oxide nanoparticles 
and reports of eukaryotic cell-derived vectors containing iron oxide nanoparticles 
 [  69  ] , as well as studies demonstrating exocytosis of nanoparticles in animal cells 
 [  70–  72  ] , the iron content from the supernatant of cells treated with the MDS was 
determined. Quantization of iron in the cell culture media, based on a Prussian blue 

  Fig. 10.5    Intracellular partitioning and cellular secretion of vesicles containing iron oxide nano-
particles. ( a ) TEM micrographs of macrophage-internalized MSVs 24 h after introduction to cells. 
Two internalized MSVs are shown in the image to the left in  boxed regions  and amplifi ed in the 
images to the right. Clusters of second-stage iron oxide nanoparticles, released from the silicon 
fi rst-stage particles, are visible in the amplifi ed micrographs. ( b ) TEM micrographs of a mac-
rophage 6 days after cellular uptake of MSVs ( left , 6 k;  middle , 25 k; and  right , 50 k magnifi ca-
tion). The cell to the left is further amplifi ed in images to the right to show both an internalized 
( middle ) and a secreted ( right ) vesicle containing second-stage iron oxide nanoparticles. 
Reproduced with permission from  [  68  ]        
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assay, was consistent with release of both 15 and 30 nm iron oxide nanoparticles 
from macrophages on all days tested. The amount of iron oxide nanoparticles 
released from cells treated with 15 nm particles was greater than that of cells treated 
with 30 nm particles, indicating greater release of the smaller iron oxide nanopar-
ticles, which is consistent with fi ndings reported by other investigators  [  70  ] . 

 One of the advantages of multistage, multiparticle delivery systems is the ability 
of a single delivery vehicle to be “intracellularly partitioned” into discrete regions 
of the endosome and traffi cked to unique locations. By controlling the surface of the 
vectors, particles can simultaneously or sequentially reach diverse intracellular 
locations for multiple independent or synergistic effects. Alternatively, the delivery 
cargo can be a combination of imaging and therapeutic agents, creating theranostics 
for real-time monitoring of drug delivery or therapeutic effi cacy. The ability of cells 
to communicate with other cells in a contact-independent manner through secretion 
and uptake of vesicles containing protein, RNA, lipid, and nanoparticle-delivered 
signals allows for rapid signal propagation, expanding the impact of the therapeutic 
agent to the entire lesion microenvironment.  

    10.4   MSV for Imaging and Diagnostics: Contrast Agents 
with Enhanced Effi ciency 

 Various strategies were employed to design MSV with diagnostic and imaging capa-
bilities. These include loading with gadolinium carbon nanotubes and iron oxide 
nanoparticles for magnetic resonance imaging (MRI)  [  65,   73  ] , gold nanoparticles 
and nanoshuttles for computed tomography (CT) and RAMAN spectroscopy  [  10  ] , 
and attaching fl uorescent probes to particle surfaces for near-infrared (NIR) imaging 
 [  74  ] . Below, we will describe two studies for enhancing MRI contrast effi ciency. 

    10.4.1   MSV Loaded with Gadolinium Carbon Nanotubes 

 It is commonly agreed that MRI currently presents one of the most powerful, non-
invasive diagnostic imaging techniques used in clinics and in research, with close to 
30 million MRI procedures performed in the USA annually. Early diagnosis, treat-
ment, and prognosis of many diseases currently rely on the superior MRI resolution. 
Elements that contain an odd number of protons and neutrons have a property called 
“spin”  [  75  ] . Spin causes a magnetic moment in the direction of the spin axes. MRI 
images are obtained as a result of the magnetization of nuclear spins of water pro-
tons in tissues and organs, producing longitudinal and transverse relaxation times. 
Since hydrogen nuclei have strong magnetic moments and exist in abundance in the 
body, they make good targets for imaging. The magnetic moments align in the pres-
ence of a magnetic fi eld. Introduction of radiofrequency energy alters the orienta-
tion of the spin. The return of the spin to the equilibrium state is known as relaxation, 
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and the presence of contrast agents alters the relaxation rate. Paramagnetic metal 
ions or chemical contrast agents (CAs) have been widely used for improving the 
MRI sensitivity based on their ability to decrease the relaxation time of water pro-
tons. Gadolinium-based contrast agents are the most widely used in clinics; how-
ever, Gd 3+  ions in aqueous solution are highly toxic and have to be chelated. While 
minimizing their toxicity, chelation signifi cantly decreases the number of coordina-
tion sites available for water proton exchange (8–9 sites for free Gd 3+  compared to 
1–2 sites for Gd 3+ -chelate compounds), resulting in reduced contrast enhancement 
(relaxivity). In addition, almost all of the clinically used CAs are extracellular fl uid 
(ECF) space agents with low blood circulation times (few minutes) and without tis-
sue selectivity and cellular uptake, which limit their contrast enhancement even 
more. Generally, clinically used CAs have relaxivities smaller than 4 mM −1  s −1  at a 
magnetic fi eld strength of 1.41 T. We proposed a new category of nanoconstructs for 
MRI contrast enhancement by loading Gd-based carbon nanoparticles (carbon nan-
otubes and fullerenes) into the nanoporous structure of discoidal or hemispherical 
MSV (Fig.  10.6 )  [  73  ] .  

 The ability of a paramagnetic material to act as a MRI contrast agent is expressed 
in terms of its relaxivity (ri). This can be described as the change in the relaxation 
rate (1/Ti s −1 ) of water protons per mM concentration of the CAs and can be calcu-
lated using the expression ri = (1/Ti−1/Tid)/[CA], where Ti is the relaxation time in 
the presence of the CAs, Tid is the relaxation time in the absence of CA, and [CA] 
is the concentration of theGd 3+  ions present in solution (mM). The loaded MSV 
were examined for their longitudinal relaxation properties using a relaxometer at 
1.41 T and 37°C. All prepared nanoconstructs showed a high increase in longitudi-
nal proton relaxivity, with values of up to 40 times higher than those of currently 
used contrast agents. It was suggested that the enhancement in MRI performance 
was attributed to the geometrical confi nement of Gd-CAs into nanopores of MSV, 
which would infl uence the paramagnetic behavior of the Gd 3+  ions by altering both 
the inner and outer sphere contributions to the longitudinal relaxivity. In summary, 
geometrical confi nement of CAs encapsulated in the pores of MSV was found to (1) 
reduce the ability of CAs to tumble, (2) decrease the mobility of the water mole-
cules, and (3) favor clustering and mutual interactions among the loaded CAs, thus 
enhancing the imaging characteristics of the resulting MSV  [  73  ] .  

    10.4.2   MSV Loaded with Iron Oxide Nanoparticles as Negative 
Contrast Agents for MR Imaging 

 Iron oxide-based contrast agents have a greater impact on transverse, spin–spin 
relaxation (T2, decrease  x – y  component), compared to longitudinal, spin–lattice relax-
ation (T1, realignment with external magnetic fi eld), leading to areas of negative 
contrast. The impact of size is important when considering the biodistribution of 
iron oxide nanoparticles. Particles less than 20 nm are reported to have longer cir-
culation times due to reduced uptake by the reticuloendothelial system (RES), 
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allowing for more uptake by the lymphatic system and by bone marrow  [  76  ] . 
However, particles smaller than 8 nm undergo greater renal elimination, narrowing 
the window of opportunity. Encapsulation of iron oxide nanoparticles into a porous 
silicon matrix is one means of transporting large numbers of nanoparticles to com-
mon targeted locations  [  68  ] . High-resolution scanning electron microscope (SEM) 
images in Fig.  10.7a , b show large numbers of iron oxide nanoparticles (10 and 
30 nm), loaded throughout the porous silicon matrix.  

 Phantoms were prepared for magnetic resonance imaging by suspending porous 
silicon microparticles, either free or loaded with variable levels of iron oxide nano-
particles, into a bed of agarose, housed in a NMR tube. Magnetic resonance images 

  Fig. 10.6    Schematic representations of the new MRI nanoconstructs. ( a ) Commercial contrast 
agent Magnevist® (MAG); ( b ) Gadofullerenes (GF); and ( c ) debundled Gd–carbon nanotubes 
(GNT) that can be loaded into mesoporous silicon MSV of different size and shape. SEM micro-
graphs of the ( d ) quasi-hemispherical (1.6  m m in diameter; 1.0  m m in thickness) and ( e ) discoidal 
(1.0  m m in diameter; 0.4  m m in thickness) MSV particles. ( f ) Cartoons showing MAG, GF, and 
GNT entrapped within the porous structure of the MSV. The geometrical confi nement of the 
Gd-based CA within the nanopores of the MSV enhances the  T  contrast. Reproduced with permis-
sion from  [  73  ]        
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of the phantoms in Fig.  10.7c  represent samples containing PBS (phosphate buffered 
saline) alone, unloaded porous silicon microparticles in PBS (S1MP), and silicon 
microparticles loaded with varying levels of iron oxide nanoparticles (MDShi, 
MDSlo) in PBS. Signifi cant negative contrast is seen in the porous silicon contain-
ing iron oxide nanoparticles compared to unloaded silicon microparticles. Phantom 
models containing the MSV shortened T2 and T2* relaxation times in a manner 
dependent on iron oxide concentration, with higher levels of iron oxide nanoparticles 
(MDShi) yielding greater contrast than lesser loads (MDSlo).   

    10.5   From Rational Design to In Vivo MSV Distribution 
and Therapeutic Effi cacy 

 The ultimate goal of rationally designing nanovectors is to optimize accumulation 
in the biological target through modifi cation of governing engineered parameters, 
which affect the series of events encountered by the particle on its way from the site 

  Fig. 10.7    Iron oxide-loaded porous silicon microparticles function as negative MRI contrast 
agents. Silicon microparticles, loaded with 10 nm ( a  25 k, 300 k, 500 k, 600 k;  bars  
1  m m,100 nm,100 nm, 50 nm) or 30 nm ( b  200 k, 450 k;  bars  200 nm, 100 nm) iron oxide nano-
particles, are shown in SEM images at increasing magnifi cations. ( c ,  d ) Axial spin- ( c ) and gra-
dient- ( d ) echo MR images of NMR tubes containing PBS (blank), porous fi rst-stage silicon 
particles, and MSV loaded with low (MDSlo) or high (MDShi) levels of iron oxide nanoparticles. 
Reproduced with permission from  [  68  ]        
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of administration to the intended site of action. In this regard, there are multiple 
factors which can affect the transport of MSV carriers, including margination in the 
bloodstream, interaction with the vascular walls through specifi c ligand–receptor or 
nonspecifi c (e.g., electrostatic) interactions, and cell internalization. Margination, 
the term used in physiology to describe the lateral drift of leukocytes and platelets 
from the center of the blood vessels toward the endothelial walls, is one of the fun-
damental events in the intravascular “journey.” Rational design of this property 
allows a close contact between the circulating particles and the vessel walls, which 
is required for targeting vascular endothelium and for extravasation based on the 
EPR concept  [  38,   39  ] . Unlike spherical particles, nonspherical particles exhibit 
more complex motions with tumbling and rolling, which can be exploited to control 
their margination dynamics without any need for lateral external forces. The longi-
tudinal (drag) and lateral (lift) forces, as well as the torque exerted by the fl owing 
blood, depend on the particle geometry and orientation. In general, elongated or 
disc-shaped particles were shown to marginate and interact better with the cell sur-
face  [  38  ] , as demonstrated by fl ow chamber in vitro experiments  [  77,   78  ] . There are 
a number of different mechanisms governing the behavior of particles in vivo, as 
shown in Fig.  10.8 . Our recent in vivo studies have demonstrated that particles of 
different shape biodistribute differently in vivo  [  79  ] . As an example, both discoidal 
and hemispherical particles tended to accumulate at the tumor site in higher concen-
tration than spherical ones. It was also shown that size affects the biodistribution of 
particles, with smaller particles accumulating at the tumor site better than larger 
ones. Discoidal particles with diameter of 600 nm were found to highly accumulate 
in the tumor (up to 10% of injected dose/g tumor) (unpublished data).  

 Several therapeutic agents were encapsulated in liposomes and loaded into MSV 
carriers. One drug that was successfully encapsulated in liposomes was annamycin, a 
non-cross-resistant anthracycline  [  80  ] . The annamycin pre-liposome lyophilized 
powder contains phospholipids (dimyristoylphosphatidylcholine and dimyris-
toylphosphatidylglycerol at a 7:3 molar ratio), annamycin (lipid–drug at a ratio 50:1 
w/w), and Tween 20. The surfactant in the formulation allows for better solubilization 
of the drug, shortening the reconstitution step, as well as serves as a means to form 
nanosize carriers without destroying the liposomal structure  [  81  ] . Since the drug pos-
sesses native fl uorescence in the red region similar to doxorubicin, we have shown 
loading of annamycin liposomes into the multistage particles using fl ow cytometry, 
which resulted in the shift in the mean fl uorescent intensity from 3 to 1,285 AU. 

 Another agent successfully tested with the multistage delivery system belongs to 
the class of siRNA therapeutics. The discovery of RNAi a decade ago by Fire et al. 
 [  82  ]  opened up an exciting fi eld of cancer therapeutics with vast clinical application, 
theoretically being able to silence any cancer-related gene pathway. However, safe 
and effective delivery of siRNA therapeutics has been the major bottleneck in the 
translation of this technology to clinical applications. “Naked” siRNAs have an 
extremely fast degradation profi le and are subjected to immune system activation 
and recognition. Therefore, liposomes were intensively investigated as an attractive 
delivery system for siRNA therapeutics, offering protection from extensive degra-
dation and inhibition of harmful nonspecifi c binding to normal tissues. In vitro and 
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  Fig. 10.8    Mechanisms of particle sequestration from the circulation after intravenous injection 
( a ) entrapment in small capillaries; ( b ) engulfment by phagocytic cells; ( c ) extravasation through 
fenestrated endothelium; ( d ) excretion through the kidneys glomeruli; ( e ) and ( f ) adhesion to the 
blood vessel walls. Reproduced with permission from  [  79  ]        
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in vivo studies have demonstrated improved siRNA delivery to melanoma, lung 
cancer, breast cancer, and ovarian cancer when liposomal carriers were used  [  83, 
  84  ] . Recently, we examined MSV loaded with neutral dioleoylphosphatidylcholine 
(DOPC) nanoliposomes, containing siRNA targeted against the EphA2 oncopro-
tein, which is overexpressed in most malignancies, including ovarian cancer. The 
study was conducted in two independent orthotopic mouse models of ovarian can-
cer. Mice bearing SKOV3ip1 ovarian tumors were given an i.v. injection of S1MP, 
loaded with either single-dose EphA2-siRNA-DOPC (5  m g EphA2-siRNA) or tri-
ple-dose EphA2-siRNA-DOPC (15  m g EphA2-siRNA). A single administration of 
the high dose of S1MP-EphA2-siRNA-DOPC resulted in >80% reduction of EphA2 
expression for at least 21 days, while the control single injection of EphA2-siRNA 
liposomes alone downregulated EphA2 expression to a much lesser extent and for 
only 5–6 days. Sustained gene silencing in the tumor was also supported by immu-
nohistochemical analysis, showing EphA2 downregulation for 28 days (Fig.  10.9 ). 
The therapeutic potential of a single administration with S1MP-EphA2-siRNA-
DOPC (15  m g EphA2-siRNA) was compared to six siRNA-DOPC doses given 
twice a week for 3 weeks (5  m g EphA2-siRNA per injection, for a total administered 
dose of 30  m g EphA2-siRNA over 3 weeks). A signifi cant reduction of tumor bur-
den was achieved with a single injection of S1MP-EphA2-siRNA-DOPC. This 
effect was comparable to the one obtained to six repeated i.v. injections of liposomal 
EphA2-siRNA for a total of twice the siRNA dosage. This magnifi cent fi nding was 
followed by signifi cantly reduced angiogenesis and cell proliferation when com-
pared to free liposomes (Fig.  10.10 )  [  85  ] . Other therapeutic agents that were suc-
cessfully loaded into the multistage drug delivery system include liposomal and 
micellar paclitaxel and doxorubicin. These systems are currently under investiga-
tion in in vitro and in vivo effi cacy studies in various cancer models.   

 It is noteworthy that the biocompatibility of MSV was tested and confi rmed in a 
number of in vitro and in vivo studies. The fi rst-stage carriers were shown to degrade 
in physiological environments in vitro and in vivo  [  85,   86  ] . In vitro studies in 
endothelial cells and macrophages have shown that, following the interaction with 
MSV, the cells do not produce infl ammatory cytokines (33 cytokines were tested) 
and exhibit normal cell cycle  [  59,   74,   87  ] . No release of biochemical markers and 
plasma cytokines was observed in in vivo studies examining the effect of MSV 
acute and subchronic administration in healthy mice  [  88  ] .  

    10.6   Conclusions and Future Perspectives 

 To summarize, the last few decades have witnessed the discovery of a great arsenal 
of highly specifi c pharmacological agents. However, there are a large number of 
unresolved issues, which, in general, live in symbiosis with new and intriguing 
opportunities. The major challenges to the systemically administrated therapeutics 
are all related to overcoming the multiplicity of biological and biophysical barriers. 
The third-generation nanosystems, and in particular MSV described above, are only 
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  Fig. 10.9    Systemic delivery of siRNA-DOPC using S1MP results in long-lasting in vivo gene 
silencing. The mice (three mice per time point), bearing SKOV3ip1 orthotopic ovarian tumors, 
were injected with S1MP-EphA2-siRNA-DOPC or left nontreated. ( a ) The tumors were harvested 
at the indicated time points for Western blot to measure EphA2 expression levels; ( b ) densitometric 
analysis was performed to normalize EphA2 expression by  b -actin; and ( c ) immunohistochemical 
analysis of EphA2 expression in the SKOV1ip3 tumor. Reproduced with permission from  [  85  ]        
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  Fig. 10.10    Therapeutic effi cacy of sustained EphA2-siRNA-DOPC delivery by MSV (S1MP). 
Nude mice were injected i.p. with SKOV3ip1 or HeyA8 cells and randomly allocated to one of 
six treatment groups ( n  = 10) (a) saline, (b) S1MP, (c) nonsilencing control siRNA-liposomes 
(DOPC), (d) S1MP-nonsilencing control siRNA-DOPC, (e) EphA2-siRNA-DOPC, and (f) S1MP-
EphA2-siRNA-DOPC. SiRNA-DOPC was i.v. injected biweekly at a dose of 5  m g siRNA. 
S1MP-EphA2-siRNA-DOPC was injected in a single administration in 3 weeks at a dose of 15  m g 
siRNA. The mice were injected with saline biweekly in the rest of treatment period. When control 
animals (saline- and nonsilencing siRNA-treated mice) began to appear moribund (4–5 weeks after 
cell injection), all animals in an experiment were sacrifi ced and mouse weight, tumor weight (wt), 
tumor number, ascites volume, and tumor location were recorded. Columns, mean tumor weight 
from SKOV3ip1 ( A ) or HeyA8 cells ( B );  bars : SD. Reproduced with permission from  [  85  ]        
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a fi rst step toward the development of a general, modular, synergistic system that 
can systematically and sequentially address the biological barriers. We foresee the 
development of further generations of nanovectors, beyond the current three subcat-
egories that will enable highly specifi c and personalized therapy through “by-
design” biodistribution of nanoengineered carriers. To enable personalization of 
therapy, highly effi cient and specifi c molecular imaging techniques are required. 
These will guide us in identifying the patient-specifi c pathologies, microenviron-
mental abnormalities, molecular targets, and time-specifi c disease alterations 
required for negotiation of biological barriers. The time dynamics of the evolution 
of the lesion do not necessarily require a change in cytotoxic payload—the response 
to the evolution of the lesion and its microenvironment may be built in the individu-
alization of carrier. With their exquisite control of geometry, surface chemistry, and 
overall design parameters, nanovectors are great candidates for time-sensitive, pre-
programmable, and logic-embedded release of therapeutic and imaging agents. 
Additional challenges and opportunities are targeting multiple cellular organelles 
by various therapeutic agents and manipulation of the cellular microenvironment. 

 Presently, the majority of nanoscale drug delivery vehicles continue to enable the 
use of conventional medications by providing longer circulation times, greater tol-
erability, and improved disease site delivery, factors that result in better patient out-
comes. While future drugs become more and more specifi c in their mechanisms of 
action, the future of nanotechnology in drug delivery is expected to shift toward 
logic-embedded functionalization with the hopes of affording the patient the most 
promising individualized mode of therapy.      
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           11.1   Introduction 

 Cancer is the second most common cause of death in the United States, accounting 
for nearly one of every four deaths  [  1  ] . Yet, diagnosis and treatment of cancer 
remains a challenge due to limitations of the existing medical modalities. The cur-
rent standard practice of cancer diagnosis consists of invasive tissue biopsies that 
can provide information about its histological type, classifi cation, grade, and poten-
tial aggressiveness. It is useful to identify a fully developed cancer but not always 
helpful to detect the premalignant or early lesions. Early stage cancer is treatable, in 
general, and therefore its detection can improve the cure rate. To date, modern 
imaging techniques, such as computed tomography (CT), positron emission tomog-
raphy (PET), ultrasound, and magnetic resonance imaging (MRI), are the emerging 
standards for the detection of cancers. However, these imaging scans, even with 
current image contrast agents, are neither tumor sensitive nor selective enough, so 
as to replace biopsy or to detect invisible cancer cells at early stages of the disease. 
The typical role of the imaging modality is to locate and stage the neoplasm and 
visualize the tumor before biopsy or at the time of surgery  [  2  ] . 

 Current cancer treatment modalities include surgery and/or nonsurgical therapy 
such as chemotherapy, photodynamic therapy (PDT), and radiation therapy. Surgery 
is the primary cancer treatment but is invasive and, often not effi cient due to incom-
plete resection. Note that often, neoplastic tissue is virtually indistinguishable from 
normal tissue, and sometimes unresectable due to the location of the tumor. 
Nonsurgical therapy usually leads to various side effects because of its nonselectivity. 
Chemotherapy is the primary nonsurgical therapy, but the present status of chemotherapy 
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is far from satisfactory. Most of the chemotherapeutic drugs are highly toxic and 
nonspecifi c, affecting not only cancer cells but also healthy cells. A majority of 
these drugs are low-molecular-weight compounds that diffuse rapidly and are dis-
tributed evenly within the body. The drugs are often cleared too quickly from the 
bloodstream, by the kidneys, or through immune recognition, demanding a higher 
dose treatment. As a result, chemotherapy often causes signifi cant collateral organ 
damage and, consequently, severe systemic side effects. Moreover, a majority of the 
drugs for cancer treatment are hydrophobic with very poor solubility in aqueous 
solution, requiring solubilizers that can also contribute to the toxicity of the admin-
istered drug. There is another problem faced by cancer chemotherapy due to multi-
drug resistance (MDR) of the cancer cells. MDR prevents a wide variety of 
chemotherapeutic drugs from being delivered into cancer cells due to the very effec-
tive drug effl ux system, P-glycoprotein, or MDR-associated protein  [  3,   4  ] . PDT is a 
relatively new therapeutic method that allows localized treatment by light-activating 
the PDT drugs (photosensitizers) that are delivered to a treatment spot, either locally 
or systemically, to produce singlet oxygen and other reactive oxygen species (ROS). 
PDT is more selective and less toxic than other chemotherapeutic drugs but limited 
by the tissue penetration depth of the excitation light used and the level of oxygen. 
Moreover, PDT effi cacy is also limited by ineffi cient delivery of the drugs as the 
PDT drugs are mostly hydrophobic small molecules. Radiation therapy (or radio-
therapy) uses ionizing radiation to treat malignant cancer cells. The principal initial 
reaction is the radiolysis of the abundant water molecules present in the tumor tis-
sues, creating the OH radical which subsequently reacts with oxygen or other 
organic molecules to create other ROS and short-lived organic radicals. As the oxy-
gen plays a key role in propagating the initial damage, radiation therapy is usually 
ineffi cient in hypoxic condition. Radiation therapy may pose the risk of secondary 
malignancy in the irradiated area as well as other side effects by damaging normal, 
healthy cells near the cancer. To circumvent such problems, radiosensitizers, drugs 
that make tumor cells more sensitive to radiation therapy, are sometimes used. Also, 
radionuclides (or radioisotopes) are used as an ionizing radiation source, instead of 
an external beam source. However, the therapeutic effi cacy of both radiosensitizers 
and radionuclides is limited by their delivery effi ciency. 

 Because of the above-mentioned existing problems regarding cancer imaging 
and treatment, it was hoped that a new breakthrough in technology would result in 
more effi cient diagnosis and treatment of cancer. The molecularly targeted approach, 
with advances in fi nding cancer-specifi c molecular signatures or markers, has 
emerged as a new paradigm in cancer imaging and therapy. Here, the medical inter-
vention is “targeted” to molecular signatures, such as certain proteins, that are 
 specifi cally expressed on the surface of the malignant cancer cell or neovasculature; 
thus, in principle, it affects only diseased tissues and keeps normal tissues undis-
turbed  [  5  ] . Targeted therapy can drastically increase the therapeutic index, with 
smaller therapeutic doses and with reduced side effects stemming from the toxicity 
of drugs. Targeted molecular imaging can achieve a dramatic enhancement of image 
contrast, enabling detection of cancer at the earliest possible time, and may even 
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perform pathological characterization as biopsy does. It turned out that such targeting 
could be amplifi ed by the use of nanoparticle drugs  [  6–  7  ] . Another emerging new 
paradigm (“multifunctionality”) is to combine or closely integrate the imaging and 
therapy so as to achieve an image-guided therapy, i.e., a single agent detects the 
diseased tissue, treats the tissue on-site, and monitors prognosis. Such an multifunc-
tional approach is indeed expected to revolutionize cancer treatment, allowing indi-
vidual-based diagnosis, therapy, and monitoring, i.e., personalized medicine. 

 Nanotechnology has been a powerful tool for validating and enabling the above 
two emerging new paradigms of cancer intervention because of the size, versatile 
engineerability, and nontoxic nature of nanoparticles  [  8–  12  ] . 

  First , the size of nanoparticles may enable passive targeting of nanoparticles into 
a tumor, due to the “enhanced permeability and retention” (EPR) effect  [  6  ] , in which 
leaky neovasculatures and a lack of lymphatic drainage of the tumor lead to macro-
molecular accumulations.  Second , the surfaces of nanoparticles can be engineered 
with moieties that selectively bind to molecular signatures of cancer, enabling 
molecular targeting. Often, the nanoparticles are also surface-engineered with 
poly(ethylene glycol) (PEG) for longer plasma circulation time, thus further enhanc-
ing tumor accumulation of the nanoparticles  [  8–  12  ] .  Third , the nanoparticles can be 
engineered for controlled loading and releasing of single or multiple drugs and/or of 
image contrast agents, thus enabling synergistic multimodal therapy/imaging as 
well as image-guided therapy.  Fourth , most of the nanoparticle matrixes are bio-
compatible and nontoxic, thus reducing immunogenicity and side effects of the drug 
as well as increasing the maximum tolerated dose of the drug, by masking the drug 
molecule (i.e., entrapping it within the nanoparticles).  Fifth , the nanoparticles can 
signifi cantly enhance the delivery of drugs that are normally excluded from tumors 
by the MDR of cancer cells. Thus, the advent of nanoparticle drugs enabled the 
design of multifunctional, targeted, biocompatible, long circulating nanoplatforms 
that combine imaging and therapy  [  8–  12  ] . The schematics of a targeted, multifunc-
tional nanoparticle are summarized in Fig.  11.1 . As imaging is often associated with 
diagnostics, these are sometimes termed “theranostic,” even though an important 
characteristic of the dual or multifunctional modality is the combination of therapy 
and of the monitoring and guidance, by imaging, of that therapy. The fi rst suggested 
multifunctional nanoplatforms were based on a hydrogel matrix, which easily 
enables the multifunctionality due to its chemical fl exibility  [  8–  12  ] .  

 Among the diverse classes of nanomaterials used so far in cancer therapy and 
imaging, hydrogel nanoparticles have drawn considerable interest because of addi-
tional advantages stemming from unique characteristics of the hydrogel, such as 
high aqueous suspendability and swelling in water, that can be modulated by envi-
ronmental changes. This chapter aims to cover the use of hydrogel nanoparticles in 
cancer therapy and imaging. It includes an overview on hydrogel nanoparticles 
(hydrogel types and preparation methods), their intrinsic and engineered properties 
for cancer therapy and imaging, and examples of their applications. It should be 
noted that hydrogel shell nanoparticles with metal or with a metallic oxide core are 
not covered here.  



228 Y.-E. Koo Lee and R. Kopelman

    11.2   Hydrogel Nanoparticles: A Brief Overview 

 Hydrogels are three-dimensional polymeric networks, physically or covalently 
cross-linked, that are water-insoluble but can absorb a large amount of water or 
biological fl uids. They can swell/deswell while keeping their shapes due to the pres-
ence of the physical or covalent cross-links in the hydrogel network. Hydrogels are 
typically soft and elastic, resulting in tissue-like mechanical properties. Hydrogels 
are also biocompatible and injectable. Their water-absorbing ability is attributed to 
the presence of hydrophilic groups in the polymers that form hydrogel structures 
 [  13  ] . Hydrogels often contain functional groups such as amine, carboxyl, hydroxyl, 
and aldehyde, which can be utilized for covalent linkage to other molecules/seg-
ments, for example, hydrophobic groups, drugs, contrast agents, and targeting moi-
eties. The swelling of a hydrogel can be explained in terms of the concept of ion 
osmotic swelling pressure and ion exchange kinetics  [  14  ] . The key factors in con-
trolling the swelling properties are identifi ed as polymer morphology (structure, 
porosity) and polymer composition (lengths, ionic character and hydrophilicity of 

  Fig. 11.1       Schematic diagram of a targeted multifunctional nanoparticle with therapeutic and 
imaging options that have been used for cancer detection and therapy. In reality, no more than 2–3 
modalities per nanoplatform would be used, in addition to the targeting and “cloaking” with PEG 
molecules       
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linear chains, and cross-linkers) as well as factors affecting ionization equilibrium, 
such as pH, ionic strength, nature of counterions, and buffer composition. Swelling/
deswelling of hydrogels can be engineered so as to respond to various physical, 
chemical or biochemical stimuli. Because of these properties, hydrogels are espe-
cially suitable for in vivo biomedical applications. The examples of biomedical 
applications include drug/image contrast agent delivery systems  [  13,   15,   16  ] , bio-
sensors  [  17  ]  as well as tissue engineering  [  18  ] . 

    11.2.1   Types of Hydrogel 

 Hydrogels are composed of hydrophilic polymers of natural or synthetic origins, or 
a combination of both, with or without additional cross-linkers. Table  11.1  shows 
examples of natural and synthetic polymers that have been used to prepare nanopar-
ticles for cancer applications. Natural polymers are intrinsically biodegradable, 
either via enzymes or hydrolysis, and possess a high content of functional groups, 
including hydroxyl-, amino-, and carboxyl groups. These functional groups are uti-
lized for cross-linking the polymers into hydrogels as well as for additional conju-
gation with a variety of groups, such as tumor-targeting moieties. Synthetic polymers 

   Table 11.1    Examples of polymer types used for hydrogel nanoparticles in cancer applications   

 Natural polymers  Polysaccharides 
 •  Anionic : Alginate, hyaluronan (also called hyaluronic acid or 

hyaluronate), xanthene gum 
 •  Cationic : Chitosan 
 •  Neutral  a : Pullulan, agarose, dextran, cellulose 
 Proteins/polypeptides 
 • Collagen, gelatin, albumin, polylysine, elastin-like polypeptide (ELP) b  

 Synthetic polymers  • Poly(acrylic acid) 
 • Poly(acrylamide), poly( N -isopropylacrylamide), poly(2-hydroxyethyl 

methacrylate), poly[2-( N , N -diethylammo)ethyl methacrylate] 
 • Poly(ethylene oxide) (PEO) c , poly(propylene oxide) (PPO), PEO-PPO-

PEO block copolymers (or Pluronics ® ), poly(oligo(ethylene oxide) 
monomethyl ether methacrylate) 

 • Poly(vinyl alcohol) 
 • Poly(vinyl pyrrolidone) 
 • Poly( N -vinylformamide) 
 • Poly(ethyleneimine) 
 • Poly( N -vinyl caprolactam), block copolymer of methoxy poly(ethylene 

glycol)–poly(caprolactone) 

   a  Neutral polysaccharides are sometimes modifi ed with acidic/basic moieties to change into 
anionic/cationic forms 
  b  ELP is made of Val-Pro-Gly-Xaa-Gly pentapeptide repeat (where the “guest residue” Xaa is any 
amino acid except Pro), derived from a structural motif found in mammalian elastin  [  19  ]  
  c  PEO refers to high-molecular-weight poly(ethylene glycol), typically >20,000 g/mol  
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are usually nonbiodegradable. However, degradable synthetic hydrogels can be 
made by incorporating cross-linkers or groups that are degradable by hydrolysis, by 
enzymatic digestions, or by environmental parameters such as pH.   

    11.2.2   Hydrogel Nanoparticle Preparation Methods 

 Hydrogels are prepared either by physically/chemically cross-linking of polymers, 
or by polymerization of monomers. The physical cross-linkage is based on nonco-
valent, attractive forces between the polymer chains, which include charge–charge 
(ionic) interactions, hydrophobic interactions, or hydrogen bonding. The chemical 
cross-linkage is based on covalent bonds via a cross-linking agent that is typically a 
molecule with at least two coupling or polymerizable functional moieties. Hydrogel 
nanoparticles, i.e., hydrogels in size from 10 to 1,000 nm, have been made by a 
variety of methods as listed below. 

    11.2.2.1   Reverse Microemulsion Polymerization/Gelation 

 Reverse micelles consist of water-in-oil droplets separated by surfactant-rich fi lms. 
The reverse micellar droplets are highly monodisperse, and the droplet sizes are 
usually well controlled and less than 20 nm in diameter  [  20  ] . Therefore, this method 
can produce ultrafi ne nanoparticles with narrow size distribution, in a larger amount 
as compared to the other methods described below that are based on surfactant-free 
synthesis. However, use of organic solvent and surfactants is disadvantageous. The 
size of the nanoparticles is affected by the factors responsible for interdroplet inter-
action such as interfacial rigidity of the droplets, size of the droplets, temperature, 
and concentration of the hydrophilic materials in the aqueous core of the droplets 
 [  21  ] . The nanoparticles can be produced either from polymerization of monomer 
mixtures—including both monomers for linear polymers and cross-linking mono-
mers—or from gelation of a mixture of linear polymers using either gel-inducing 
counterions (for instance, Ca 2+  for alginate) or coupling molecules such as glutaral-
dehyde and carbodiimide. Nanoparticles made of poly(acrylamide)  [  15  ] , poly(vinyl 
pyrrolidone)  [  22  ] , and their derivatives have been prepared from monomer polym-
erization, and their size is typically less than 100 nm. The cross-linker monomers 
are typically molecules with a double bond on each side, which include nonde-
gradable ones such as  N , N  ¢ -methylene- bis -acrylamide as well as biodegradable 
ones such as glycerol dimethacrylate and poly(ethylene glycol) dimethacrylate. 
The nanoparticles made from polymers through chemical cross-linking or gela-
tion are larger than those made from monomer polymerization, but their sizes are 
typically still less than 300 nm. The examples include chitosan nanoparticles 
 [  23  ] , nanoparticles based on hyaluronic acid chemically cross-linked with  a , b -
poly(aspartylhydrazide)  [  24  ] , disulfi de-linked hyaluronan nanoparticles  [  25  ] , and 
alginate nanoparticles  [  26  ] .  
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    11.2.2.2   Homogeneous Gelation in Water 

 In this approach, the gelation is generally conducted in dilute solution in order to 
prevent macroscopic gelation that leads to bulk hydrogels. The size distribution of 
the nanoparticles is usually broader than that of nanoparticles prepared from reverse 
micelle gelation, and often, aggregates are formed. 

     Ionic Gelation 

 In this method, the nanoparticles are formed in water—usually without surfac-
tants—from physical cross-linking of the polymers based on electrostatic interac-
tion, for instance, between two oppositely charged polymers or between charged 
polymers and counterions. For the nanoparticles prepared from two polymers, cat-
ionic chitosan is mixed with anions such as sodium tripolyphosphate (TPP)  [  27,   28  ]  
or polyanionic polymers that include polyelectrolytes such as poly(ethylene imine) 
(PEI)  [  29  ]  and anionic polysaccharides such as hyaluronan (a weak polyanion) or 
heparin (a strong polyanion)  [  30,   31  ] . For the nanoparticles prepared from polymers 
and counterions, alginate nanoparticles are a representative example  [  32  ] . Alginate–
chitosan composite nanoparticles were also prepared from formation of dilute alg-
inate gel with Ca 2+  ions, followed by ionic complexation with chitosan  [  33,   34  ] . The 
size of the nanoparticles is typically larger (300–600 nm) than those made by reverse 
microemulsion method. The size is affected by the molecular weight of the linear 
polymers that are used.  

     Physical Cross-Linking by Hydrophobic Association (Polymeric Micelles) 

 Amphiphilic polymers bearing hydrophobic substituents can self-assemble in water, 
by hydrophobic interactions, into nanoparticles with hydrophobic core and hydro-
philic shell. The examples of amphiphilic polymers include hydroxyethylcellulose 
modifi ed with various fatty acids  [  35  ]  and cellulose acetate derivatives  [  36  ] ; pullu-
lan modifi ed with cholesterol  [  37,   38  ] ; hyaluronan grafted with various hydropho-
bic groups such as tetradecylamine  [  39  ] , poly(lactic- co -glycolic acid) (PLGA)  [  40  ]  
or PEG-PLGA  [  41  ] ; PEG-poly(caprolactone)  [  42  ] ; poly(vinyl alcohol) (PVA) 
grafted with PLGA  [  43  ] ; PEO cross-linked with PEI  [  44  ] ; and dextran grafted with 
polylactide  [  45  ] . The nanoparticles are prepared either by simple sonication of the 
polymers in water  [  37,   38  ]  or, more often, by solvent displacement (or desolvation) 
method. In solvent displacement method, the polymers are dissolved in an organic 
solvent, and the polymer solution is subsequently emulsifi ed into an aqueous solu-
tion, often using emulsifying agents like gelatin, PVA, polysorbate 80, and 
Poloxamer® 188. The solvent is then displaced/removed either by evaporation  [  35, 
  41–  44  ]  or by dialysis  [  36,   39,   40,   45  ]  so as to produce a nanoparticle suspension. 
The size of the self-assembled nanoparticles varies with the degree of hydrophobic 
groups on the hydrophilic polysaccharide and the molecular weight of the polysac-
charide  [  46  ] . The average size ranges from 20 to 550 nm.  
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     Monomer Polymerization 

 In this method, monomers forming linear chains and cross-linking monomers are 
copolymerized in water containing surfactant but without water-immiscible organic 
solvent, unlike the reverse micelle polymerization. Nanoparticles of poly( N -isopro-
pylacrylamide) or its copolymer with poly(allylamine) or poly(acrylic acid) were 
prepared  [  47  ] . The average size of nanoparticles decreased with increasing surfac-
tant concentration (350–120 nm at room temperature)  [  47  ] . Nanoparticles of poly( N -
vinyl caprolactam) were prepared this way as well. Their size was 200 nm at 20°C 
without drugs but 360 nm when encapsulated with drugs  [  48  ] .  

     Covalent Cross-Linking of Polymers 

 In this method, polymers are chemically bound using coupling agents. As an exam-
ple, covalently linked chitosan nanoparticles of less than 100 nm in diameter (as 
measured by DLS) were prepared in surfactant-free water by covalently linking the 
amino groups of linear chitosan chains using cross-linker molecules such as PEG 
dicarboxylic acid  [  49  ]  and ethylenediaminetetraacetic dianhydride  [  50  ] . The nano-
particles’ size was affected by the molecular weight of chitosan and the ratio of 
cross-linking  [  49  ] . In addition, covalently cross-linked gelatin nanoparticles were 
prepared using glutaraldehyde, for which a water–acetone mixture was used in a 
two-step solvent displacement procedure  [  51  ] .   

    11.2.2.3   Spray Drying 

 In this method, solutions and suspensions of drugs and polymers are prepared and 
then atomized to fi ne droplets using small-diameter nozzles. The droplets from a 
nozzle were accelerated across a voltage gradient or by the presence of a hot drying 
gas fl ow and dried through evaporation during the transit in the gas fl ow. This method 
is a rapid and high throughput production of particles, which are typically in the 
micron size range. However, recently, elastin-like polypeptide nanoparticles of 300–
400 nm  [  19  ]  and albumin nanoparticles of 130 nm  [  52  ]  were prepared this way.    

    11.3   Applications of Hydrogel Nanoparticles in Cancer 
Therapy and Imaging 

 Hydrogel nanoparticles have excellent properties as a delivery vehicle for cancer 
drugs or image contrast agents due to synergistic advantages from combination of 
hydrogel properties and nanoscale size, as summarized in Table  11.2 . The optimal 
size for cancer imaging and treatment is believed to be 10–100 nm, although the 
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upper limit is still controversial. Nanoparticles with a size greater than 10 nm can 
avoid kidney clearance, resulting in prolonged and elevated levels in the blood 
stream, and those with a size smaller than 100 nm can penetrate deep into tissues 
without being trapped by the phagocytes  [  53  ] .  

 Hydrogel nanoparticles have been loaded with drugs and/or image contrast 
agents, and often with active targeting moieties for cancer therapy and imaging, 
using the methods described below. Loading of drugs/contrast agents is carried out 
during the synthesis of hydrogel nanoparticles or after the nanoparticles are formed. 
The loading mechanisms include entrapment within the matrix by steric constriction 

   Table 11.2    Advantages of hydrogel nanoparticles as a delivery vehicle for cancer drugs/image 
contrast agents   

 Properties  Origin of the properties  Resultant advantages 

 Biocompatibility 
and low toxicity 

 Properties of hydrogel matrix 
materials 

 Reduced side effects from 
drugs/contrast agents 

 High water-absorbing properties 
of hydrogel 

 Reduced unnecessary 
premature degradation of 
the drugs/contrast agents 

 High payload of drugs 
or image contrast 
agents per 
nanoparticle 

 Interaction between drugs/contrast 
agents and hydrogel matrix 

 High image contrast 
enhancement or high 
therapeutic effi ciency  Size of the nanoparticles compared 

to that of drugs/contrast agents 
 Loading of multiple 

drugs and/or image 
contrast agents 

 Interaction between drugs/contrast 
agents and hydrogel matrix 

 Image-guided therapy or 
personalized medicine 

 Size of the nanoparticles compared 
to that of drugs/contrast agents 

 Controlled release 
of drugs 

 Interaction between drugs/contrast 
agents and hydrogel matrix 

 High therapeutic effi cacy 
 Reduce systemic toxicity 

(or side effects) of drugs  Swelling/deswelling or structure 
rupturing of hydrogel in response 
to various environmental changes 
or external stimuli 

 Hydrophilicity  High water-absorbing properties of 
hydrogel 

 Injectable formulation 

 Low nonspecifi c 
protein binding 

 Properties of hydrogel matrix materials  Long plasma circulation that 
can help increase high 
tumor accumulation of the 
drugs or contrast agents 

 Surface modifi cation of nanoparticles 
with more hydrophilic segments 
or PEG 

 Effi cient targeting 
to tumor 

 Size of the nanoparticles enabling 
EPR effect 

 Nanoparticles’ surface modifi cation 
with tumor-specifi c moieties using 
functional groups of hydrogel 

 High image contrast 
enhancement or high 
therapeutic effi ciency 

 Reduced side effects 
 Reduced dose of drugs/

contrast agents 
 Biodegradation with 

safe biodegradable 
products 

 Intrinsic properties of polymers that 
constitute hydrogel or cross-linkers 
of the hydrogel 

 Bioelimination within a 
reasonable time period 
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or binding with the matrix either chemically through covalent bonds or physically 
through electrostatic interactions, hydrogen bond formation, and/or hydrophobic 
interactions. Charge or hydrophobicity of the hydrogel matrix can be engineered by 
grafting (conjugating) charged or hydrophobic groups to the hydrogel. Loading dur-
ing the synthesis may have higher loading effi ciency because both entrapment by 
steric restriction and physical/chemical interaction mechanisms are applied. 
However, harsh synthetic conditions such as use of surfactant, organic solvents, or 
radical polymerization, sometimes compromise the integrity and, consequently, 
effi ciency of the drugs/contrast agents. This compromise occurs mostly when the 
agents are made from delicate biological molecules like proteins and nucleic acids. 
Harsh conditions can sometimes also reduce the effi ciency of low-molecular-mass 
agents. When the loading is done only through physical entrapment and physical 
interactions, the loaded drugs/contrast agents may be released from the nanoparti-
cles by simple diffusion or by external stimuli if the hydrogel matrix is properly 
designed. Often, the loaded agents are released before the nanoparticles reach their 
target area in vivo, thus reducing the effi ciency of treatment and possibly resulting 
in side effects, although these side effects are greatly reduced compared to naked 
drugs/contrast agents. Postsynthesis loading by physical interactions does not cause 
chemical damage to the drugs/contrast agents, but the nanoparticles prepared by 
this method are more prone to prematurely releasing the loaded agents during 
in vivo applications. When the loading mechanism involves chemical bonding 
between the drugs/contrast agents and the nanoparticle matrix, there should be no 
leaching-related problems during systemic in vivo circulation for both cases, the 
loading during the synthesis case or postloading case. However, covalently linked 
drugs/contrast agents may reduce therapeutic/image contrast effi ciency of the origi-
nal, nonlinked agents. 

 Surface modifi cation of hydrogel nanoparticles with active targeting moieties is 
typically done by conjugation of amine or carboxyl groups available on the nano-
particles’ surface with similar functional groups available on targeting moieties 
using bifunctional cross-linking agents  [  12,   54  ] . Actively targeted nanoparticles 
were reported to have enhanced binding affi nity and specifi city over targeted molec-
ular drug and contrast agents due to the multiple numbers of targeting ligands 
packed on their surface, a “multivalency effect”  [  7,   55  ] . 

    11.3.1   Hydrogel Nanoparticles for Therapy 

 Hydrogel nanoparticles have been applied for chemotherapy, gene therapy, immu-
notherapy, photodynamic therapy, and radiotherapy. The active agents in these ther-
apies, chemical drugs, immunomodulating proteins such as cytokines, DNAs, 
antisense oligonucleotides, and siRNA, should directly interact with cancer cells 
and, consequently, should be released from the nanoparticles at the target site. 
However, release is not necessary for PDT and radiotherapy as the cytotoxic agents 
for these therapies are ROS, not the loaded drugs/agents themselves. 
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 Ideal delivery vehicles should (1) retain high dose of drugs or cytotoxic agents, 
(2) reach only tumor cells and tumor metastases and not healthy tissue, (3) release 
the drugs or cytotoxic agents only at the tumor site and not during circulation, and 
(4) be cleared from the body in a reasonable time period. Hydrogel nanoparticles 
have properties that could meet these requirements (see Table  11.2 ). Furthermore, 
some hydrogels—so-called environment-sensitive hydrogels, stimuli-sensitive gels, 
responsive gels, or smart gels—show volumetric transitions in response to external 
stimuli. These hydrogels undergo physicochemical changes upon environmental 
changes that affect the movement of water and ions into and from the hydrogel 
matrix, resulting in volumetric changes (swelling or shrinking). Because of these 
special properties, hydrogel nanoparticles enable not only time-controlled release of 
drugs by diffusion but also local burst of drugs at tumor site in response to external 
stimuli or environmental changes. The available stimuli include chemical or bio-
chemical stimuli such as pH, glucose  [  56  ] , antigen  [  57  ] , and redox agents such as 
glutathione, as well as physical stimuli including temperature  [  48,   58  ] , electric 
fi elds  [  59  ] , and light  [  60,   61  ] . Nanoparticles have been administered into the body 
by intravenous, oral, intratumoral, and intraperitoneal delivery. Figure  11.2  illus-
trates detailed mechanisms of hydrogel nanoparticle-based drug delivery after intra-
venous administration. Hydrogel nanoparticles preferentially accumulate in tumor 
cells due to their long blood circulation time, EPR effect, and surface-conjugated, 
tumor-specifi c targeting moieties. At the tumor site, the nanoparticles enter the 
cells, and the drugs are released either by diffusion or by environmental changes 
within cells. The rate of the stimuli-induced, volumetric phase transition for hydro-
gel nanoparticles is relatively fast. For instance, deswelling of thermoresponsive 
poly( N -isopropylacrylamide) (pNIPAm) hydrogel nanoparticles (100–400 nm in 
diameter) occurs on the microsecond timescale  [  63  ] .  

  Fig. 11.2    ( A ) Drug delivery pathway of intravenously injected hydrogel nanoparticles or hydrophilic 
polymer-drug conjugates. ( B ) Mechanisms of cellular uptake of nanoparticles and subsequent 
intracellular drug release. Reprinted with permission from  [  62  ]        
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    11.3.1.1   Hydrogel Nanoparticles as Drug Delivery Vehicle 
for Chemotherapy 

 A majority of applications of hydrogel nanoparticles in cancer therapy have been 
focused on chemotherapy. Recently, a hydrogel nanoparticle-based drug for the 
treatment of metastatic breast cancer, albumin-paclitaxel nanoparticle (Abraxane®), 
has been approved by the US Food and Drug Administration (FDA)  [  64  ] . Currently, 
several other nanoparticle-based drugs are in clinical trials  [  65  ] . The mechanisms 
available for controlled chemotherapy drug delivery and selective examples are 
given below. 

     Diffusional Drug Delivery 

 Diffusion plays the predominant role in drug release for hydrogel nanoparticles 
made of neutral polymers and cross-linkers that are either nondegradable or slowly 
degradable. Factors affecting diffusion-controlled drug release include concentration 
of the loaded components, osmotic effect, polymer characteristics (e.g., composition, 
fl exibility, and elasticity), and degree of cross-linking  [  14  ] . We note that, to a certain 
degree, the drug release from these nanoparticles can also be affected by environ-
mental changes. For example, neutral poly(acrylamide) hydrogels cross-linked 
with a nondegradable cross-linker, when partially hydrolyzed in a solvent such as 
an acetone–water mixture, undergo discrete and reversible volume transitions upon 
small changes in temperature, solvent composition, pH, or concentration of an 
added salt  [  59  ] . We also note that hydrogels made of neutral polymers can be con-
verted into environment-sensitive gels by using environment-sensitive, degradable 
cross-linkers or by modifying the polymer chains with weakly ionizable groups. 
Examples for this class of hydrogel nanoparticles include the nanoparticles made 
of poly(acrylamide)  [  66  ] , poly(vinyl pyrrolidone)  [  67  ] , Pluronic® F127 (PEO-
PPO-PEO triblock copolymer)  [  68  ] , block copolymer of methoxy poly(ethylene 
glycol)–poly(caprolactone) (mPEG–PCL)  [  69  ] , pullulan modifi ed with cholesterol 
 [  70  ] , and dextran  [  71  ] . These hydrogel nanoparticles have been used to deliver 
chemotherapy drugs such as cisplatin  [  66,   69  ] , bleomycin  [  67  ] , and doxorubicin 
 [  68,   70,   71  ] . Some of these nanoparticles were conjugated with active targeting 
moieties such as F3 peptide  [  66  ]  or folic acid  [  68,   70  ]  so as to enhance cellular 
binding and uptake by receptor-mediated endocytosis. These nanoparticles showed 
superior antitumor effi ciency with reduced side effects when compared to the cor-
responding free drugs. 

 Some of these nanoparticles were found to have high therapeutic effi ciency even 
in multidrug resistant (MDR) cells. Doxorubicin-loaded, self-assembled dextran 
nanoparticles (~110 nm in hydrodynamic diameter as measured by DLS) showed 
notable antiproliferative effects against human osteosarcoma cell lines, both in 
doxorubicin-sensitive (KHOS, U-2OS) and doxorubicin-resistant (KHOS 

R2
  and 

U-2OS 
R2

 ) cells  [  71  ] . Another example consists of F3-peptide-conjugated cisplatin-
loaded poly(acrylamide) (PAA) nanoparticles (F3-Cis-NPs) (20–30 nm in diameter 
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in dried state) that were used for vascular-targeted chemotherapy in both murine and 
human ovarian cancer models. The F3 peptide is known to bind to the angiogenic 
vasculature within solid tumors as well as to some tumor cells and become internal-
ized, both in cell culture systems and in vivo, by interacting with nucleolin, a cell 
surface receptor  [  72,   73  ] . It was demonstrated, using fl uorescently labeled nanopar-
ticles (Fl-NPs), that surface-conjugated F3 peptides enabled the nanoparticles to 
bind with high specifi city to both human ovarian tumor cells and tumor endothelial 
cells in vitro. The F3-Cis-NPs demonstrated cytotoxic activity against the tumor 
endothelial cells. In vivo studies with Fl-NPs showed that the F3-targeted nanopar-
ticles bound primarily to tumor endothelial cells. At 100 mg/kg dose, administered 
to mice bearing highly vascular ID8-VEGF ovarian tumors models, nontargeted 
Fl-NPs showed little tumor-specifi c uptake but were found at signifi cant levels in 
the liver and kidney. In contrast, at the same concentration, F3-Fl-NP showed sig-
nifi cant uptake in tumor vessels and some uptake within tumor parenchyma. 
Therapeutic studies were performed in both fl ank and orthotopic intraperitoneal 
(i.p.) murine ovarian tumor models, as well as in human tumor xenograft models. 
Here, F3-Cis-NPs or cisplatin together with F3-blank nanoparticles (F3-NPs) were 
administered into tumor-bearing mice by i.v. or i.p. injection, or by a combination 
of both. The results suggested that vascular exposure is the primary means of 
 therapy, as the addition of i.p. therapy, which could directly target tumor cells, had 
no added benefi t. The F3-Cis-NP treatment at a cisplatin dose of 75  m g/kg demon-
strated rapid tumor regression, while the control treatment using cisplatin together 
with F3-NPs at the dose of 150  m g/kg did not (Fig.  11.3 ). This treatment was effec-
tive in both cisplatin-sensitive and cisplatin-resistant cell lines. The therapy targeting 
a human vasculature, with F3-Cis-NP, led to near complete loss of all human tumor 
vessels in a murine model of human tumor vasculature. Moreover, minimal toxicity 
was noted with F3-Cis-NP treatment as evidenced by stable levels of blood enzymes 
and complete blood counts in the collected serum from animals 24 h after the last 
i.v. treatment.   

     Chemotherapy by Stimuli-Induced Drug Delivery 

     pH-Responsive Drug Release 

 Physiological pH varies among different organs/tissues in the body (e.g., pH 2 for 
stomach, pH 6.2–7.5 for the small intestine, pH 6.9–7.1 for brain, pH 7.2–7.6 for 
skin) as well as among cellular compartments (pH 5.0–6.8 for endosomes, 4.5–5.5 
for lysosomes, 7.2–7.4 for cytosol)  [  74,   75  ] . Moreover, most human tumors have 
been reported to be slightly more acidic than normal tissue with pH values between 
6.15 and 7.40 (the latter value representing the mean pH of arterial blood), while 
normal tissues usually have pH values between 7.0 and 7.4  [  75  ] . Therefore, pH-
responsive hydrogel nanoparticles have drawn considerable interest as controllable 
delivery systems  [  76  ] . 

 Hydrogel nanoparticles showing pH-responsive volume changes have been pre-
pared in two ways: (1) use of polymers containing weakly ionizable moieties, such 
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as amine or carboxyl groups, for example, chitosan  [  27,   28,   77–  79  ] , poly(acrylic 
acid- co -acrylamide)  [  80  ] , elastin-like polypeptide (ELP)  [  19  ] , pullulan modifi ed 
with acidic/basic moieties  [  81–  83  ] , poly[2-( N , N -diethylamino)ethyl methacrylate] 
 [  84  ] , or (2) use of pH-labile cross-linkers  [  85,   86  ] . Polymers containing basic groups 
(or cationic polymers) ionize at low pH, while polymers containing acidic groups 
(or anionic polymers) ionize at high pH, and therefore, cationic hydrogels swell at 
low pH and anionic hydrogels swell at high pH. The degree of swelling of the 
hydrogels containing these ionizable polymers depends on the degree of ionization 
and the amount of cross-linkers. For instance, poly(acrylic acid- co -acrylamide) 
hydrogel nanoparticles of 20–80 nm in diameter were prepared from radical polym-
erization of monomer mixtures of acrylamide and acrylic acid monomer and the 
nondegradable cross-linker,  N,N -methylene-bis-acrylamide (MBA)  [  80  ] . The ratio 
of acrylamide-to-acrylic acid changed both drug loading and pH-dependent drug 
release from the nanoparticles. In another study, nanoparticles consisting of a cross-
linked core of poly[2-(diethylamino)ethyl methacrylate] surface grafted with PEG 

  Fig. 11.3    Therapeutic effi cacy of F3-Cis-NP against human tumor xenografts. ( a ) A2780 cispla-
tin-sensitive tumor xenografts treated with F3-NP + cisplatin or F3-Cis-NP (1) tumor growth 
curves, (2) in vivo fl uorescent imaging. ( b ) Cisplatin-resistant SKOV3 tumor xenografts treated 
with F3-NP + cisplatin or F3-Cis-NP (1) tumor growth curves, (2) gross tumor pathology. F3-Cis-
NP-treated tumors were signifi cantly smaller and pale/avascular ( n  = 5/group in independent 
experiments). Reproduced with permission from  [  66  ]        
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(50–150 nm in average diameter) were prepared  [  87  ] . Here, control over mesh size, 
surface charge, encapsulation effi ciency, and in vitro biocompatibility was obtained 
by varying the cross-linking density. Hydrogel nanoparticles made of pH-labile 
cross-linkers also showed that the pH-dependent release rate of proteins varies with 
the amount of the cross-linkers  [  85,   87  ] . It should be noted that these pH-responsive 
hydrogel nanoparticles are usually highly charged. The charged nanoparticles have 
a much higher opsonization rate than neutral particles  [  88  ] , resulting in rapid clear-
ance by the reticuloendothelial system (RES). Additional nonionic hydrophilic 
coatings, such as PEG, may be necessary for these charged nanoparticles to become 
effi cient in in vivo applications. 

 The pH-responsive delivery has been applied for chemotherapy drugs such as 
5-fl uorouracil (5-FU)  [  27,   80  ] , doxorubicin  [  19,   77,   81,   82,   89  ] , paclitaxel  [  79  ] , 
methotrexate disodium  [  28  ] , epirubicin  [  83  ] , and cisplatin  [  78,   84  ] . For more effi -
cient, tumor-specifi c delivery, the hydrogel nanoparticles have been decorated with 
targeting moieties such as folic acid  [  83,   89  ] , hyaluronic acid  [  27  ] , and apo-transfer-
rin  [  28  ] , resulting in signifi cantly higher cellular uptake by the target tumor cells 
in vitro.  

     Redox-Responsive Drug Release 

 Disulfi de is a biodegradable group, which can be cleaved to the corresponding thiols 
by reducing agents. Hydrogel nanoparticles containing disulfi de bonds have been 
developed for preferential release of the encapsulated drugs inside the tumor cells 
by glutathione (GSH). GSH is a major intracellular reducing agent whose intracel-
lular concentration (1–10 mM) is signifi cantly higher than its extracellular concen-
trations (up to ~1,000 times)  [  90  ] . For example, hydrogel nanoparticles (~225 nm in 
diameter) made of poly[(oligo(ethylene oxide) monomethyl ether methacrylate] 
with encapsulated doxorubicin or fl uorescent dye rhodamine 6G were prepared 
 [  91  ] . Results obtained from optical fl uorescence microscope images and live/dead 
cytotoxicity assays of HeLa cancer cells suggested that the released doxorubicin 
molecules penetrated cell membranes, and therefore, could suppress the growth of 
cancer cells.  

     Temperature-Responsive Drug Release 

 Some hydrophilic polymers containing hydrophobic groups have temperature-
dependent solubility in aqueous solutions, exhibiting a cloud point (CP) or lower 
critical solution temperature (LCST). Hydrogels containing these polymers undergo 
an abrupt shrinking above the LCST, which stems from the hydrophilic–lipophilic 
balance (HLB) of polymer chains  [  74  ] . Temperature-responsive hydrogel have been 
prepared from poly( N -isopropylacrylamide) (PNIPAAm)  [  16  ] , Pluronics®  [  58  ] , and 
more recently from poly( N -vinyl caprolactam) (PVCL)  [  48,   92  ] . The degree of 
swelling/squeezing of these hydrogels was reported to depend on the cross-linking 
density and the number of ionic groups along the backbone  [  93  ] . The LCST can also 
be controlled by the composition of these hydrogels, for instance, the ratio of 
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temperature-responsive polymers and nonresponsive polymers, as shown for 
copolymeric nanoparticles of poly(methyl methacrylate- co - N -vinylcaprolactam) 
 [  92  ] . The applications of these hydrogels, however, have been mostly focused on in 
situ implants rather than on an individual nanoparticle-type delivery system, 
although a couple of such nanoparticles were designed  [  92,   93  ] . Unlike bulk hydro-
gel, the temperature of the nanoparticles will be quickly equilibrated with the body 
temperature, which is higher than the LCST of the common temperature-sensitive 
polymers (e.g., 32°C for PNIPAAm and PVCL), as soon as they are introduced. 
Therefore, nanoparticles operated on body temperature-based drug release may not 
be an effi cient systemic drug delivery system. For nanoparticles made of hydrogel 
with LCST higher than body temperature, the drug release may be initiated at the 
tumor site by external heat. However, inducing a hyperthermic condition in tumors 
may also be diffi cult unless either the tumors are located near the surface of the 
body or the nanoparticles contain additional components that could be remotely 
heated, for example, by a magnetic fi eld. Recently, hydrogel nanoparticles that can 
respond not only to temperature but also to pH or GSH have been designed for more 
effi cient drug delivery. For instance, self-assembled nanoparticles (size 40–110 nm) 
of PNIPAAm- g -pullulan with thiol end groups (sulfanylthiocarbonylsulfanyl) were 
prepared for temperature- and/or GSH-responsive drug release  [  94  ] , while poly( N , N -
diethylacrylamide- co -methacrylic acid) nanoparticles (size 130–250 nm)  [  95  ]  and 
PNIPAAm/chitosan nanoparticles (size 50–150 nm)  [  96  ]  were prepared for tem-
perature- and/or pH-responsive drug release.    

    11.3.1.2   Hydrogel Nanoparticles as Drug Delivery Vehicle 
for Gene-/Immunotherapy 

 The drugs for gene therapy or immunotherapy are biological molecules that are 
hydrophilic, unlike chemotherapy drugs. These biological molecules are highly 
charged and subject to fast degradation by serum enzymes, resulting in very low 
therapeutic effi cacy and potential side effects when administered in their “naked” 
forms. Therefore, the use of effi cient and safe delivery vehicles for these biological 
drugs is essential. 

 In case of gene therapy, the polyanionic nature of nucleic acids prevents effi cient 
transport across the anionic cell membrane. Cationic polymer-based gene delivery 
has been used due to the following two reasons  [  97  ] : (1) the electrostatic attraction 
between the cationic polymer and the oppositely charged nucleic acid contributes to 
condensing DNA into small particles, called polyplexes; and (2) cellular uptake 
ensues as a result of charge–charge interactions between the cationic polyplex and 
the anionic surface of the cells, which consequently will enhance the transfection 
effi ciency of the polyplex. Common cationic polymers include natural proteins 
(gelatin, collagen, albumin, histone, protamine), synthetic polyamino acids 
(polylysine, polyarginine), polysaccharides (cyclodextrin, chitosan), and other syn-
thetic polymers such as polyesters, polyurethanes, tetraminofullerene, polybrene, 
PEI, poly( a -(4-aminobutyl)- l -glycolic acid), and cationic dendrimers  [  97  ] . 
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However, gene delivery based on these polymers showed low transfection effi ciency 
and also toxicity. For instance, PEI, the most effi cient gene transfer polymeric vec-
tor, suffers from toxic effects such as apoptosis induction  [  98  ] . 

 Hydrogel nanoparticles have been applied to enhance transfection effi ciency by 
engineering PEG, targeting moieties, and redox-responsive cross-linkers in the 
nanoparticle constructs. Hydrogel nanoparticles made of gelatin  [  99,   100  ]  were 
used to deliver plasmid DNAs, and the nanoparticles made of dextran  [  101,   102  ] , 
hyaluronan  [  25  ] , and poly( N -isopropylmethacrylamide) (PNIPMA)  [  103  ]  were 
used for siRNA delivery. PEGylated gelatin nanoparticles with encapsulated reporter 
plasmid DNAs, encoding for  b -galactosidase (pCMV- b ), were prepared to have a 
size of ~200 nm and a slightly negative surface charge  [  100  ] . These nanoparticles 
effi ciently transfected Lewis lung carcinoma (LLC) cells in vitro, as well as in LLC-
bearing mice. The same gelatin nanoparticles were further engineered to contain 
disulfi de bonds so as to achieve preferential intracellular release of the encapsulated 
plasmid DNAs encoding for the soluble form of the extracellular domain of the 
vascular endothelial growth factor receptor-1 (VEGF-R1 or sFlt-1)  [  99  ] . The 
PEGylated nanoparticles (~300 nm in diameter) induced a higher level of sFlt-1 
expression, compared to the unmodifi ed nanoparticles, in the MDA-MB-435 human 
breast adenocarcinoma cell line in vitro, as well as in female Nu/Nu mice bearing 
orthotopic MDA-MB-435 breast adenocarcinoma xenografts. PEGylated dextran 
nanoparticles (100–180 nm in diameter) were used to deliver siRNA to silence 
either multidrug resistance 1 (MDR-1)  [  101  ]  or epidermal growth factor receptor 
(EGFR) genes  [  102  ] , so as to enhance the chemotherapy drugs’ effi ciency inside 
multidrug resistant cancer cells. The nanoparticles caused a signifi cant knockdown 
of these genes in osteosarcoma cell lines (KHOS 

R2
  and U-2OS 

R2
 )  [  101  ]  and in the 

human hepatoma cell line (HuH-7 EGFP)  [  102  ] . Targeted intracellular delivery of 
siRNA, to silence EGFR genes, was also tried using nanoparticles made of PNIPMA 
and surface-conjugated YSA peptides (~100 nm in diameter)  [  103  ]  and nanoparti-
cles made of hyaluronan and disulfi de linkages (200–500 nm in diameter)  [  25  ] . The 
YSA peptide (YSAYPDSVPMMS), a 12-amino acid peptide, mimics the ligand 
ephrin-A1, which binds to the erythropoietin-producing hepatocellular (Eph) A2 
receptor that is overexpressed in the neovasculature and in a number of tumor cells, 
including Hey cells  [  103  ] . Hyaluronan is one of the main components of the extra-
cellular matrix, and the hyaluronan receptor CD44 is overexpressed in many types 
of tumor cells, including colorectal carcinoma (HCT-116)  [  104,   105  ] . Therefore, it 
can serve not only as a hydrogel matrix but also as an active targeting moiety. These 
actively targeted nanoparticles were readily taken up by the specifi c tumor cells that 
overexpress these receptors. For instance, two ovarian cancer cells, Hey cells 
(EphA2 positive) and SK-OV-3 cells (EphA2 negative), were treated with siRNA-
loaded, YSA-targeted PNIPMA nanoparticles  [  103  ] . The Hey cells showed 
decreased EGFR expression levels and signifi cantly increased the sensitivity to doc-
etaxel, while SK-OV-3 cells did not. 

 Hydrogel nanoparticles have also been used for delivering proteins for tumor 
vaccine/immunotherapy. The nanoparticles were prepared from poly(acrylamide) 
(35 nm and 3.5  m m)  [  106  ] , poly(2-( N , N -diethylammo)ethyl methacrylate) deriva-
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tives (50–200 nm)  [  107,   108  ]  and cholesterol-bearing hydrophobicized pullulan 
(CHP) (30–40 nm)  [  109–  111  ] . The types of delivered protein include protein anti-
gens such as NY-ESO-1 protein  [  109,   110  ] , model protein antigens such as ovalbu-
min  [  85,   106  ]  and albumin  [  107  ] , lysozyme  [  108  ] , and cytokines such as IL-12. 
Currently, one of these hydrogel nanoparticles, CHP nanoparticles containing 
NY-ESO-1, is in clinical trials, showing that vaccination with the nanoparticles had 
potent activity for inducing tumoral immune responses against the NY-ESO-1 anti-
gen in cancer patients  [  110  ] . The release mechanisms of these proteins were either 
diffusional  [  109–  111  ]  or pH-sensitive  [  85,   106–  108  ] . One controversial fi nding was 
reported in T-cell activation studies with antigen-loaded poly(acrylamide) (PAA) 
nanoparticles of two different sizes, 35 nm and 3.5  m m  [  106  ] . The in vivo tests of 
T-cell activation demonstrated that for the pH-labile PAA hydrogel carrier system 
particle size does not appear to play a signifi cant role in the generation of cytotoxic 
T-lymphocyte (CTL) immune responses, which is contrary to previous reports in the 
literature.  

    11.3.1.3   Hydrogel Nanoparticles for Photodynamic Therapy (PDT) 

 PDT is a light-stimulated, localized therapy where light activates PDT drugs to react 
with the surrounding oxygen, producing ROS, mainly singlet oxygen. Note that the 
release of PDT drugs from the nanoparticle matrix is not necessary for PDT, as the 
major role of the PDT drugs is not to directly kill cancer cells but to produce ROS. 
Consequently, PDT drugs have been loaded into nanoparticles not only by physical 
entrapment, as for chemotherapy drugs, but also by nondegradable covalent linkage. 
Both loading methods have advantages and disadvantages for PDT. The covalent 
linkage has advantages in better controlling the drug loading, its distribution and 
retention, resulting in higher singlet oxygen production (i.e., PDT effi ciency) per 
nanoparticle  [  54  ] . Most photosensitizers easily form dimers or aggregates, and usu-
ally, these structures have very low or no PDT effi ciency  [  112,   113  ] . The covalent 
linkage can prevent dimer formation as individual photosensitizer moieties are sep-
arately conjugated to the nanoparticle matrix, and therefore, can be well separated, 
thus maximizing the singlet oxygen production from each nanoparticle  [  54  ] . On the 
other hand, the covalently linked photosensitizers may have reduced PDT effi ciency 
compared to free photosensitizer. Moreover, the nanoparticles do not generally enter 
specifi c subcellular organelles, such as the mitochondria  [  114  ] , while molecular 
PDT drugs do. These two factors may lead to reduced PDT effi ciency. The physical 
encapsulation method has advantages and disadvantages in a way opposite to the 
covalent linkage method. The singlet oxygen production per nanoparticle may be 
low due to dimer formation or due to drug leaching out of the nanoparticle matrix 
before the nanoparticles reach the tumors. However, the PDT drug can be released 
from the nanoparticles inside cells and enter specifi c subcellular organelles. 
Hydrogel nanoparticles used for PDT have been made of poly(acrylamide)  [  10,   11, 
  54,   115–  118  ] , cross-linked albumin  [  119,   120  ] , marine atelocollagen/xanthene gum 
 [  121  ] , and alginate  [  26,   122  ] . 
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 So far, PAA nanoparticles are the most intensely studied hydrogel nanoparticles 
for PDT. The size of the PAA nanoparticles is typically in the range of 30–70 nm in 
diameter  [  8 – 12 ,  54,   115 – 117 ,  124  ] , but ultrafi ne PAA nanoparticles (2–3 nm in 
diameter) have also been used  [  118  ] . PAA nanoparticles have been loaded with 
methylene blue  [  54,   115,   116  ] ,  meta -tetra(hydroxyphenyl)chlorin (mTHPC)  [  118  ] , 
Photofrin  [  10–  12  ] , and the two-photon absorption photosensitizer, 5,10, 
15,20-tetrakis(1-methyl 4-pyridinio) porphyrin tetra(p-toluenesulfonate) (TMPyP) 
 [  117  ] . It was demonstrated that the photodynamic activity of the loaded PDT drugs 
is well preserved within the inert PAA matrix, even for photosensitizers like meth-
ylene blue that can be degraded by plasma enzymes  [  123  ]  and signifi cantly lose its 
therapeutic effi cacy following systemic administration  [  115  ] . These PAA nanopar-
ticles have shown an effective photodynamic activity in cancer cells such as 9L 
glioma, C6 glioma, F98, and MBA-MD-435 cells. Moreover, F3 peptides have been 
conjugated to the surfaces of PAA nanoparticles with encapsulated Photofrin  [  12  ]  
and those with covalently linked methylene blue  [  54  ] , to selectively kill the target 
tumor cells in vitro  [  12,   54  ]  as well as in vivo  [  12  ] . 

 Other noteworthy hydrogel PDT nanoparticles are alginate nanoparticles that 
were used for a combination therapy of PDT and chemotherapy. Alginate nanopar-
ticles (62 nm in diameter by DLS), containing both methylene blue and doxorubi-
cin, as well as other control alginate nanoparticles, containing either only methylene 
blue or only doxorubicin or nothing, were prepared and used to treat one of the 
multidrug resistant tumor cells, NCI/ADR-RES cells  [  122  ] . All the control nano-
particles, except the nanoparticles containing only methylene blue, did not induce 
cytotoxicity. However, the nanoparticles containing both drugs induced enhanced 
nuclear accumulation of both drugs, resulting in signifi cantly elevated ROS pro-
duction upon light exposure compared to the nanoparticles containing only meth-
ylene blue. Cytotoxicity was enhanced in the presence of methylene blue, even 
without light exposure. This observation suggests that nanoparticle-mediated com-
bination of PDT and chemotherapy can lead to improved cytotoxicity in drug-
resistant tumor cells.  

    11.3.1.4   Hydrogel Nanoparticles for Radiation Therapy 

 Hydrogel nanoparticles have been utilized as a carrier of radiosensitizers or radio-
nuclides. PAA nanoparticles with covalently linked mitomycin C (MMC), a radio-
sensitizer, were prepared to serve as a nanoparticle-based radiosensitizer  [  124  ] . The 
in vitro tests—48 h incubation of free MMC or MMC nanoparticles with 9L gliosar-
coma cells, followed by 10 Gy X-ray irradiation—showed that MMC nanoparticles 
retained the radiosensitizing activity of MMC but signifi cantly reduced the toxicity of 
MMC. For radionuclide-containing hydrogel nanoparticles, rhenium-188-labeled pul-
lulan acetate nanoparticles (60–230 nm in diameter)  [  125  ]  and iodine-131-labeled 
albumin nanoparticles  [  126  ]  have been reported. The pullulan acetate nanoparticles 
had a tendency to aggregate in biological solutions of high ionic strength, and there-
fore, were able to accumulate in the tumor effi ciently after intratumoral injection 
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into mice bearing CT-26 colon cancer. The nanoparticle treatment inhibited tumor 
growth signifi cantly, compared to the free radioisotope treatment. The albumin 
nanoparticles were conjugated with fi brinogen, a native ligand containing two RGD 
peptides, in order to target the  a  

2b
  b  

3
  integrin, a receptor within the tumor vascula-

ture. Interestingly, radiation was used to induce the  a  
2b

  b  
3
  integrin expression in the 

tumor vasculature, and therefore, to guide the fi brinogen-conjugated nanoparticles 
to the receptor. Administration of the targeted nanoparticles in combination with 
radiation resulted in signifi cantly increased tumor regression and growth delay in 
mice bearing murine B16F0 melanoma, as compared to tumors treated with other 
controls, i.e., nontargeted nanoparticles with radiation, radiation alone, and targeted 
or nontargeted nanoparticles without radiation.   

    11.3.2   Hydrogel Nanoparticles for Imaging: Diagnosis 
and Tumor Delineation for Surgery 

 Current modalities of cancer imaging rely on contrast agents mostly made of small 
molecules that are not specifi c to the tumor and have short plasma circulation times. 
Because of these shortcomings, imaging techniques have played only a supplemen-
tary role to invasive biopsies in cancer diagnosis. Hydrogel nanoparticles have a 
high potential to improve the tumor specifi city and sensitivities of these imaging 
modalities so that they can serve as noninvasive diagnostic tools due to their intrin-
sic and engineerable excellent properties (see Table  11.2 ). The ultimate goal in this 
enterprise would be to obviate the need for biopsies. 

 Hydrogel nanoparticles have been prepared for several cancer imaging modali-
ties. For instance, hydrogel nanoparticles were loaded with iron oxide  [  10–  12,   127  ]  
or gadolinium chelate  [  9,   128  ]  for MRI, technetium-99m ( 99m Tc) for SPECT or pla-
nar scintigraphy  [  129  ] , and  64 Cu for PET  [  130,   131  ] . The hydrogel nanoparticle-
based contrast agents achieved increased blood circulation time, selective tumor 
targeting, and a signifi cantly enhanced signal, demonstrating a high promise for 
sensitive, tumor-specifi c imaging. For instance, superparamagnetic iron oxide 
(SPIO) nanocrystals (~10 nm in diameter) were encapsulated in PAA hydrogel 
nanoparticles (~30–70 nm in diameter). These SPIO–PAA nanoparticles showed 
very high R2 and R2* relaxivities, approximately fi vefold greater than other SPIOs 
due to their high payload of SPIO  [  127  ] . Moreover, control of plasma half-life with 
surface-conjugated PEG of different lengths  [  127  ] , and selective tumor targeting 
with surface-conjugated F3 peptides  [  12  ]  was observed in in vivo MRI studies of 
brain tumors in a rat 9L gliosarcoma model. A similarly enhanced outcome for PET 
was observed with  64 Cu-radiolabeled shell-cross-linked hydrogel nanoparticles 
made of polystyrene (PS) and poly(acrylic acid) (PAAc) block copolymers, grafted 
with a copper-chelating agent, a lysine derivative of 1,4,7,10-tetraazocyclododecane-
 N , N  ¢ , N  ″, N ″′-tetraacetic acid (DOTA) (DOTAlysine)  [  130,   131  ] . These nanoparticles 
showed impressive specifi c activities (ca. 400  m Ci/ m g). Furthermore, biodistribution 
experiments and PET images demonstrated that the blood retention of PEGylated 
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nanoparticles could be tuned, depending on the mPEG grafting density and the 
nanoparticle surface properties  [  131  ] . 

 Hydrogel nanoparticles were also utilized to prepare a color contrast agent for 
tumor delineation so as to perform visible, color-guided surgery under normal oper-
ating room lighting condition  [  132,   133  ] . The PAA nanoparticles were loaded with 
coomassie blue dye and conjugated with F3 peptides to solve the limitations of 
“naked” dye delineation, i.e., the dyes’ lack of specifi city and the inability to con-
centrate an adequate quantity of dye within tumor cells to achieve visual satisfac-
tory contrast. In vitro tests showed that F3-targeted nanoparticles induced ~5 times 
faster and higher color contrast in 9L gliosarcoma cells (a high nucleolin expressing 
cell) than nontargeted nanoparticles  [  132  ] . In vivo tests in a rat cranial window 
model with implanted 9L gliosarcoma showed that the tumor delineation by the 
F3-targeted nanoparticles was quite persistent and increased even at 6 h after tail 
vein administration, while the tumor delineation by free coomassie blue dye started 
to diminish after 40 min and almost disappeared at 6-h postadministration  [  133  ] .  

    11.3.3   Multifunctional Hydrogel Nanoparticles 
for Image-Guided Therapy 

 When imaging contrast agents are combined with drugs, the distribution of drugs 
and drug dose delivered to diseased tissues can be quantifi ed, and therefore, thera-
peutic response can be predicted. Such combination can be effi ciently realized with 
nanoparticles. The nanoparticles can be loaded with high payloads of the two agents 
and delivered selectively to the tumor by passive or active targeting mechanisms, 
thus enabling image-guided therapy. Due to hydrogel characteristics, hydrogel 
nanoparticles have a high potential for this integrated imaging and therapy. Hydrogel 
nanoparticles have been prepared to accommodate the following combinations: 
chemotherapy with fl uorescent imaging  [  134,   135  ] , PDT with MRI  [  9–  12  ] , and 
PDT with nuclear imaging  [  136  ] . 

 The combination of chemotherapy and fl uorescence imaging was realized in 
two different polysaccharide nanoparticle platforms: hydroxypropylcellulose-
poly(acrylic acid) (HPC-PAAc)  [  134  ]  and glycol-chitosan nanoparticles  [  135  ] . The 
HPC-PAAc nanoparticles (100–150 nm in diameter) are responsive to two environ-
mental stimuli, pH through PAAc and temperature through HPC (LCST 41°C). 
CdSe quantum dots (QD), which have two emission peaks, at 592 and 741 nm, can 
be utilized as a fl uorescent imaging contrast agent. These QD were in situ immobi-
lized within the HPC-PAAc nanoparticles, based on ionic interaction between the 
precursor Cd 2+  ions and the OH groups of the HPC chains. Temozolomide, an anti-
cancer drug, was postloaded into HPC-PAAc nanoparticles for chemotherapy. The 
developed nanoparticles showed a pH-dependent drug release rate and pH-sensitive 
photoluminescence (741 nm), demonstrating pH-triggered sustained drug release 
and their potential use as a pH sensor. The blank nanoparticles were nontoxic, but 
the drug-loaded nanoparticles showed cytotoxicity in mouse melanoma B16F10 
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cells, which increased with drug loading. Photoluminescence at 592 nm, an emission 
relatively insensitive to pH, was used for imaging of B16F10 cells, demonstrating 
the nanoparticles’ imaging ability. Another example is self-assembled nanoparticles 
made of glycol chitosan bearing hydrophobic cholanic acid moieties  [  135  ] . Cisplatin 
was loaded as a chemotherapy drug, and a near-infrared fl uorescence dye, Cy5.5, 
was loaded as a fl uorescent imaging component. These nanoparticles were 300–
500 nm in diameter and released the drugs in a sustained manner. In vivo fl uores-
cence imaging in mice bearing squamous cell carcinoma (SCC7) showed that the 
nanoparticles successfully accumulated in tumor tissues, probably by the EPR 
effect. The nanoparticles showed higher antitumor effi cacy and lower toxicity than 
free cisplatin, as shown by changes in tumor volume, body weight, and survival 
rate, as well as by immunohistological TUNEL assay data. 

 The fi rst suggested examples of a multifunctional hydrogel nanoparticles for 
combination of imaging and therapy, i.e., the combinations of PDT and MRI or 
PDT and fl uorescence, have been based on PAA nanoparticles as the nanoplatform 
 [  8–  12  ] . These nanoparticles combined (1) MRI contrast enhancement by an encap-
sulated contrast agent (iron oxide or gadolinium chelate), (2) PDT by an encapsu-
lated PDT dye (Photofrin®), (3) plasma residence time control via surface-attached 
PEG, and (4) specifi c targeting to tumor sites by targeting units (RGD or F3 pep-
tide). In vivo MRI studies in a rat 9L gliosarcoma model showed signifi cant MRI 
contrast enhancement with F3-targeted nanoparticles (F3-NPs), compared to con-
trols (nontargeted nanoparticles and blank nanoparticles)  [  12  ] . In vivo PDT studies 
demonstrated that the presence of surface-conjugated F3 peptides signifi cantly 
enhanced the PDT effi ciency, according to therapeutic activity evaluations by 
Kaplan–Meier survival statistics and diffusion MRI  [  12  ]  (see Fig.  11.4 ). Note that 
in diffusion MRI, the apparent diffusion coeffi cients (ADC) of water within tissues 
are evaluated, and the increase in ADC within the tumor tissue corresponds to a loss 
of tumor cellularity. A single tail-vein injection of tumor-bearing rats with F3-NPs, 
followed by 7.5 min of red light irradiation through an inserted optical fi ber, showed 
signifi cant improvement in survival rate and in the tumor ADC compared to four 
different sets of control rats: (1) those that received the same light treatment but with 
nontargeted nanoparticles or (2) with Photofrin, (3) those that only received the 
light treatment, and (4) those that received no treatment.  

 For PDT and nuclear imaging, albumin nanoparticles (100–200 nm in diameter) 
were linked with a PDT drug, hematoporphyrin (HP), which was labeled with gamma-
emitting nuclides ( 99m Tc) for scintigraphic imaging  [  136  ] . It was found that the PDT 
effi ciency of the nanoparticles was dependent on the HP content per nanoparticles 
when tested in A549 cells. In vitro cellular uptake studies using fl uorescently labeled 
albumin nanoparticles showed enhanced accumulation of the HP-albumin nanopar-
ticles in A549 and CT-26 cancer cell lines as compared to albumin nanoparticles, 
indicating HP may serve as an active targeting moiety. The nanoparticles also showed 
increased in vivo tumor accumulation in a CT-26 murine metastatic lung cancer 
model compared to the free HP drugs. The in vivo scintigraphic imaging of rabbits, 
administered with the nanoparticles, showed ~15-fold extended biological half-life 
for  99m Tc-HP-albumin nanoparticles compared to free  99m Tc-HP.   
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    11.4   Future Perspective 

 Applications of hydrogel nanoparticles in cancer therapy and imaging have been 
successful in enhancing therapeutic effi ciency and image contrast. Moreover, mul-
tifunctional hydrogel nanoparticles, combining therapeutic agents, imaging contrast 
agents, and specifi c targeting, all in a single nanoplatform, have already demon-
strated the high promise of a new paradigm for cancer treatment, i.e., image-guided 
therapy that enables individualized (personal) detection, treatment, and monitoring 
of therapy. Looking ahead, continued research efforts should progress toward fur-
ther improvement in existing issues such as (1) tumor targeting, (2) retention time of 
drugs/contrast agents in tumor tissue, (3) tumor-specifi c drug release, and (4) image-
guided therapy. Challenges on these issues include fi nding cancer biomarkers with 

  Fig. 11.4     Top : ADC color diffusion maps overlaid on top of T2-weighted MR images. ( c ) 
Nontreated control, ( d ) laser only treated, ( e ) Photofrin and laser treated, ( f ) nontargeted Photofrin 
nanoparticles and laser treated, and ( g ) targeted Photofrin/F3-NPs laser treated 9L tumors, all at 
8-days postlaser treatment (7.5 min  red light ). ( h ) Targeted Photofrin/F3-NPs laser treated tumor 
at 40-day posttreatment.  Bottom left : Mean peak percentage change in tumor ADC at day 8 after 
PDT.  Bottom right : Kaplan–Meier survival plot. Note: None of the control rats survived to be 
tested after 20 days. Reproduced with permission from  [  12  ]        
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higher specifi city, improving the effi ciency of delivery to target tumor cells or 
subcellular organelles in combination with optimal drug release-triggering methods, 
and fi nding ways to cross the blood–brain barrier (especially for tumors related with 
the central nervous system). Research efforts should also involve the challenging 
issues of nanoparticle clearance and toxicity in order to progress toward clinical 
applications. For instance, the addition of PEG to the nanoparticle surface can pre-
vent opsonization and increase plasma circulation time, but in turn, it delays sys-
temic clearance of the nanoparticles, thereby potentially increasing the risks from 
toxicity. There has been confl icting evidence and a lack of details regarding the 
working mechanism of PEG, based on results from various animal models  [  88  ] . 
Further research efforts to understand the controlling mechanisms stemming from 
particle characteristics (size, geometry, coating), blood contact, and bioelimination 
responses are required before nanoparticles can be used in clinical practice.  

    11.5   Conclusions 

 Hydrogel nanoparticles, made of diverse natural and synthetic hydrophilic polymers, 
have all the right properties for becoming tumor-specifi c carriers of drugs and imag-
ing contrast agents. Hydrogel nanoparticles have been prepared for various thera-
peutic modalities (chemo-, gene, immnuno-, photodynamic, and radiation therapy), 
and imaging modalities (MRI, nuclear, fl uorescence, and visual delineation). They 
have high payloads of drug/contrast agents per nanoparticle, controllable release 
characteristics, and the ability of active/passive targeting. Consequently, hydrogel 
nanoparticles show superior antitumor therapeutic effi ciency and reduced side 
effects when compared to the free drugs. They induce high therapeutic effi cacy even 
in multidrug resistant cells, while generally causing reduced systemic toxicity. 
Hydrogel nanoparticles also enable signifi cantly enhanced tumor imaging contrast. 
Importantly, hydrogel nanoparticles have demonstrated their potential for a relatively 
straightforward construction of nanodevices for image-guided therapy; the latter may 
revolutionize medicine. Because of these highly promising research outcomes and 
future perspectives, hydrogel-based nanoparticles are expected to play an important 
role in cancer diagnosis and therapy, already in the near future.      
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           12.1   Introduction 

 Cancer has surpassed cardiovascular diseases as the leading cause of deaths among 
men and women under 85 years of age. In the United States alone, a total of 1.5 
million new cancer cases and over half a million deaths are expected in 2010  [  1  ] . 
Current cancer treatments include surgical resection, radiation therapy, and chemo-
therapy. Recent progress in cancer diagnosis and treatments has resulted in decreased 
mortality rates in the past few years. However, despite many exciting advances, 
most current therapeutic modalities still lack specifi city and are further limited by 
undesirable toxic side effects as well as high rates of tumor recurrence. 

 Nanotechnology has the potential to offer paradigm-shifting solutions to improve 
the outcome of cancer diagnosis and therapy  [  2,   3  ] . Nanoscale therapeutic and diag-
nostic agents (10–100 nm in diameter) provide unique pharmacological properties 
such as prolonged blood circulation times and reduced systemic toxicity compared 
to traditional formulations  [  4  ] . They offer high payloads of anticancer drugs and 
diagnostic agents, effi cient cell uptake, and passive/active targeting at tumor sites. 
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Moreover, recent advances in molecular imaging have made possible a number of 
imaging tools to study and characterize biological events in cancer cells and tumors 
at molecular levels. In addition to their therapeutic applications, nanoscale formula-
tions have also been heavily explored as potential molecular imaging agents. 
Combination of both therapeutic and diagnostic capabilities into one nanoscale par-
ticulate has inspired a novel concept of “theranostics,” in which the research is 
focused on development of new multifunctional nanoparticles for diagnosis and 
treatment of diseases  [  5–  17  ] . Compared to traditional formulations of drugs and 
imaging agents, theranostic nanomedicines combine diagnostic and therapeutic moi-
eties into one entity. The unique physical and chemical properties of the nanoscale 
formulations also allow for an attachment of an antifouling layer and disease- specifi c 
ligands for homing purposes. Different chemistries can be carried out to achieve 
additional functionalities, such as responsiveness to heat and acidic conditions. 
More in-depth reviews on these discoveries have been discussed elsewhere  [  18–  22  ] . 
To date, a number of different nanoscale systems have been proposed and investi-
gated as theranostic agents for the detection and treatment of cancer, atherosclerosis, 
and many other diseases  [  23–  35  ] . Commonly studied nanosystems include, but are 
not limited to, polymeric micelles, liposomes, dendrimers, inorganic particles, and 
polymer–drug conjugates. Among them, polymeric micelles have been extensively 
investigated as a complementary and unique nanotherapeutic system for cancer 
diagnosis and treatment due to their excellent biocompatibility, prolonged circula-
tion times, and facile chemical functionalization. In this chapter, we review recent 
advances in the development of theranostic polymeric micelles for cancer imaging 
and therapeutic applications. First, an overview of theranostic nanomedicine for 
cancer diagnosis and treatment will be given, followed by a discussion of polymeric 
micellar formulations and their properties. Finally, several representative examples 
of reported theranostic micelles for cancer applications will be presented.  

    12.2   Theranostic Nanomedicine 

    12.2.1   What Is Theranostic Nanomedicine? 

 Cancer is a highly heterogeneous disease, including multiple cell phenotypes in a 
single tumor. This heterogeneity is further complicated by the complex tumor 
microenvironment consisting of tumor microvasculature, extracellular matrix, and 
infi ltrating infl ammatory cells whose compositions change over time and space. 
This biological complexity leads to ineffective treatments as cancer cells can evade 
monotherapies, develop adaptive resistance in response to treatments, and grow and 
reconstitute more tumor tissues in the body. The traditional “one-size-fi ts-all” anti-
cancer drugs often fail to generate highly effective treatment outcomes, eventually 
leading to resistance. A shift in treatment regimens is usually required to increase 
therapeutic effi cacy and circumvent such “induced” resistance. On the other hand, 
severe side effects resulting from the toxicity of anticancer drugs are also a major 
drawback of traditional therapeutic formulations. 
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 “Theranostics” was originally used as a term to describe the process of diagnostic 
therapy for individual patients, testing them for possible reactions to new medication 
and tailoring the treatment in response to the test results  [  36  ] . Rapid progress in nano-
technology has allowed for the development of highly integrated systems with incor-
porated imaging and therapeutic functionalities. The integrated diagnostic and 
imaging functions can potentially allow for image-guided therapy of tumors, where 
the diagnostic function can theoretically allow for non-invasive imaging of drug tar-
geting, controlled release of anticancer drugs in tumor tissues, and posttherapy assess-
ment of drug effi cacy. This functional integration can potentially address the 
limitations of tumor heterogeneity and adaptive resistance by providing well-informed 
design of therapeutic regimen to achieve “personalized medicine” of cancer.  

    12.2.2   Cancer Targets 

 It is widely accepted that nanomedicine can take advantage of the leaky tumor ves-
sels described as the enhanced permeability and retention (EPR) effect to extravasate 
into tumor tissues  [  37  ] . The accumulated nanoparticles can release their drug pay-
load within the vicinity of tumor cells, which, in turn, reduces toxicity to healthy 
tissues. However, such passive targeting strategies often lack specifi city, and their 
effi ciencies are highly dependent on the tumor leakiness, which can be highly vari-
able among tumors or even within the same tumor type  [  38  ] . Moreover, cancer cells 
can still develop resistance through systems like multiple-drug resistance (MDR) 
 [  39  ] . In an attempt to overcome these limitations, a series of novel cancer-specifi c 
targets have been investigated using a number of ligands reported to bind to tumor-
specifi c targets with high specifi city and affi nity  [  40–  43  ] . The availability of target-
ing ligands prompted an intense research effort to develop nanoparticles conjugated 
with the ligands for tumor-targeted delivery of nanomedicines  [  44  ] . The incorpora-
tion of targeting ligands allows for specifi c binding of nanoparticles to cancer cells 
or tumor endothelia within tumor tissues, which can be internalized into cells before 
the delivered drug payload is released. 

 Targeting ligands with high affi nity and specifi city are generally identifi ed 
through mass screening of compounds or phage libraries. The ligands are commonly 
antibodies, small organic molecules, peptides, or aptamers. For targeted nanomedi-
cine, known targeting ligands with well-characterized binding specifi cities and 
affi nities are often chosen for developing cancer-targeted theranostic nanomedi-
cines. For example, Torchilin et al. conjugated the monoclonal antibody (mAb) 2C5 
to the corona of  p -nitrophenylcarbonyl poly(ethylene oxide)-phosphatidyletha-
nolamine ( p NP-PEO-PE) micelles  [  45  ] . Compared to micelles without 2C5 or free 
drugs, the targeted, paclitaxel (PTX)-loaded micelles exhibited a superior binding 
ability to human breast cancer MCF-7 cells in vitro  [  46  ] .  111 In-labeled 2C5-encoded 
micelles also showed signifi cantly higher accumulation in Lewis lung carcinoma 
(LLC) tumors compared to unlabelled micelles in vivo. Park and coworkers func-
tionalized doxorubicin (DOX)-containing poly(ethylene glycol)-poly(lactic- co - 
glycolic acid) (PEG-PLGA) micelles with folic acid and were able to show 
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signifi cantly increased uptake and cytotoxicity in KB cancer cells that express folate 
receptors. DOX was found to be more effi cacious against KB cells in both in vitro 
and in vivo studies when delivered by folate-conjugated DOX micelles compared to 
unmodifi ed micelles  [  43  ] . Our research group conjugated cyclic (Arg-Gly-Asp-D-
Phe-Lys) (cRGDfK) peptide to the surface of PEG-poly( l -lactic acid) (PEG-PLA) 
micelles by thiol–maleimide linkage and investigated the targeting effi ciency of 
angiogenic tumors overexpressing   a   

v
   b   

3
  integrins. Confocal laser scanning micros-

copy showed 30-fold higher accumulation of cRGDfK-encoded micelles compared 
to unmodifi ed micelles  [  47  ] . 

 Results from several research groups discussed above suggested that cancer-
specifi c nanomedicines help improve the effi ciency of delivering anticancer drugs, 
with increased compound accumulation at tumor sites compared to control nanopar-
ticles lacking targeting ligands. This observation confi rms the tremendous potential 
of cancer-targeted nanomedicines for cancer treatments in the future.  

    12.2.3   Cancer Molecular Imaging 

 Molecular and cellular imaging has become an important tool in cancer drug discov-
ery and development  [  48–  50  ] . With a number of available molecular imaging 
modalities, biological events in cancer cells can be visualized and characterized  [  48, 
  51–  53  ] . It is highly desirable that such imaging functionality be incorporated in 
nanoparticles containing a highly potent anticancer drug. The imaging functional-
ities of nanoparticles allow for the detection of tumor tissue, as well as monitoring 
the treatment effi ciency of the nanoparticles. A variety of non-invasive imaging 
modalities, including magnetic resonance imaging (MRI), positron emission tomog-
raphy (PET), computed tomography (CT), ultrasound, and optical imaging, have 
been widely utilized in the development of theranostic nanomedicine. These molec-
ular imaging systems offer the opportunity to visualize and locate tumor tissue in the 
body, while simultaneously characterizing the molecular information in the tumor 
such as expression and activity of particular molecules, cells that infl uence tumors, 
and responses to therapeutic drugs. Chen and coworkers reported peptide-labeled 
quantum dots (QD) for in vivo targeting and imaging of tumor vasculature  [  54  ] . 
A near-infrared (NIR) QD705 was conjugated with c(RGDyK) that can target   a   

v
   b   

3
  

integrin expression in the tumor microvasculature. U87MG glioblastoma tumors in 
mice were detected by fl uorescence imaging, with maximum intensity achieved 6 h 
after an i.v. administration of QD705-RGD into the mice. The fl uorescence intensity 
of tumors treated with targeted quantum dots was excellent compared to tumors 
treated with quantum dots lacking targeting ligands. This approach provided a pow-
erful NIR fl uorescence (NIRF) probe for non-invasive detection of tumor vascula-
ture in vivo by optical imaging. In another study, Li et al. reported a chelator-free 
[ 64 Cu]-CuS nanoparticle as an effi cient radiotracer for both PET imaging and photo-
thermal ablation of tumors  [  55  ] . PEG- or citrate-coated [ 64 Cu]-CuS nanoparticles 
(~11 nm in diameter) showed excellent tumor accumulation through the EPR effect 
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as confi rmed by PET imaging. The destruction of tumors was achieved by NIR laser 
irradiation (   l    = 808 nm) of U87 tumor tissue in mice, injected intratumorally or 
intravenously with CuS nanoparticles. These theranostic nanoprobes provide poten-
tial applications for both PET imaging and photothermal therapy.  

    12.2.4   Current Nanomedicine Platforms 

 There are several different types of nanoparticles being studied as cancer theranos-
tic nanomedicines. Polymer conjugates and dendrimers require functionalizable 
chemical groups on the drug or imaging agents so that drugs or imaging agents can 
be conjugated to the carriers  [  56  ] . Functional groups that can undergo facile chemi-
cal transformations, such as acid-labile or enzyme-degradable groups, are generally 
desirable for the conjugation of anticancer drugs because these groups can preferen-
tially be cleaved at tumor sites for drug release  [  57  ] . The relatively small size of 
polymer conjugates and dendrimers, however, leads to short circulation times com-
pared to other types of nanoparticles. With average sizes of <10 nm, polymer con-
jugates and dendrimers can cross the glomerular basement membrane and are 
cleared through the kidneys  [  39  ] . Liposomes, on the other hand, have considerably 
prolonged blood circulation times, and therefore, effective passive targeting to 
tumors through the EPR effect. Liposomes are usually used as carriers for hydro-
philic therapeutics such as DNA, protein, and water-soluble drugs, as the core of 
liposomes is hydrophilic in nature. Although hydrophobic agents can be encapsu-
lated within the lipid bilayer membranes of liposomes, the loading capacity is very 
limited, and such encapsulation leads to poor stability of liposomes  [  58  ] . Inorganic 
nanoparticles have also emerged as novel theranostic nanoplatforms  [  49  ] . This class 
of nanoparticles has not, however, been approved to date for clinical use. The innate 
toxicity, non-degradability, and low drug-loading capacity of inorganic nanoparti-
cles have also been discussed as major concerns for future clinical translations of 
these nanoparticles, which somewhat limits the development of inorganic nanopar-
ticles as theranostic nanomedicine  [  9  ] . 

 Compared to other nanomedicine platforms, polymeric micelles have several 
advantages in cancer diagnostic and therapeutic applications (Fig.  12.1 ). Their small 
size (10–100 nm) can be easily controlled by varying the lengths of hydrophobic 
and hydrophilic blocks of copolymers. In contrast, this size range is diffi cult to 
achieve for liposomes due to intrinsic limitations on the curvature of the lipid bilayer 
 [  59  ] . Polymeric micelles have signifi cantly prolonged blood half-lives ( t  

1/2
 )  [  60,   61  ]  

because their hydrophilic PEG shells can effectively prevent protein binding and 
uptake by the reticuloendothelial system (RES). Micelles (typically MW = 10 3 –
10 6  kDa) are above the threshold limit (~40 kD)  [  62  ]  of glomerular fi ltration in the 
kidneys, preventing quick renal clearance, which is a major problem for small 
molecular drugs. The prolonged blood circulation of PEG-stabilized micelles per-
mits passive targeting of micelles to solid tumors via the EPR effect. Both imaging 
agents and anticancer drugs can be easily encapsulated physically or chemically in 
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micelles with high loading capacities. Furthermore, active targeting of micelles to 
specifi c tissues can be achieved by functionalization of the hydrophilic PEG shell 
with cancer-specifi c ligands.    

    12.3   Physical Properties and Polymeric Micelle Formulations 

    12.3.1   Micelle Formulations 

 Polymeric micelles were fi rst introduced as drug delivery vehicles in the early 1980s 
by Helmut Ringsdorf  [  63,   64  ] . They are composed of amphiphilic block copoly-
mers containing distinguished hydrophobic and hydrophilic segments. The distinct 
chemical nature of the two blocks results in thermodynamic phase separation in 
aqueous solution, forming nanoscopic supramolecular core-shell structures. During 
the micellization process in an aqueous medium, hydrophobic blocks associate to 
form a micelle core, whereas the hydrophilic blocks form the shell that stabilizes the 

  Fig. 12.1    Schematic illustration of theranostic micelle nanomedicine that incorporates imaging, 
targeting, and therapeutic functions in one system       
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water-insoluble core in aqueous media. This unique architecture enables the micelle 
core to serve as a nanoscopic depot for therapeutic or imaging agents and the shell 
as biospecifi c surfaces for targeting applications. 

 A variety of copolymers have been used for micelle formulations. For clinical 
applications, biocompatibility and biodegradability of the polymers used to form 
micelles are two critical factors for determining the chemical composition of copo-
lymers. For hydrophilic segments, the most commonly used polymer is poly(ethylene 
glycol) (PEG) with a molecular weight of 2–15 kD  [  65  ] . PEG is water soluble, non-
toxic, and uncharged. PEG can reduce the interfacial energy in an aqueous environ-
ment, prevent undesirable aggregation, and minimize clearance by protein adsorption 
in the body. Therefore, PEG-containing shells allow prolonged circulation times of 
the micelles and increase the opportunity for micelles to reach targeted tumor sites. 
Other hydrophilic polymers such as poly( N -vinyl pyrrolidone) (PVP)  [  66  ]  or 
poly( N -isopropylacrylamide) (PNIPA)  [  67–  69  ]  have also been used as corona for 
the micelles. The choice of hydrophobic block depends on the thermodynamic and 
kinetic stability of the micelles. The thermodynamic stability is controlled by 
molecular interactions in a micellar system, while the kinetic stability depends on 
the rate of disassembly of hydrophobic blocks in micelle cores that, in turn, depends 
on block length and physical state of a core. Polyesters and polyamides are the most 
commonly used materials. These hydrophobic polymers can undergo hydrolytic 
and enzyme-catalyzed degradations. Other types of polymers, such as polyethers, 
have also been used as core materials for micelles. 

 In recent years, pH-responsive micelles have attracted a lot of interest due to the 
potential of pH-triggered drug release at tumor sites. It has been widely reported 
that tumors are acidic with lower pH values (as low as 5.7) than normal tissues (pH 
7.4)  [  70  ] . In addition, when these micelles are internalized by cancer cells through 
endocytosis, they can be sequestered into an early endosome (pH ~6.0) and later 
into acidic lysosomes (pH 5.0–5.5). The acid nature within the tumor tissue and 
during micelle endocytosis provides a great inspiration for the development of pH-
responsive micelles that can release their encapsulated contents upon exposure into 
acidic environments. A few examples of polymers that are sensitive to acidic envi-
ronments include, but are not limited to, poly( l -histidine)  [  22,   71  ] , poly(  b  -amino 
ester)  [  72,   73  ] , and poly(2-(diisopropylamino) ethyl methacrylate) (PDPA)  [  74–  76  ] . 
These polymers are hydrophobic at neutral pH and become highly protonated at 
acidic pH, which leads to disassembly of the micelles.  

    12.3.2   Critical Micelle Concentration and Micelle Stability 

 The concentration at which amphiphilic copolymer chains self-assemble in solution 
to form micelles is known as the critical micelle concentration (CMC). It is a critical 
parameter that determines whether the polymer solutions compose of unimers or 
polymeric micelles. Above CMC, the polymer exists as micelles in equilibrium with 
a small fraction of single chains, while below CMC, the copolymers exist in solution 
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as unimers. Self-assembly of amphiphilic block copolymers is a thermodynamically 
driven and reversible process. At room temperature, the typical range of CMC for 
PEG-polyester micelles is around 10 −7 –10 −6  M. It is a signifi cant challenge to achieve 
adequate thermodynamic stability of micelles when micelles are administered intra-
venously in vivo due to the extreme dilution by circulating blood. If the polymer 
concentration in circulation is too low, the micelles can prematurely dissociate, 
resulting in early release of encapsulated drugs before the micelles reach the tumor 
target. On the other hand, if the copolymer concentration is above a critical threshold, 
onset of micelle aggregation and precipitation can occur inside blood vessels. The 
CMC of an amphiphilic block copolymer is primarily controlled by the length of its 
hydrophobic block. Incorporation of hydrophobic drugs or solutes in micelle cores 
can further decrease the CMC. The kinetic stability of polymer micelles also depends 
on the size of hydrophobic block, as well as the physical state of micelle core, such 
as the glass transition temperature ( T  

g
 ). Micellar cores with  T  

g
  above physiological 

temperature may survive with minimal aggregation for many hours and even days 
upon dilution below CMC  [  77,   78  ] . Other micelles with “soft” cores (   e.g., Pluronics®, 
poly(ethylene oxide)- co -poly(propylene oxide)- co -poly(ethylene oxide) triblock 
copolymers) dissociate into unimers within minutes under the same conditions.  

    12.3.3   Polymeric Micelles in Clinical Trials 

 Several polymeric micelle formulations have been evaluated in preclinical and clini-
cal trials for solubilization and controlled delivery of anticancer drugs. NK911 are 
DOX-encapsulated micelles from a PEG- block -poly( l -aspartate) copolymer that 
showed favorable pharmacokinetic pattern for passive drug targeting. NK911 nearly 
tripled the half-life of free DOX from 48 min to 2.3 h and improved the clearance 
kinetics of the drug  [  79  ] . The Pluronic micelle formulation of DOX (SP1049C) is in 
Phase II clinical trial. The formulation has good encapsulation effi ciency and shows 
partial response in some patients, but the pharmacokinetic parameters are similar to 
those of free DOX in human  [  80  ] . Delivery of paclitaxel (PTX) encapsulated in 
polymeric micelles has also been successfully developed. Genexol-PM, the PEO- b -
poly( d,l -lactide)-based micelle formulation of PTX, signifi cantly increased the 
drug’s solubility  [  81  ] . NK105 is another example of PTX-encapsulating polymeric 
micelles that have been tested for clinical effi cacy. The formulation was developed 
using PEG- b -poly(4-phenyl-1-butanoate)- l -aspartamide as copolymer and has 
shown 86-fold increase in the AUC of PTX in plasma and strong antitumor activity 
in C-26 tumor-bearing mice  [  82  ] . The most recent PEG- b -poly(glutamic acid) 
micelle formulation with cisplatin (NC-6004) reduced nephrotoxicity and neurotox-
icity in rats and demonstrated higher antitumor effi cacy compared to free cisplatin. 
This formulation is currently in Phase I clinical trials  [  83  ] . 

 All micellar formulations discussed above take advantage of the leaky microvas-
culature in tumors and deliver encapsulated drug by passive targeting mechanisms. 
It is suggested that such drug delivery regimen has low drug accumulation with 
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inept specifi city to the disease. Moreover, they also lack any means to visualize 
tumor accumulation events of the micelles and to monitor the progress of treat-
ments. In light of these limitations, attempts to incorporate imaging capabilities into 
therapeutic micelles have been reported. The ideal theranostic polymeric micelles 
would allow for the highly specifi c delivery of potent anticancer drugs to the tumor 
sites while providing visualization tools to monitor the accumulation of the drug 
and the effi ciency of the treatment regimen.   

    12.4   Case Examples of Theranostic Micelles Against Cancer 

 A number of anticancer agents have been incorporated in theranostic micelles to 
achieve the desired therapeutic effi cacy, including small molecular anticancer drugs 
such as DOX and PTX, small interfering RNA (siRNA), and some protein drugs. 
Novel anticancer drugs, such as   b  -lapachone, have also been encapsulated inside the 
core of micelles and shown outstanding antitumor effi cacy in vivo  [  84,   85  ] . Several 
excellent articles have reviewed the development of small molecular drug-based 
nanomedicine  [  16,   86–  88  ] . In this section, we will primarily focus on theranostic 
polymeric micelles with different imaging modalities and provide a few highlighted 
examples of multifunctional micellar systems in cancer diagnosis and therapy. 

    12.4.1   Micelles with Magnetic Resonance Imaging Functions 

 MRI has been a vital tool for cancer diagnosis because of its excellent spatial and 
temporal resolutions. However, MRI’s poor sensitivity underlies the necessity of 
contrast agents for cellular and molecular imaging. MRI contrast agents produce 
image contrast by affecting relaxation properties of water protons, producing images 
with distinct brightness or darkness depending upon image-weighting parameters 
 [  89  ] . The two most common MRI contrast agents are T 

1
  and T 

2
  agents that produce 

image contrast by shortening T 
1
  and T 

2
  times of water protons, respectively. T 

1
  

agents often generate positive image contrast by increasing longitudinal relaxation 
rates of surrounding water protons, while T 

2
  agents often generate negative contrast 

by increasing transverse relaxation rates of water. 
 T 

1
  agents are commonly gadolinium(III)-based chelating complexes. Gd(III) ions 

have seven unpaired electrons, making them strongly paramagnetic. Gd(III) is able to 
coordinate to diethylenetriamine backbones modifi ed with carboxylic acids. Recently, 
Kataoka and coworkers reported a multifunctional polymeric micelle system with 
both MR imaging and cancer therapeutic functionalities  [  27  ] . In this study, PEG-
 b -poly( l -glutamic acid) (PEG-P(Glu)) micelles were used to encapsulate gadolinium-
diethylenetriamine pentaacetic acid (Gd-DTPA) complex and a parent compound of 
the anticancer drug oxaliplatin, DACHPt (R,R- trans -1,2-diaminocyclohexane)
platinum(II), in the micellar core by reversible complexation. The results showed 
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no release of the drug and imaging agent in distilled water, while a sustained release 
of both agents was observed under physiological conditions (Fig.  12.2a ). Compared 
to free Gd-DTPA and DACHPt, micelles containing these agents signifi cantly 
increased blood circulation times. In addition, the micelles also enhanced tumor 
accumulation by 27.7 times for DACHPt at 24 h and over 100 times for Gd-DTPA 
at 4 h. After an intravenous administration of Gd-DTPA-/DACHPt-loaded micelles 
to mice bearing orthotopic pancreatic tumors, T 

1
 -weighted MR images showed spe-

cifi c contrast enhancement at the tumor area for over 4 h. The amount of Gd-DTPA 
at the tumor site delivered by the micelles was seven times higher than the accumu-
lation obtained from free Gd-DTPA administration (Fig.  12.2b ). The antitumor 
activity of Gd-DTPA-/DACHPt-loaded micelles was also evaluated by MRI. The 
mice treated with micelles at 8 mg/kg Pt equivalent had a signifi cant tumor growth 
inhibition 18 days after the micelle injection (Fig.  12.2c ). Moreover, increased MR 
signal intensity was also observed in the tumor treated with these micelles (Fig.  12.2d ). 
The colocalization of Gd-DTPA and DACHPt is valuable as MRI can be used to 
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  Fig. 12.2    ( a ) Schematic of Gd-DTPA-/DACHPt-loaded micelles and release of Pt and Gd com-
plexes from micelles in physiological environment. ( b ) In vivo T1-weighted MRI images of ortho-
topic pancreatic cancer (BxPC3) before and after i.v. injection of Gd-DTPA-/DACHPt-loaded micelles 
at 5  m mol/kg Gd-DTPA. ( c ) In vivo antitumor effi cacy of Gd-DTPA-/DACHPt-loaded micelles on 
orthotopic pancreatic tumor xenografts assessed by volumetric MRI. ( d ) T1-weighted MR images 
of mice bearing pancreatic tumor at day 0 and 18 after treated with Gd-DTPA-/DACHPt-loaded 
micelles. Reproduced with    permission from  [  27  ]        
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visualize the drug distribution within the tumors, allowing for real-time monitoring 
of the treatment effi cacy.  

 T 
2
  contrast agents mainly consist of superparamagnetic iron oxide (SPIO) nano-

particles that produce much stronger magnetic susceptibility, affecting a larger 
number of water molecules to yield higher sensitivity. Our group recently reported 
the development of multifunctional micelles (MFM) based on PEG-PLA copoly-
mers with integrated MR imaging and therapeutic delivery capabilities  [  26  ] . 
Anticancer drug DOX and SPIO nanoparticles were loaded inside the micellar core 
to render therapeutic and MR imaging functions, respectively. The surface of the 
micelles was encoded with the lung cancer-targeting peptide H2009.1 (LCP, with 
the sequence of RGDLATLRQL), which specifi cally binds to highly expressed   a   

v
   b   

6
  

integrins in many human non-small cell lung carcinomas (NSCLC) (Fig.  12.3a ). 
For comparison, scrambled peptide (SP) was also conjugated to the surface of 
micelles. The resulting micelles showed an average diameter of 60–70 nm with nar-
row size distribution. This SPIO-clustered polymeric micelle design showed much 
higher T 

2
  relaxivity than the commercial Federix I.V. sample  [  90  ]  and decreased the 
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  Fig. 12.3    ( a ) Schematic formation of multifunctional micelles with DOX and SPIO loading in the 
micellar core and peptide conjugation at the micelle surface. Transmission electron microscopy 
(TEM) and dynamic light scattering (DLS) illustrated the clustering of SPIO nanoparticles (6 nm 
in diameter) in each micellar particle with a diameter of ~50 nm. ( b ) Confocal laser scanning 
microscopy of DOX fl uorescence in  a  

v
  b  

6
 -expressing H2009 and   a   

 v 
   b   

 6 
 -negative H460 cells treated 

with free DOX, LCP-encoded micelles, and SP-encoded micelles. ( c ) T 
2
 -weighted images of 

female SCID mouse bearing both H2009 and H460 tumor xenografts before and 2 h after i.v. injec-
tion of LCP-encoded micelles on a 4.7 T MRI scanner. ( d ) Evaluation of antitumor effi cacy of 
LCP-encoded MFM in female SCID mice bearing H2009 subcutaneous tumor xenografts at differ-
ent time points when treated with LCP- and SP-encoded MFM at 4 mg DOX/kg and PBS control. 
( a ) and ( b ) reproduced with permission from  [  26  ]        
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MR detection limit to subnanomolar concentrations. Demonstrated by confocal 
laser scanning microscopy, a signifi cantly increased amount of LCP-encoded MFM 
was observed in   a   

v
   b   

6
 (+) H2009 lung cancer cells over   a   

v
   b   

6
 (−) H460 cells, as well 

as control micelles with scrambled peptide (Fig.  12.3b ). We further evaluated the 
imaging effi cacy of lung tumor xenografts in vivo with injection of LCP-encoded 
micelles. Both   a   

v
   b   

6
  (+) H2009 and   a   

v
   b   

6
  (−) H460 lung tumors were grown on each 

fl ank of a female SCID mouse. T 
2
 -weighted images of mice showed that signal 

intensity of H2009 tumors decreased 2 h after micelle injection, while H460 tumor 
still kept the same signal intensity (Fig.  12.3c ). Preliminary data in vivo also showed 
that LCP-encoded MFM had much better tumor growth inhibition over SP-encoded 
micelles and PBS control after four injections (Fig.  12.3d ). The mean tumor volume 
of mice treated with LCP-encoded MFM was only 130 ± 57 mm 3  at day 27, which is 
two times less than SP-encoded MFM (287 ± 28 mm 3 ) and PBS control 
(290 ± 62 mm 3 ). These results demonstrate the feasibility of combining a multifunc-
tional design of micelle nanomedicine for integrated diagnosis and therapeutic 
treatment of lung cancer.   

    12.4.2   Micelles with Optical Imaging Modality 

 Optical imaging is one of the most common modalities used in cancer research. 
Optical imaging utilizes photons emitted from fl uorescent or bioluminescent probes, 
which is a relatively inexpensive and quick analytical tool. However, this modality 
has very poor tissue penetration and high background noise due to the tissue auto-
fl uorescence and light-absorbing components (hemoglobin, deoxyhemoglobin, and 
water). Compared to visible light, near-infrared (NIR) light with wavelengths rang-
ing from 700 to 900 nm has advantages of reduced autofl uorescence, low tissue 
scattering, and better tissue penetration, which is highly desirable for imaging appli-
cations in vivo  [  91–  93  ] . 

 Hsiue and coworkers recently developed multifunctional micelles for cancer 
chemotherapy and imaging by mixing graft copolymer poly(2-hydroxylethyl meth-
acrylate-histidine)- g -poly-( d,l -lactide) (PHEMA- g -PLA) with diblock copolymer 
PEG-PLA  [  30  ] . Diagnosis and targeting moieties were modifi ed by linking the NIR 
dye Cy5.5 and folic acid to the end of PEG-PLA. Anticancer drug DOX was encap-
sulated inside the core of the micelles (Fig.  12.4a ). Micelle accumulation in a HeLa 
tumor was evaluated in vivo with real-time NIR imaging. An analysis comparing 
the fl uorescent intensity in the tumor with the intensity of the whole body of the 
mice injected with folate micelles revealed twofold higher fl uorescence intensity at 
the tumor site compared to the intensity of the whole body (Fig.  12.4b ). Antitumor 
effi cacy in vivo also demonstrated that folate-encoded micelles inhibited HeLa 
tumor volume by up to 80% at day 25, much more effective than found for mice 
treated with free DOX or passive targeting micelles (Fig.  12.4c ). With the help of 
NIR imaging, these multifunctional micelles can be utilized to develop combined 
therapy and diagnosis for oncology.   



  Fig. 12.4    ( a ) Schematic illustration of preparation of folate-encoded, DOX-loaded multifunc-
tional micelles. ( b ) In vivo optical fl uorescence imaging of HeLa tumor xenografts administered 
with folate-encoded micelles. ( c ) Tumor growth inhibition curve of mice bearing subcutaneous 
HeLa tumors treated with different micelles at 5 mg/kg DOX dosage. Reproduced with permission 
from  [  30  ]        

 



270 G. Huang et al.

    12.4.3   Micelles with Ultrasound Modality 

 Ultrasound is one of the most commonly used clinical imaging modalities due to its 
safety, low cost, and simplicity. When a transducer with high-frequency sound waves 
is applied against skin, the images can be obtained from the sound waves refl ected 
from internal organs  [  94  ] . Nanoparticle-based contrast agents can improve imaging 
by introducing gas with different acoustic properties from that of tissues  [  95  ] . 

 Rapoport et al. described novel nanoparticles composed of polymeric micelles 
and echogenic microbubbles that utilized ultrasound for targeted drug delivery and 
tumor imaging  [  29  ] . DOX-containing PEG-PLLA micelles and nanodroplets of per-
fl uoropentane (PFP), stabilized by an outer layer of block copolymer, were able to 
permeate through the defective tumor vasculature and accumulate at the tumor site. 
Those extravasated nanobubbles coalesced in the tumor volume to form microbub-
bles that produce strong echo signals by ultrasound imaging. Triggered by ultra-
sound, the microbubbles went through inertial cavitation and released encapsulated 
drug from polymer micelles (Fig.  12.5a ). After intratumoral injection of 0.5% PEG-
PLLA/2% perfl uoropentane microbubbles in MDA-MB-231 breast cancer-bearing 
mice, strong ultrasound contrast was generated and preserved in tumors for several 
days (Fig.  12.5b ). Upon i.v. administration of this formulation, MDA-MB-231 
tumors without ultrasound treatment showed a pattern of growth similar to control 
tumors, while the tumors in the group treated with ultrasound (3 MHz for 30 s) 
demonstrated signifi cant regression. Ultrasound treatment of microbubbles, accu-
mulated in tumor tissue, triggered the controlled release of DOX, resulting in the 
observed tumor regression. This system is a prime example of utilization of thera-
nostic nanomedicine for cancer therapy and treatment monitoring using 
ultrasound.    

    12.5   Summary and Future Perspectives 

 The fi eld of cancer nanotechnology has rapidly expanded in recent years and con-
tinues to progress. Theranostic polymeric micelles have the potential to incorporate 
multiple functionalities, including cell targeting, ultrasensitive imaging, and thera-
peutic treatment within one nanoparticle platform to overcome biological complex-
ity and various therapeutic challenges during cancer chemotherapy. However, a 
number of questions and concerns still need to be addressed before the fi eld can 
pass beyond its infancy. First, a more detailed understanding of the pharmacokinetic 
and toxicological properties of these nanoplatforms is needed. There is a general 
lack of data regarding structure–property relationships of nanoparticles with respect 
to their size and surface properties and ultimate interactions with biological systems 
in vivo. A general lack of vigorous safety studies and diffi culty associated with 
scale-up manufacturing are also signifi cant barriers hampering the rapid translation 
of nanotherapeutics into the clinic. In addition, the dilemma of mismatch between 
doses required for imaging and therapy has to be carefully considered. Finally, suc-
cessful development of theranostic nanomedicine builds on the premise and necessity 
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of synergistic, interdisciplinary collaborations among chemists, bioengineers, imaging 
physicists, biologists, and physicians. Although we are still far from Paul Ehrlich’s 
prediction of a “magic bullet,” with advances in cancer biology and explosive 
developments in materials science and imaging technology, it is feasible that we can 
break through the current threshold and enter a new era of personalized nanomedi-
cine for combined cancer diagnosis and therapy.      

  Fig. 12.5    ( a ) Schematic representation of drug targeting through the defective tumor microvascu-
lature using echogenic polymeric micelle system. ( b ) Ultrasound images of MDA-MB231 breast 
tumor xenografts in mice before and 4 h after injection of 100 ml 0.5% PEG-PLLA/2% perfl uoro-
pentane microbubble formulation. ( c ) Antitumor effi cacy of tumor-bearing mice treated with 
microbubble-encapsulated DOX under ultrasound. Reproduced with permission from  [  29  ]        
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           13.1   Introduction 

 Traditionally, physicians and surgeons have treated disease based on common 
symptoms with preestablished treatments and standards of care for a representative 
population. Therapies are generally developed, tested, and approved via screening 
processes that conclude in large randomized clinical trials, aiming to pick the safest, 
most effective treatment for the largest population of diseased individuals. Though 
this  modus operandi  is successful with common diseases, this approach has proven 
to be ineffi cient in the treatment of cancer where response to therapy is frustratingly 
unpredictable. 

 Though still in its infancy, personalized medicine holds promise for treating 
individuals with diseases such as cancer. For instance, breast cancers usually over-
express one or more of the receptors for estrogen, progesterone, or epidermal growth 
factor (EGF). Tests such as Dako’s HercepTest™, Ventana’s Pathway™, Abbott’s 
PathVysion™, and Genomic Health’s Onco Type  DX™ confi rm the presence of 
overexpressed receptors or assess gene expression levels of breast cancer patients 
and can be used to predict whether the tumor will respond to treatment with one of 
the receptor targeted medications (i.e., Herceptin, Tamoxifen, etc.)  [  1,   2  ] . Similar 
evaluation is available for prostate cancer, including tests for p504S, hepsin, Pim-1, 
protease/KLK4, prostein, EHZ 2, GSTP1, and STEAP  [  3,   4  ] . However, these tests 
require invasive biopsies, and the application of nanoparticles could allow performance 
of similar diagnostics noninvasively. 

    B.  T.   Roller   •     K.M.   McNeeley   •     R.  V.   Bellamkonda   (*)
     Wallace H Coulter Department of Biomedical Engineering , 
 Georgia Institute of Technology and Emory School of Medicine ,
  Atlanta ,  GA   30332 ,  USA    
e-mail:  ravi@gatech.edu   

    Chapter 13   
 Multifunctional Nanoparticles 
for Personalized Medicine       

       Benjamin   T.   Roller   ,    Kathleen M.   McNeeley   , and    Ravi   V.   Bellamkonda         



278 B.T. Roller et al.

 Nanoparticles have potential for many applications that enable personalized medi-
cine including imaging, diagnostics, and treatment. Large surface area, along with 
diverse surface chemistries and ease of modifi cations, allows nanoparticles to be read-
ily adapted for specifi c applications. For example, the surface attachment of hydro-
philic polymers is often utilized to alter the pharmacokinetics of encapsulated agents, 
while the conjugation of targeting moieties can facilitate homing of nanoparticles to 
specifi c biomarkers and receptors to treat tumors with high specifi city. The ability to 
package large amounts of contrast agents or fl uorescent/bioluminescent markers 
effectively increases sensitivity of imaging modalities to enable imaging at the molec-
ular level, while packaging of therapeutic agents ensures high target area effectiveness 
while lessening or eliminating potentially detrimental off-target side effects. 
Nanoparticles can be utilized to diagnostically assess tumor vascular status, molecular 
profi le, and treatment response, all of which infl uence treatment strategies. In addi-
tion, nanoparticles can be functionalized to facilitate targeting to specifi c disease sites, 
to enable triggered release of therapeutic agents, and to deliver DNA or RNA to target 
cells. These functions can be combined to create multifunctional nanoparticles and 
adapted for use in personalized medicine. This chapter will focus on examples of 
multifunctional nanoparticles and their application to personalized medicine.  

    13.2   Nanoparticles as Diagnostic Tools 
for Personalized Medicine 

 Perhaps one of the most essential areas of research for personalized medicine to 
move forward is the development of diagnostic tools to help assign particular treatments 
and treatment schedules to individuals with disease. Many of the current diagnostic 
tools in the area of cancer rely on blood or tissue samples. Evaluation of patient 
blood samples is typically an indirect method of evaluating disease status, and 
acquisition of tissue samples requires invasive surgeries to biopsy the tumor tissue 
for testing. Multifunctional nanoparticles might allow for performance of diagnostic 
assessments noninvasively. 

    13.2.1   Assessing Response to Chemotherapy in “Real Time” 
and Predicting Its Outcome 

 The current state of the art for personalized cancer treatments relies on drugs targeted 
to overexpressed cell surface receptors. Presently, there are diagnostic tools available 
that enable doctors to assess whether a patient’s tumor will respond to treatment by 
one or more drugs based on tumor-specifi c cell surface receptor overexpression. 
However, many of these tests require homogeneous and representative tissue samples 
obtained through invasive surgery/biopsy that are often diffi cult to obtain due to the 
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heterogeneity of most tumors, which often contain cancerous, benign, stromal, and 
cancer stem cells. Thus, it would be benefi cial to have access to other diagnostic tools 
that are less invasive, less sensitive to the makeup of the tumor, and provide a more 
complete representation of the entire tumor accounting for spatial heterogeneity. 

 It is well known that tumor vasculature varies from tumor to tumor and from 
patient to patient, but it has also been shown to vary between identical tumor models 
as well as throughout an individual tumor  [  5–  7  ] . This is because the tumor’s complex 
microvasculature often grows in a rapid, disorganized fashion  [  8  ] . In addition, prolif-
erating cells can cause the microvasculature to compress and/or collapse  [  9  ] . Thus, a 
major limiting factor in the effectiveness of nanoparticle chemotherapeutics is the 
variability in the inherent leakiness of the tumor vasculature. To date, there exists no 
standard method to determine vascular leakiness in a clinical setting. Current clini-
cally approved liposomal chemotherapeutics are generally delivered once every 
3–4 weeks  [  10  ] . For example, chemotherapeutics such as liposomal doxorubicin 
(Doxil®) and others have become an important part of successful cancer therapy  [  11, 
  12  ] . Having an  a priori  knowledge of whether or not a liposomal chemotherapeutic 
will accumulate in a tumor in large enough quantities to be effective before use would 
provide valuable information for a clinician to help tailor personalized treatment and 
would buy valuable time that a cancer patient does not often have. 

 Correctly sized (50–200 nm), long-circulating nanoparticles, when delivered 
systemically, preferentially accumulate in tumor tissue as a result of the enhanced 
permeability and retention (EPR) effect. Due to the presence of leaky vasculature 
within tumors, which bears gaps ranging from 100 to 800 nm, these nanoparticles are 
able to extravasate into cancerous tissue  [  13–  15  ] . At the same time, the nanoparticles 
are too large to exit the vasculature present within healthy tissue, thus reducing 
off-target delivery. This phenomenon is critically dependent on the presence of a com-
promised endothelial lining on the tumor vasculature; however, not all tumors have 
vasculature that is leaky enough to allow suffi cient accumulation of nanoparticles. 

 The elegantly straightforward solution proposed by Karathanasis et al. to determine 
tumor leakiness involves a multifunctional, long-circulating liposomal nanoparticle 
that encapsulated iodine for contrast enhanced mammography. The iodine contrast 
agent, Visipaque TM  320 (GE Healthcare, Milwaukee, WI), was encapsulated in 100-
nm liposomes and delivered to rats that were inoculated with MAT B III breast 
tumors. Mammography was performed on a clinical mammography system 
(Senographe 2000D, GE Healthcare) for three consecutive days  [  16,   17  ] . Images 
were used to calculate the amount of enhancement and approximate accumulation 
rate of the iodine liposomes. Animals were then separated into two groups. Animals 
in the “good prognosis” group had rapid and intense iodine enhancement in their 
mammography images and were hypothesized to respond better to subsequent 
treatment with liposomal doxorubicin than those in the “bad prognosis” group, 
exhibiting slower, less pronounced iodine enhancement. Animals were then treated 
with liposomal doxorubicin, and tumor growth was monitored. Tumor growth rates 
proved to be much slower in the good prognosis group, resulting in longer survival 
times than the bad prognosis group. In a separate study, Karathanasis et al. demonstrated 
that the dual encapsulation of iodine and doxorubicin not only allowed one to track 
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the accumulation of doxorubicin in the tumor in real time but also allowed one to 
track tumor response to the drug throughout treatment  [  17  ] . Prediction of effective-
ness of treatment by this method could be used clinically to help personalize cancer 
therapy for individual patients. If enhancement is suffi cient, then treatment can pro-
ceed utilizing the appropriate chemotherapeutic drugs encapsulated within similarly 
formulated liposomal nanoparticles. If the iodine liposomes do not accumulate in 
suffi cient quantities to show that future liposomal therapy would be effective 
enough, then doctors could choose other treatment methods.  

    13.2.2   Determination of Tumor Malignancy 

 The malignancy of a tumor infl uences the personalized treatment strategies chosen 
by a physician. The more malignant the lesion, the more aggressive the cancer 
therapy should be to ensure best odds of success. While some of this information 
can be gleaned from traditional magnetic resonance imaging (MRI), computed 
tomography (CT), or mammography data, histological analysis of biopsied tissue 
samples still remains the primary method of tumor grading. Use of multifunctional 
nanoparticles could enable doctors to grade tumors noninvasively and choose per-
sonalized treatment strategies accordingly. 

 Turetschek et al. hypothesized that a poly(ethylene glycol) (PEG)-protected iron 
oxide nanoparticles could be used to quantitatively characterize tumor malignancy 
in vivo  [  18  ] . Nanoparticles were injected into rats with  N -ethyl- N -nitrosourea 
(ENU)-induced mammary tumors. Subsequent MRI analysis enabled tumor grad-
ing in vivo by quantifi cation of permeability of the tumors to the contrast agent. 
Vascularity is an indicator of malignancy in tumor grading; those tumors with higher 
vascularity tend to be more malignant, resulting in decreased patient survival times 
 [  19,   20  ] . Malignancy estimations via MRI after nanoparticle injection were confi rmed 
using traditional biopsy and histology. 

 The molecular profi le of a tumor is another good indicator of malignancy. In par-
ticular, the expression of the integrin  a  

V
  b  

III
  on vascular endothelial cells has been 

shown to correlate with tumor malignancy and grade  [  21–  27  ] . Thus, important 
information on prognosis could be obtained noninvasively if it was possible to detect 
and quantify  a  

V
  b  

III
  in vivo. Molecular imaging with high sensitivity is needed to 

achieve  a  
V
  b  

III
  quantifi cation in vivo, and the use of nanoparticles in this respect is 

described in the following section.  

    13.2.3   Multifunctional Nanoparticles for Molecular Imaging 

 In order for personalized medicine to truly materialize, highly sensitive diagnostics 
must be developed to probe tumors and other diseases for patient-specifi c biomarkers. 
Several methods exist to obtain molecular information about tissue samples in the 
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laboratory, but it would be much more benefi cial if this information could be obtained 
noninvasively in vivo. Since multifunctional nanoparticles have the capacity to carry 
large payloads of contrast agents, they can be exploited to enable molecular imaging 
using clinically relevant imaging modalities, especially in the area of cancer. 

 As mentioned in the previous section,  a  
V
  b  

III
  is an indicator of tumor grade and 

malignancy. Thus, it would be benefi cial to be able to detect and quantify this 
molecule in vivo, allowing physicians to choose personalized treatment strategies 
based on the fi ndings. Sipkins et al. used an antibody-targeted liposome containing 
gadolinium chelates to quantify expression of  a  

V
  b  

III
  in a rabbit carcinoma model 

 [  28  ] . Treatment with targeted nanoparticles resulted in greater contrast compared to 
traditional gadolinium-enhanced MRI. As predicted, areas of concentrated targeted 
nanoparticle accumulation were found to be highly angiogenic, thus allowing non-
invasive in vivo assessment of angiogenesis. 

 Regulatory molecules such as vascular endothelial growth factor (VEGF) and 
its receptor (VEGFR) play important rate-limiting roles in tumor angiogenesis. 
Therefore, it may be possible to image the angiogenic state of the tumor by quanti-
fying the amount of VEGF or VEGFR that is present in the tumor. Karathanasis 
et al. used a multifunctional liposome to enable surrogate quantifi cation of VEGF 
and VEGFR expression in tumors  [  29  ] . Liposomes fi lled with an iodine-based 
contrast agent and coated with PEG polymer were delivered to rats that had been 
inoculated with MAT B III breast tumors. Mammography was performed, and tumor 
enhancement was quantifi ed and then compared to VEGF and VEGFR expression 
information obtained via qRT-PCR. It was found that tumor enhancement resulting 
from nanoparticle accumulation correlated strongly with VEGF and VEGFR expres-
sion. Though not directly imaging VEGF and VEGFR, information from this type 
of surrogate imaging could be used to personalize antiangiogenic therapies for 
patients with highly vascularized tumors. 

 Methods mentioned above involved clinically available technology. However, 
there are other examples of molecular imaging using nanoparticles, and though the 
technology used is not readily available in a clinical setting, it is realistic to think 
that the equipment could be available in the near future. One example is the use of 
gold nanoparticles and Raman spectroscopy. Cao et al. were able to perform 
multiplexed detection of six different Raman-labeled nanoparticles to distinguish 
six distinct DNA targets in vitro  [  30  ] . Detection limits were down to the range of 
20 fM. This technology has the potential to be applied in vivo as well, though the 
depth of penetration of Raman scattering could be a limiting factor.   

    13.3   Nanoparticles as Cancer Therapeutic Carriers and Agents 

 Nanoparticles can package large quantities of drugs and contrast agents. The versatility 
of surface chemistries allows the design of nanoparticles that alter drug pharma-
cokinetics and specifi cally target cancer cell receptors. Nanoparticles can also be 
designed to be heat sensitive, pH sensitive, or enzyme sensitive to allow triggered 
release. Multifunctional nanoparticles for cancer therapy are presented below. 
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    13.3.1   Packaging Chemotherapeutics 

 Traditional chemotherapy causes systemic side effects since intravenously delivered 
chemotherapeutics typically leak promiscuously into tissues throughout the body, 
including healthy, nontarget organs. Patients undergoing chemotherapy often 
become underweight, suffer from alopecia, nausea, and generally have a poor qual-
ity of life. As a result, treatments are restricted by the dose-limiting toxicities of 
chemotherapeutics, which ultimately lower the overall treatment effi cacy and capa-
bility of completely eradicating the tumor. In addition, patient compliance to 
treatment is often an issue due to the severely unfavorable side effects associated 
with traditional chemotherapy. If chemotherapeutics could be delivered directly to 
the tumor while sparing healthy tissues of the body then, logically, the treatment 
should have less side effects, therapeutic effi cacy could be increased, and patient 
quality of life could be improved. 

 Encapsulation of drugs within nanoparticles alters their pharmacokinetics. 
The size of nanoparticles can be designed to restrict entry into nontarget organs 
bearing intact vasculature lined with tight endothelial junctions. Since tumors bear 
disorganized, rapidly growing vasculature characterized by enhanced permeability, 
selective delivery to tumors can be achieved through nanoparticle packaging of a 
substance. In addition, circulation times of the nanoparticle-associated drug can be 
controlled by altering the external surface of the carrier (i.e., coating with a polymer 
such as PEG). This is particularly advantageous for drugs and contrast agents which 
exhibit short half-lives in circulation, limiting their ability to access and accumulate 
within tumors. 

 Some of the fi rst nanoscale therapeutics approved for human use were liposomal 
nanoparticles that encapsulate cytotoxic, anthracycline-derived antitumor drugs. 
Liposomes are similar in structure to the lipid bilayer of cells and are thus highly 
biocompatible, making them quite safe for use in vivo. Myocet®, liposomal doxoru-
bicin, and DaunoXome®, liposomal daunorubicin, are indicated for use as antican-
cer agents. Packaging chemotherapeutic drugs in liposome vessels allows for 
accumulation in the tumor, while reducing the deadly cardiotoxicity associated with 
freely delivered anthracyclines. However, these nanoparticles are not considered 
multifunctional since they merely encapsulate drugs. Newer formulations of these 
drugs, like Doxil®, are coated with poly(ethylene glycol) (PEG) to protect them 
from clearance by the reticuloendothelial system (RES), thereby prolonging circu-
lation time in the bloodstream. So-called sterically stabilized or “Stealth” liposomes 
are able to evade opsonization and RES clearance because the hydrophilic PEG 
chains attract water, effectively creating a water barrier between the external surface 
of the liposomes and potential opsonizing proteins. For many patients with solid 
tumors, liposomal anthracyclines could be used. However, their effi cacy relies on 
the specifi c vascular makeup of the tumor in question, which can vary from tumor 
to tumor as well as between the same tumor type in different individuals  [  5–  7  ] . 
Having knowledge of the tumor vascular structure before treatment would allow 
doctors to assess feasibility of such a treatment. The work of Karathanasis et al., 
discussed above, demonstrates the potential use of nanoparticle contrast agents to 
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noninvasively assess whether liposomal treatment would be benefi cial before its 
application  [  16  ] . 

 The versatility of nanoparticles makes them especially suited to package drugs 
for personalized medicine approaches. Packaging of agents within nanoparticles 
offers the potential to alter the drug pharmacokinetics as appropriate for a given 
tumor, allows for predictive and real-time assessment of treatment response, and 
enables triggered drug exposure and targeting to specifi c tumor types. Utilizing 
these approaches, treatment regimens can be designed specifi cally for an individual 
tumor rather than to the disease in general.  

    13.3.2   Nanoparticles as Targeting Agents 

 The versatility of nanoparticles lies not only in the ability to package small mole-
cules but also in the many types of surface modifi cations that can be employed. 
As mentioned earlier, stealth liposomes, containing the hydrophilic polymer PEG 
on their surface, can be used to protect nanoparticles from RES clearance. Surface 
modifi cations allow one to make hydrophilic, hydrophobic, or amphipathic nano-
particles. Other surface modifi cations allow attachment of ligands such as proteins, 
antibodies, peptides, nucleic acids, and small molecules  [  31–  33  ]  that turn nanopar-
ticles into cell-specifi c targeting vehicles. Molecular targeting of cancer cells would 
be invaluable for personalized medicine. One could envision a treatment strategy 
where tumor-specifi c surface receptors could be found via biopsy or noninvasively 
with the use of nanoparticles; then nanoparticles could be designed to target that 
specifi c array of cellular receptors. 

 One example of molecular targeting of nanoparticles is the use of surface-bound 
folate on PEGylated stealth liposomes to target 9L glioma, which inherently over-
express folate receptors  [  34  ] . Though these nanoparticles proved promising in vitro, 
their use in vivo did not produce the anticipated increased effi cacy over nontargeted 
stealth liposomes  [  35  ] . The presence of folate on the surface of the liposomes coun-
teracted the stealth nature of the PEGylated liposomes, allowing opsonization and 
accelerated clearance from the blood stream. McNeeley et al. proposed a solution 
using longer, cleavable PEG chains to mask the folate molecules until accumulation 
in the tumor had occurred  [  36  ] . PEG molecules with molecular weight of 5,000 Da 
were bound to the liposome surface via a cleavable disulfi de bond. The longer PEG 
chains masked the folate-targeting molecules, which were attached to the nanopar-
ticles via 2,000 Da PEG molecules. The liposomes were able to evade the RES and 
accumulate in the tumor via the EPR effect. Later, cysteine was delivered to cleave 
the disulfi de bond and detach the PEG 

5000
  coating. This exposed the folate molecules 

and allowed them to bind to the folate receptors of the target 9L glioma cells, result-
ing in increased uptake compared to control nontargeted stealth liposomes. 

 Kale and Tochilin have since engineered clever pH-sensitive liposomes that are 
able to penetrate tumors using cell-penetrating peptides  [  37  ] . These liposomes use 
a shielding method similar to that of McNeeley et al.  [  36  ] , with the exception that 
the protective PEG molecules are cleaved via low pH-induced hydrolysis. When the 
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liposomes extravasate into tumor or ischemic tissue, the lowered pH causes hydrolysis 
of protective PEG, allowing cell-penetrating peptide TATp to be exposed, which in 
turn induces cellular uptake. 

 The general trend of targeting tumor cells is to target a receptor that is overexpressed 
by a specifi c tumor. Target receptors, however, are often expressed on healthy cells as 
well, allowing targeted nanoparticles to cause side effects in these healthy cells. Saul 
et al. proposed a method to overcome this issue by creating a nanoparticle that targets 
more than one type of receptor overexpressed on a target tumor cell, thus increasing the 
targeting selectivity of the nanoparticles  [  38  ] . PEGylated stealth liposomes were 
designed carrying surface molecules targeted to the folate receptor as well as the EGF 
receptor. After carefully optimizing the targeting ligand density on the liposomal nano-
particles, experiments in vitro showed that only cells that overexpressed both receptors 
showed increased cytotoxicity in response to targeted treatment. 

 Other nanoparticles such as dendrimers have shown promise as targeted delivery 
vehicles. Dendrimers are multibranched polymer molecules that are generally 
sphere-shaped. The presence of many branches increases the surface area available 
for conjugation of targeting molecules as well as provides space for inclusion of 
chemotherapeutics and contrast agents. Folate molecules have been conjugated to a 
dendrimer that also contained fl uorescein isothiocyanate imaging agent and the 
chemotherapeutic paclitaxel  (  39 , see also chapter by Mullen et al.). These dendrim-
ers showed increased toxicity and specifi city to cancer cells overexpressing folate 
receptors in vitro. At optimal concentrations of folate molecules on the dendrimers, 
only cells overexpressing folate receptors showed increased cytotoxicity compared 
to controls. Similar results were seen using a folate-containing dendrimer conjugated 
with methotrexate chemotherapeutic agent  [  40  ] . Dendrimers containing shielded 
cell-penetrating proteins (CPPs) have also been devised that exposed the CPPs in 
response to matrix metalloproteinase (MMP) cleavage of the shielding moiety  [  41  ] . 
Though these particular dendrimers were formulated with gadolinium for MR 
imaging as well as fl uorophores for in vivo fl uorescent imaging, the next logical 
step would be to conjugate chemotherapeutic agents to the nanoparticles to allow 
targeted treatment as well. 

 Carbon nanotubes have also been used as targeted nanoparticles. Nanotubes 
modifi ed with RGD peptides were used to target integrin-positive tumors in a mouse 
model using the U87MG human glioblastoma cell line. Nanotubes were coated with 
PEG molecules, which were then bound to the RGD peptide  [  42  ] . MicroPET images 
of tumor-bearing mice demonstrated selective delivery of targeted nanotubes to the 
tumor site. The use of nanotubes in humans is still questionable, however, since 
little is known about their long-term fate after injection.  

    13.3.3   Triggered Release 

 One of the biggest advantages—and drawbacks—of nanoparticles is their size. 
They are large enough to exclusively accumulate in areas of leaky vasculature, but 
too large to readily diffuse once they reach the targeted region, often traveling only 
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as far as 30  m m away from the vessels from which they extravasate  [  15  ] . This drawback 
limits the effects of these particles to the few layers of perivascularly situated cells. 
If nanoparticles could be fabricated that would release their contents, chemothera-
peutics for example, once they have reached their target destination, it would allow 
the chemotherapeutics to then diffuse within the target tissue and affect more cells. 
This improvement can be achieved through the use of multifunctional nanoparticles 
that can release their contents after a triggering effect caused by hyperthermia, pH 
changes, or enzymes present at the target location. With the addition of targeting 
molecules for specifi c tumors and/or the coencapsulation of trackable contrast 
agents as mentioned above, these nanoparticles could play an important role in the 
future of personalized medicine because they would allow the physician to control 
the drug bioavailability in a time-dependent manner that is specifi c for nanoparticle 
accumulation within a particular tumor. 

    13.3.3.1   Hyperthermia-Triggered Release 

 Several nanoparticles have been created that can be triggered to release their contents 
in response to physiologically safe increases in temperatures (greater than 37°C, but 
less than 42°C). Thermally sensitive liposomes for triggered release date back almost 
half a century, including those developed by Yatvin et al.  [  43  ] . These liposomes are 
stable at body temperature, but become unstable upon heating near or above their 
melting transition temperature ( T  

m
 ), allowing their contents to diffuse out. Several 

studies have proven increased drug release and tumor response over Doxil ®  and free 
doxorubicin using different types of thermosensitive doxorubicin-containing lipo-
somes  [  44–  46  ] . In fact, Needham et al. reported full tumor regression in all 11 of 11 
mice treated with doxorubicin-containing thermosensitive liposomes, accompanied 
by induced hyperthermia in a human xenograft mouse model  [  47  ] . 

 Current examples of hyperthermia treatments like the one above require the 
patient to submerge the area of interest in a water bath to generate large regions of 
hyperthermia in the general vicinity of the target site  [  47,   48  ] . Though useful and 
easily translatable to a clinical setting, there are several disadvantages with this 
technique. First of all, one can only treat the regions on the body that are able to be 
submerged in hot water for an extended period of time. This rules out hyperthermia 
treatment for areas such as the torso (likely that the entire body would need to be 
submerged, negating selectivity) and areas that are highly temperature sensitive 
such as the brain. Also, this hyperthermia treatment is anything but local to the 
tumor area since large portions of the body around the tumor must be submerged, 
meaning that thermosensitive nanoparticle therapeutics in off-target areas could 
be released, causing undesirable side effects. Tumor-specifi c hyperthermia would 
be ideal when considering heat-triggered release and can be accomplished using 
iron oxide or gold nanoparticles. 

 Iron oxide nanoparticles, traditionally used as MRI contrast agents, can be stim-
ulated by the same MRI magnetic fi elds to generate heat  [  49  ] . These nanoparticles 
generally are not present in high enough concentration to generate enough heat for 
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cytotoxic hyperthermia but could be used in conjunction with thermally sensitive 
nanoparticles to induce triggered release. One advantage of using iron oxide 
nanoparticles for hyperthermia is the ability to image the particles to ensure proper 
accumulation in the target tissue. Unfortunately, production of such electromag-
netic fi elds to cause heating is rather expensive and requires relatively expensive 
equipment. 

 Gold nanoparticles, on the other hand, can be heated using less expensive lasers 
that require less power and space, and therefore, result in lower operational/mainte-
nance costs, though the frequency of light required for gold nanoparticle heating 
does not have the ability to penetrate tissue as deeply as the magnetic fi elds utilized 
to heat iron oxide nanoparticles. Gold nanorods and shells can be tuned via altera-
tion of dimensional ratios to generate heat in response to stimulation by different 
frequencies of light  [  50,   51  ] . The most useful of these are rods and shells that 
respond to near-infrared (NIR) radiation. Near-infrared light can penetrate soft tissue 
up to 10 cm with little loss of energy due to minimal absorption and scattering by 
intrinsic pigments  [  52  ] . Thus, NIR light can be used to stimulate gold nanoparticles 
to generate local hyperthermia of several degrees, which could be utilized for 
initiating triggered release of encapsulated agents from thermosensitive nanoparti-
cles. In fact, Paasonen et al. have already provided a proof of concept of this method 
 [  50  ] . Gold nanoparticles were incorporated into calcein-loaded liposomes, which 
were stable at 37°C. Upon illumination with near-infrared light, localized heating 
occurred, resulting in calcein release.  

    13.3.3.2   pH-Triggered Release 

 Nanoparticles can be engineered to release their contents based on changes in pH. 
Tumor interstitium, endosomes, and lysosomes are all known to have acidic pH. 
Thus, pH-sensitive nanoparticles can be used to passively accumulate in tumors 
based on size and longevity in circulation, then release their contents similarly to 
thermosensitive liposomes but without the need for an externally applied trigger. 

 Several types of pH-sensitive liposomes have been developed, again dating back 
to the mid- to late 1970s (reviewed in  [  53  ] ). When fi rst conceived, their in vivo use 
was limited due to the rapid clearance by the RES, and therefore, PEG was later 
added to the liposome surfaces to ensure longer circulation times  [  54  ] . Several 
examples of pH-sensitive liposomes have since been developed, including liposomes 
that carry cell-targeting moieties. Ishida et al. created a pH-sensitive doxorubicin 
liposome with a CD19-targeting moiety for targeting human B cell lymphoma  [  55  ] . 
This liposomal doxorubicin was stable at physiological pH (7.4), but was destabi-
lized and released its contents at pH 5.5 in lysosomes. Despite its relatively rapid 
clearance from the blood stream, Ishida’s multifunctional nanoparticle was more 
effective in killing target lymphoma cells than more traditional, long-circulating 
doxorubicin liposomes. 

 Carbon nanotubes have also been used to reversibly package drugs for delivery 
to tumors based on changes in pH  [  56  ] . Doxorubicin was bound to PEG-coated 
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nanotubes in a pH-dependent manner. The binding was stable at physiological pH, 
but allowed release of the drug in acidic conditions like those present in endosomes 
or lysosomes. When treated with these nanoparticles, MCF-7 breast cancer cells 
and U87MG human glioblastoma cells showed high levels of cell death in vitro. 
In vivo use outside of a laboratory environment relies on the further investigation of 
the long-term effects of carbon nanotubes in the body.  

    13.3.3.3   Enzymatic-Triggered Release 

 Enzymatic-triggered release of nanoparticles takes advantage of enzymes located at 
the target site for the release of encapsulated agents. These nanoparticles could be 
utilized in personalized medicine by tailoring the type of enzyme cleavage site to 
the area of interest in a particular patient. 

 Matrix metalloproteinases (MMPs) are often overexpressed in tumors. The inclu-
sion of MMP cleavage sites in the PEG coating on liposomes or in the membrane 
itself allows for enzyme-triggered release of contents. PEG is utilized to ensure 
RES evasion and long circulation times. Once the nanoparticles extravasate to the 
tumor site, cleavage of MMP sites in the PEG coating can expose targeting moieties 
or allow the liposomes to fuse with the target cell membranes, releasing their 
contents into the cytoplasm  [  57  ] . Lipoproteins can be included in the membrane that 
causes destabilization of the liposome bilayer when cleaved by MMPs, thus allow-
ing release of contents into the extracellular space where they can diffuse through-
out the tissue  [  58  ] .   

    13.3.4   DNA/RNA Therapy 

 Recent research has uncovered an important link between cancer biomarkers and gene 
expression, and the pathology of tumors  [  59–  61  ] . Thus, it would be advantageous to 
be able to control the expression of malicious genes through personalized or individu-
alized gene therapy, either through DNA modifi cations or through RNA silencing. 
Several multifunctional nanoparticles are in development for this very task. High 
throughput methods exist to obtain gene expression and protein maps of tumors, 
including cDNA, RNA, and protein microarrays. These methods could be utilized to 
determine which gene expression to extinguish or silence. Nanoparticles could then 
be delivered to achieve the desired effect, enabling personalized gene therapy. 

 Delivery of DNA into mammalian cells is not a new concept. Various methods 
such as electroporation and use of viruses exist for transfecting mammalian cells. 
Multifunctional nanoparticles can also be exploited to deliver DNA. Legendre et al. 
used pH-sensitive nanoparticles to deliver DNA to mammalian cells, exploiting 
protective packaging of DNA and intracellular pH-triggered release to ensure trans-
fection  [  62  ] . The group successfully transfected cells in vitro with a plasmid containing 
a luciferase reporter gene. Many other multifunctional nanoparticles have been used 
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to achieve similar goals. Several examples are given below, with emphasis on their 
potential for use in personalized cancer therapy. 

 Tumors require rapid growth of vasculature to sustain their growth. Therefore, 
slowing or ceasing angiogenesis in a tumor could result in death of tumor cells and 
subsequent tumor regression. For example, Avastin® (bevacizumab) is a monoclonal 
antibody that binds VEGF and slows angiogenesis. An alternative approach to com-
bat tumor angiogenesis is gene therapy. Hood et al. used a cationic nanoparticle, 
coupled with  a  

V
  b  

III
  integrin targeting ligands, for targeted delivery of mutated Raf 

gene to tumor endothelial cells in a mouse model of M21 human melanoma  [  63  ] . 
Neovasculature endothelial cells overexpress  a  

V
  b  

III
 , making it an ideal target for 

delivery of therapeutics to these cells. Delivering mutated Raf to the neovasculature 
caused apoptosis of endothelial cells, which resulted in death of cancer cells near 
these vessels, and subsequent tumor regression. 

 Carbon nanotubes have been used effectively to deliver DNA in vivo. Folic acid-
coated nanotubes were used to deliver small DNA segments into folate receptor 
overexpressing HeLa cells  [  64  ] . The cells were then exposed to pulses of NIR radia-
tion to cause endosomal release of the DNA nanotubes, which allowed DNA to then 
enter the nucleus of the cells. Minimal toxicity of the nanotubes was observed, but 
the long-term effects of carbon nanotubes have yet to be discovered. 

 Reducing gene expression through RNA silencing has great appeal in the 
biomedical sciences due to its transient nature and safety compared to permanent 
alteration of cellular DNA. Thus, delivery of siRNA to tumor cells could be used for 
personalized cancer therapy. Schiffelers et al. achieved tumor-selective delivery of 
VEGFR expression silencing siRNA via an RGD-targeted polymer nanoparticle 
 [  65  ] . Intravenous injection of the nanoparticles in a mouse N2A tumor model 
resulted in successful targeted delivery, causing reduced angiogenesis and reduced 
tumor growth. 

 Carbon nanotubes have been used to deliver siRNA to silence telomerase reverse 
transcriptase (TERT) function in a murine tumor model  [  66  ] . Nanotubes with the 
anti-TERT siRNA induced tumor cell growth arrest, resulting in longer survival 
times for nude mice inoculated with HeLa tumors. Other uses for RNAi nanoparticles 
can be found in a recent review by Kedmi and Peer  [  67  ] .   

    13.4   Future Perspectives 

 The near future of personalized medicine lies in the further development and mass 
production of trimodal nanoparticles that can not only deliver desired therapeutics 
to the specifi c area of interest through passive or active targeting but also treat and 
allow real-time imaging of treatment via clinically relevant imaging modalities such 
as MRI, CT, and mammography. An ideal treatment scheme would be one where 
nanoparticles could be used for molecular imaging to obtain a profi le of a tumor 
without invasive biopsy. The molecular profi le could be used to design multifunctional 
nanoparticles to ensure highly specifi c and effi cient delivery to that patient’s tumor. 
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These personalized trimodal nanoparticles with targeting ligands, chemotherapeutic, 
and imaging contrast agent would allow rapid assessment of treatment effi cacy 
when compared to current strategies. Preliminary examples of this strategy have 
been developed using polymer nanoparticles  [  68  ] , magnetic nanoparticles  [  69–  72  ] , 
gold nanoparticles  [  73  ] , and hybrid nanoparticles  [  74  ] , although long-term effects 
and toxicity of these nanoparticles must be assessed before safe use in humans can 
be considered. 

 One way to achieve clinically relevant personalized nanoparticle chemotherapy 
described above would be to design a “mix and match” nanoparticle system, in which 
a clinician would be able to manufacture personalized nanoparticles in house from a 
set of building blocks. Perhaps there would be a base set of nanoparticles containing 
different drugs and contrast agents, having specifi c surface modifi cations present that 
would enable the attachment of one or several different targeting ligands from a cata-
log of choices off the shelf. Clinicians would be able to design and manufacture the 
nanoparticle that would best apply to the individual patient’s disease. 

 Though this chapter has focused on the application of personalized medicine to 
cancer, there are several other applications for this technology that are showing 
promise in the academic sector. Liposomes with  a  

V
  b  

III
  targeting have been used to 

track progression of atherosclerotic plaques in vivo  [  75,   76  ] . Nanoparticles like 
these could be used to apply personalized treatment strategies based on plaque 
stability and other data. Cellular tracking using nanoparticles has enabled scientists 
to track stem cells, macrophages, and other cell types in the laboratory  [  77–  80  ] . 
This tracking ability could have future implications in personalized cellular thera-
pies, including stem cell therapies, among other applications.  

    13.5   Conclusions 

 Multifunctional nanoparticles show great promise for use in personalized medicine. 
Nanoparticles that target, treat, and allow a means of in vivo monitoring of treat-
ment are being developed for diseases such as cancer. Nanoparticles such as liposomes 
will likely be swift to market because they mimic structures already in the body and 
several formulations of liposomes have already been approved for clinical use. 
Other molecules show promise but will need to undergo stringent testing for long-
term toxicity and biocompatibility. 

 The future of personalized medicine, however, lies not only in the hands of 
researchers and academia who are developing novel diagnostics and treatments but 
also in the hands of industry, policy makers, and government agencies like the US 
Food and Drug Administration (FDA) and National Institutes of Health (NIH). 

 The FDA and NIH are expanding legislation, regulations, and guidelines to 
encourage growth of personalized medicine. The FDA is contributing by forming 
the Critical Paths Initiative (CPI), which aims to discover biomarkers and develop 
diagnostic tools, and the Voluntary Genomic Data Submission (VGDS) program. 
The NIH is also contributing to the growth by creating the Therapeutics for Rare 
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and Neglected Diseases (TRND) program, which aims to expedite preclinical 
development of promising therapeutic compounds for personalized medicine. 
Together, these agencies aim to bring personalized medicine to patients as swiftly 
and safely as possible.      
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           14.1   Introduction 

 First introduced by Tomalia, Newkome, and Frechet in the 1970s, dendrimers have 
been investigated for a number of applications including photonics  [  1  ] , antimicrobial 
agents  [  2–  4  ] , gene transfection  [  5–  7  ] , contrast imaging agents  [  8,   9  ] , boron-neutron 
capture therapy  [  10  ] , and targeted drug delivery  [  11,   12  ] . Dendrimers have a highly 
ordered branching architecture that results in low degrees of polydispersity com-
pared to many other polymers. 

 One class of dendrimer, the poly(amidoamine) (PAMAM) dendrimer, has many 
characteristics that make the material well suited to be a platform for multifunctional 
therapeutics. PAMAM dendrimers are non-immunogenic and have good biocom-
patibility once their surface amines have been neutralized  [  13–  18  ] . Their small size 
(~4.5 nm for a generation 5 dendrimer) is similar to many proteins in the body and 
this enables the particles to escape the vasculature and pass through the tissue matrix 
to access the desired target. The fl exible nature of the dendrimer backbone also 
facilitates fl ow through vascular pores as well as promotes polyvalent interactions 
with the desired cellular target  [  19  ] . Since generations of PAMAM lower than 5 are 
smaller than the maximum particle size for renal fi ltration (~15 nm), these dendrim-
ers are fi ltered through the kidney, therefore reducing the risk of long-term toxicity 
and removing the need for a degradable scaffold  [  20  ] . The hydrophilic nature of the 
PAMAM backbone maintains water solubility even when the dendrimer surface is 
joined    to a large number of hydrophobic ligands. In fact, the PAMAM dendrimer 
can enhance therapeutic compound solubility at physiological conditions. In addi-
tion, the well-defi ned number of end groups on the dendrimer enables multivalent 
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interactions with biological systems because multiple copies of a monovalent 
targeting ligand can be conjugated to each dendrimer. The existence of multiple end 
groups per dendrimer also provides the ability to conjugate several different func-
tional molecules to a single dendrimer, thereby producing the multifunctional 
therapeutic. 

 These unique features have been leveraged to produce dendrimer therapeutics 
that combine a therapeutic agent, a targeting ligand, and in many cases, an imaging 
agent. It is hoped that the combination of these functionalities on the same particle 
will result in synergistic properties that include reduced nonspecifi c cytotoxicity vs. 
free drug, increased drug delivery to target cells, and the potential to overcome drug 
resistance in target cells. Multifunctional dendrimer conjugates have been shown to 
successfully target cells with a number of different membrane receptors including 
the EGF receptor  [  21  ] , RGD-binding integrins  [  22,   23  ] , HER2 receptor  [  24  ] , PSMA 
receptor  [  25  ] , and FA a  receptor  [  26–  28  ] . Therapeutic agents that have been success-
fully delivered to target cells in these systems include doxorubicin, methotrexate 
(MTX), and taxol. This chapter describes our efforts to translate one such multi-
functional dendrimer, a generation 5 (G5) dendrimer that combines the targeting 
molecules folic acid (FA) and the therapeutic agent methotrexate.  

    14.2   Laboratory Development of a Multifunctional 
Dendrimer Therapeutic (G5-FA-MTX) 

 Of the multifunctional dendrimers synthesized to date, one of the most promising 
therapeutics has been a dendrimer that combined folic acid as a targeting ligand with 
the anti-proliferative agent methotrexate. Folic acid is an essential vitamin that is used 
by cells in DNA synthesis. This molecule binds to the FA a  receptor, which is a 
cellular membrane-bound receptor, as well as the Reduced Folate Carrier (RFC), 
which is an ion channel-like molecule in the cell membrane. Due to the demand for a 
high rate of DNA synthesis by rapidly dividing cells, many types of cancer cells over-
express the FA a  receptor. Tumor cells with a high-membrane concentration of the 
receptor include breast, ovary, endometrium, kidney, lung, head and neck, brain, and 
myeloid cancer cells  [  29–  31  ] . A single FA molecule binds specifi cally to the FA a , but 
has relatively low affi nity for this receptor  [  32  ] . However, when multiple copies of FA 
are conjugated to a dendrimer, the platform (targeting ligands and dendrimer) was 
found to be capable of high-avidity interactions with the membrane-bound FA a  
receptor. Quantitative Surface Plasmon Resonance (SPR) studies found the binding 
interaction of surface receptor with multiple FA molecules bound to a dendrimer is 
several orders of magnitude stronger than free folic acid  [  19  ] . This study also investi-
gated the change in binding strength of folate-conjugated dendrimers based on the 
mean FA-dendrimer ratio. For dendrimers with mean numbers of FA ranging from 1 
to 15, the optimal FA-dendrimer ratio was found to be approximately 4. 

 The second functional molecule coupled to the dendrimer, MTX, is a cytotoxic 
drug that functions by binding to dihydrofolate reductase (DHFR), an enzyme 
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important in DNA synthesis. It has a higher affi nity interaction with DHFR than FA, 
but ineffi ciently enters cells because it is only transported by the reduced folate 
carrier. Because of this, cells can develop resistance to MTX by overexpressing 
FA a  to concentrate more FA in cancer cells, or by removing MTX from the cyto-
plasm via p-glycoprotein pumps  [  33  ] . 

 In combining FA with MTX on the dendrimer, our hypothesis was that we could 
improve the therapeutic index of MTX by directing the drug with folate to FA a  
overexpressing cancer cells, while at the same time preventing MTX entry into 
normal cells through the reduced folate carrier by coupling to the macromolecular 
dendrimer. The prototype compound developed within MNIMBS had a mean ligand/
dendrimer ratio of 4 FA and 5 MTX molecules per dendrimer  [  27  ] . Both in vitro and 
in vivo results of this compound showed that it did improve the therapeutic index for 
cancer therapy as it was highly successful at targeting and internalizing into cancer 
cells and then killing cells by inhibition of the DHFR  [  28  ] . Shown in Fig.  14.1  are 
the results of an in vitro and in vivo study that demonstrated the excellent antitumor 
properties of the G5-FA-MTX compound.  

 It is worth reviewing the somewhat complex synthetic path required to produce 
the G5-FA-MTX. A serial conjugation strategy was employed and is displayed in 
Fig.  14.2 . Commercially supplied dendrimer was fi rst purifi ed by dialysis to remove 
small molecular weight impurities and improve the uniformity of the material. 
This material was then painstakingly characterized by nuclear magnetic resonance 
spectroscopy (NMR), gel permeation chromatography (GPC), and potentiometric 
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  Fig. 14.1    In vivo antitumor activity of the G5-FA-MTX dendrimer synthesized by MNIMBS. 
The multifunctional dendrimer demonstrated an inhibition of tumor growth in a human epithelial 
tumor in SCID mice without the toxicity observed with similar concentrations of free MTX. 
Reproduced with permission from  [  28  ]        
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titration to establish the number average molecular weight (M 
n
 ) of the material as 

well as the average number of end groups per dendrimer. The dendrimer was then 
partially acetylated to reduce the number of surface amines on the dendrimer. Using 
activated-ester coupling chemistry (EDC), FA was then attached to the dendrimer 
through an amide bond through one (or the other) of its carboxylic acid groups. 
The remaining primary amines were then glycidolated in order to add MTX, which 
was also accomplished with EDC coupling through an ester bond.   

    14.3   Problems in Translation 

 The performance of the G5-FA-MTX dendrimer in ex vivo testing was extremely 
promising and a company called Avidimer Therapeutics was formed to continue 
development of the multifunctional dendrimer therapeutic and advance the G5-FA-
MTX compound through clinical trials. Avidimer began preparing material for 
preclinical GLP (good laboratory practices) toxicity testing to support an Investigative 
New Drug (IND) fi ling with the U.S. Food and Drug Administration (FDA). Over 
fi ve lots of the multifunctional dendrimer were synthesized and analyzed by the 
company to document the reproducibility of the production before synthesis was 
transferred to a contract manufacturer, who produced an additional fi ve lots including 
one 200-g lot for GLP animal toxicity testing. This fi nal lot of material successfully 
completed a 4-week repeated dose toxicity testing in rats and dogs. 

 As fi nal preparation for Phase I clinical trials, a 2-kg lot of GMP (good manufac-
turing principals) material was produced, called ATI-101. Unfortunately, several 
factors that were unknown or not appreciated came into play to alter the product 

  Fig. 14.2    The multistep synthetic process to synthesize the G5-FA-MTX dendrimer and controls. 
This particular version of the multifunctional dendrimer also incorporated the dye molecules FITC 
on the platform. Reproduced with permission from  [  27  ]        
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of this synthesis with signifi cant consequences. The commercial supplier of the 
PAMAM dendrimer had altered its synthesis protocol to produce the starting 
material for ATI-101. While Avidimer was not originally aware of the changes in 
the protocol, it had been informed that the mean primary amine to dendrimer ratio 
was substantially lower than previous lots (90 vs. 112). In an attempt to compensate, 
Avidimer reduced its acetylation stoichiometry but was not aware that the PDI 
(polydispersity index) of the dendrimer was also signifi cantly increased compared 
to prior lots. Another factor that was underappreciated was the substantial heteroge-
neity in the ratios of functional ligands (FA and MTX)-to-dendrimer particles, 
although defi ning this heterogeneity has become a major focus of our research 
efforts since ATI-101 was synthesized. A third unknown factor was the effects of 
the partial dendrimer acetylation reaction on the quality of mass transport and the 
subsequent acetyl-dendrimer distributions. As will be described in detail later in 
this chapter, changes in the mass transport can have major effects on the acetyl-
dendrimer distribution and leave many dendrimers with very few primary amines 
available for conjugation with either FA or MTX. 

 The consequence of these factors resulted in ATI-101 having poor antitumor 
activity. Figure  14.3  shows the failure of ATI-101 to demonstrate the antitumor activ-
ity both in vitro and in vivo. Characterization of ATI-101 by both the MNIMBS 
analytical staff and the National Cancer Institute’s Nanoparticle Characterization 
Laboratory (NCL) determined that only a small amount of FA had been conjugated 
to the dendrimer. This meant that the compound was no longer capable of the high 
avidity, multivalent targeting that was essential to the material’s success. MNIMBS 
recognized that these problems were clearly preventing translation of the multifunc-
tional dendrimer, and that a successful platform required that these hurdles be fully 
characterized, and overcome, to create a uniform, large-scale therapeutic.   

    14.4   Challenges to Current Synthetic Approaches 
of Dendrimer Therapeutics 

 In reviewing our experience with the G5-FA-MTX dendrimer and the failure of 
ATI-101, we identifi ed four major challenges associated with the scale-up of the 
multifunctional dendrimer. The fi rst challenge was controlling the heterogeneity of 
the starting dendrimer to minimize the adverse effects it had on the reproducible 
synthesis of the multifunctional therapeutic. The second challenge was developing 
analytical methods capable of determining the material composition, particularly 
the different ligand–dendrimer ratios, and thereby evaluating the consistency 
between batches. A third major challenge was developing synthetic strategies that 
reproducibly generated multifunctional dendrimer. The fourth and fi nal challenge 
to successful translation was controlling the therapeutics’ composition during 
scale-up. 
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    14.4.1   Variability and Heterogeneity of the Starting Dendrimer 

 Although dendrimers are among the least heterogeneous family of polymers, they 
are not monodisperse. This misconception seems to have led researchers to grossly 
underestimate the infl uence that dendrimer heterogeneity can have on the reproduc-
ibility of synthetic strategies. For PAMAM dendrimers, deviations from the 

  Fig. 14.3    The lack of antitumor activity of the 2-kg scale multifunctional dendrimer (ATI-101) 
compared with the antitumor capability of a 200-g scale lot of material (lot # 123-34). The lack of 
activity was found both in vitro ( top ) and in a SCID mice tumor model ( bottom )       
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theoretical structure of these molecules are caused by undesired side reactions and 
site-blocking effects. A number of different defect structures in the PAMAM 
dendrimer architecture have been identifi ed, including those shown for a generation 
1 (G1) dendrimer in Fig.  14.4 . These defects in the dendrimer architecture are the 
source of molecular weight heterogeneity in the starting material and are refl ected 
in the material’s polydispersity index. In our experience, the most optimal commer-
cial lots of generation 5 dendrimer have a mean of ~110 primary surface amines per 
molecule instead of the theoretical 128 end groups per dendrimer. This number is 
obtained only after a post-purchase purifi cation using dialysis that removes a por-
tion of lower molecular weight defect structures  [  34  ] .  

 The challenge that dendrimer heterogeneity presents to the successful translation 
of multifunctional dendrimer is that the relative amount and type of defect structures 
is different in each lot of material. If these changes are not well understood, reproduc-
ible conjugations of functional groups will become diffi cult to achieve due to improper 
reagent stoichiometry, and heterogeneity in the number of attachment sites per den-
drimer. Furthermore, changes in the relative amount of defect structure impacts many 
of the platform’s material properties related to biological function such as pharmaco-
dynamics and receptor-ligand interactions (effected by arm fl exibility). 

 The challenge of controlling the heterogeneity and variability of the starting 
PAMAM dendrimer is apparent in the failure of ATI-101. In this case, the inconsis-
tency of the starting material caused the synthesis protocol to be modifi ed. The change 
in the mean number of end groups was known (90 instead of 112); however, the 
change in the relative amount of defect structures was not. In retrospect, it may be 
that the previously developed synthetic conditions were no longer appropriate for 
this lot of starting material even when adjusted in a linear relationship to the mean 
number of end groups per dendrimer. It is also possible that the problems resulted 
from poorly controlled mass transport in the acetylation step ( vida infra ).  

  Fig. 14.4    Examples of different dendrimer defects for a generation 1 PAMAM dendrimer. Adapted 
from  [  36  ]        
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    14.4.2   Analytical Methods that Verify Material Composition 
and Reproducibility 

 Control over the consistency of the starting material is a challenge that must be 
addressed in order to achieve reproducible batches of material. There are, however, 
fundamental consequences of the synthetic methods used to functionalize the den-
drimer that must be realized in order to produce reproducible material. Essential to 
this realization are analytical methods that can actually identify the different ligand–
dendrimer ratios that compose a batch of multifunctional dendrimer. Such analyti-
cal capabilities are important both to understand material-property relationships and 
to ensure the reproducibility between synthesis batches. This is a signifi cant chal-
lenge for not only the multifunctional dendrimer fi eld, but also the entire fi eld of 
multifunctional nanoparticles. 

 The majority of synthetic reactions performed to functionalize dendrimers (partial 
acetylation, FA conjugation, MTX conjugation) occur where the molar amount of 
ligand is much smaller than the number of available conjugation sites per dendrimer. 
For example, in making the G5-FA-MTX dendrimer there was a mean of 35 pri-
mary amines per dendrimer and about 4 moles of FA added per dendrimer. Instead 
of generating material composed of dendrimer particles with exactly 4 conjugated 
FA, these conditions result in a distribution of FA-dendrimer ratios and a mean of 4 
FA per dendrimer. We call this form of heterogeneity the “distribution of ligand–
dendrimer components.” Unfortunately, the extent of ligand heterogeneity was not 
initially appreciated when the synthesis of the G5-FA-MTX dendrimer was being 
developed. This misunderstanding is largely due to a reliance on standard analytical 
methods that failed to identify the ligand–dendrimer ratios that comprised the 
material. Many analytical techniques that are commonly used in multifunctional 
nanoparticle characterization (NMR spectroscopy, elemental analysis, UV-visible 
spectroscopy) are only capable of identifying the mean ligand/nanoparticle ratio. 
NMR spectroscopy was (and remains today) one of the primary characterization 
methods for multifunctional dendrimer. We have found, however, that the mean 
ligand–dendrimer ratio that NMR spectroscopy provides is insuffi cient to evaluate 
material reproducibility. Other techniques with potential to resolve component dis-
tributions (GPC, HPLC, MALDI-TOF) often produce unresolved single peaks and 
fail to provide suffi cient information about the material. Figure  14.5  provides one 
such example in which both GPC (panel a) and MALDI (panel b) were unsuccessful 
at resolving the ligand–dendrimer ratios. Sample A in this fi gure was composed of 
three different ligand–dendrimer ratios, whereas sample D was composed of nine 
different ratios. Both techniques only produced single-peak signals that completely 
missed the signifi cant differences in material composition  [  35  ] . This type of analyti-
cal result is clearly not suffi cient to ensure the clinical translation of a multifunc-
tional dendrimer.  

 Our understanding of actual ligand–dendrimer distributions since the failure 
of ATI-101 has been informed by the use of two different model ligands; the 
alkyne ligand (3-(4-(prop-2-ynyloxy)phenyl) propanoic acid) and the azide ligand 
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3(-(4-(2-azidoethoxy)phenyl) propanoic acid)  [  34  ] . When either of these ligands was 
conjugated to the dendrimer, reverse-phase HPLC could be used to resolve and quan-
tify dendrimers with specifi c amounts of each ligand within a sample. Examples of 
these HPLC traces can be found in Fig.  14.6 . The ligand–dendrimer conjugate in this 
fi gure had mean ligand–dendrimer ratios ranging from 0.4 to 12.9. The starting den-
drimer for the samples in panel (a) was a dendrimer with a mean of 112 end groups, 
whereas the dendrimer for samples in panel (b) was a partially acetylated dendrimer. 
The distinct peaks within each trace were determined to be composed of different 
numbers of ligand–dendrimer ratios  [  34–  37  ] .  

  Fig. 14.5    GPC ( a ) and MALDI-TOF ( b ) characterization of four ligand–dendrimer samples. The 
number of components in samples A–D ranges from 3 to 9, yet both techniques failed to identify 
these differences. Reproduced with permission from  [  35  ]        
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 The quantifi ed distribution was determined by applying a peak-fi tting method to 
each of the HPLC traces, and the results can be found in Fig.  14.7 . Although these 
results are consistent with theoretical expectations  [  35  ] , they are signifi cantly more 
heterogeneous than common expectations. As an example, a dendrimer with a mean 
ligand–dendrimer ratio of 6.8 was composed of 18 different components. These 
components ranged from a dendrimer with 0 ligands to a dendrimer with 17 ligands. 
No component in this material made up more than 9% of the total population.  

  Fig. 14.6    Reverse phase HPLC traces for samples of dendrimers conjugated with the alkyne 
ligand. Traces are plotted with a vertical off-set that refl ects the mean ligand–dendrimer ratio 
(ranging from 0.4 to 12.9). Two different starting dendrimers were used to make the samples: a 
dendrimer with a mean 112 primary amines (panel  a ) and a partially acetylated dendrimer with a 
mean of 32 primary amines (panel  b ). Reproduced with permission from  [  34  ]        
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 Possessing an analytical method that can actually identify the different ligand–
dendrimer ratios has dramatically improved our understanding of the heterogeneous 
distributions generated by the functionalization methods. This new understanding 
has led to a fundamental change in the way we viewed the material content of the 
multifunctional dendrimers, and the approaches taken to generate the material. 
Quite simply, the number of different components in the G5-FA-MTX dendrimer 
was far greater than we had previously thought  [  34  ] . Our new experimental observa-
tions indicated that the ligand–dendrimer distributions were, in the most uniform 
scenario, approximately Poissonian. Figure  14.8 , panel (a) shows Poisson distributions 
with means of 4 and 5. Recall that the G5-FA-MTX dendrimer that had promising 
in vitro and in vivo results had a mean of 4 FA molecules per dendrimer and 5 
MTX molecules per dendrimer. Accounting for both distributions, Fig.  14.8 , panel 
(b) shows the relative amount of different dendrimer components with both FA and 

  Fig. 14.7    Quantifi ed dendrimer–ligand distributions based on the resolved HPLC traces in 
Fig.  14.5 . Distributions are grouped based on the mean ligand–dendrimer ratio. Reproduced with 
permission from  [  34  ]           
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  Fig. 14.8    Projection of the 
number and distribution of 
components in the G5-FA-
MTX dendrimer, which had a 
mean of 4 FA and 5 MTX per 
dendrimer. ( a ) Poisson 
distributions with a means of 
4 and 5. ( b ) The distribution 
of dendrimer components 
with different numbers of FA 
and MTX molecules. The 
dendrimer with 4 FA and 5 
MTX ligands composed less 
than 4% of the total material. 
Reproduced with permission 
from  [  34  ]        

MTX ligands. According to these projections, which are based on experimental 
data, the dendrimer component with exactly 4 FA and 5 MTX makes up less than 
4% of the total material. Given that this component made up such a small portion of 
the entire population, we have concluded that it is insuffi cient to use the mean 
ligand–dendrimer ratio alone to describe the material and interpret material prop-
erties such as biological effects. Indeed, due to the nature of the two independent 
distributions, a substantial portion of the material will have large numbers of FA 
molecules and few MTX. This sub-population will have minimal therapeutic effect, 
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and could actually cause growth of folate-dependent tumors. In contrast, a second 
sub-population will have large numbers of MTX molecules per dendrimer and few 
FA molecules. This material may be nonspecifi cally cytotoxic and could have a 
deleterious impact on the therapeutic index of the material. These concepts are in no 
way captured simply by examining the mean ligand–dendrimer ratio.   

    14.4.3   Synthetic Strategies that Can Produce 
Reproducible Batches of Material 

 One major implication of the complexity of ligand–dendrimer distributions is that it 
is a signifi cant challenge to produce consistent batches of material using current 
synthetic approaches. Only after analytical methods have been developed to suffi -
ciently identify the composition of a multifunctional material can this challenge be 
truly addressed. Our recent experimental results have indicated that the methods 
used to produce the G5-FA-MTX dendrimer are far more sensitive to slight varia-
tions in the synthetic conditions than we had originally anticipated. Specifi cally, we 
have found that two ligand–dendrimer conjugates can have the same mean number 
of ligands and yet have dramatically different distributions  [  38  ] . 

 In the above example of two batches of ligand–dendrimer material having the 
same mean ratio and yet very different material compositions, we found that the 
major source of this discrepancy was the sensitivity of the partial acetylation to 
the quality of mass transport during the reaction. Similar to the alkyne, azide, FA, 
and MTX molecules, the acetic anhydride used to neutralize the dendrimer surface 
through acetylation is a small ligand. The nature of the partial acetylation reaction 
(excess of primary amines per dendrimer relative to the amount of acetic anhydride 
added) means that a distribution of dendrimers with different numbers of acetyl 
groups is generated. We have found that under poor mass transport conditions (low 
mixing, no dilution of acetic anhydride), the acetyl-dendrimer distribution is signifi -
cantly more heterogeneous than a Poisson distribution. Essentially, the poor mass 
transport causes a sub-population of dendrimers to be nearly or completely acetylated, 
with the remaining dendrimers having fewer numbers of acetyl groups. This distri-
bution meant that a subsequent ligand conjugation would occur in the presence of a 
highly heterogeneous distribution of attachment sites. Figure  14.9  demonstrates this 
phenomenon with the HPLC traces and quantifi ed distributions for two batches of 
dendrimer conjugated with the azide ligand. The starting dendrimer for panels 
(a) and (c) was partially acetylated under optimal mass transport conditions prior to 
the azide ligand conjugation. In panels (b) and (d), the starting dendrimer was par-
tially acetylated under poor mass transport conditions. Although the two dendrimer 
conjugates have the same mean ligand–dendrimer ratio (6.6 and 6.8), they have 
dramatically different distribution profi les. Importantly, although the two batches of 
partially acetylated dendrimer were signifi cantly different, they could not be distin-
guished by either NMR or HPLC.   
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    14.4.4   Scale-Up 

 The fi nal challenge that we identifi ed is developing the capability for scale-up pro-
duction of the material. The fi eld of polymer processing has long been confronted 
with the challenge that many reactions and processes do not predictably scale. In the 
case of ATI-101, not only was there a change in the starting material (reduced mean 
end-group-dendrimer ratio and increase in heterogeneity), there was also an order of 
magnitude change in the reaction scale (200 g to 2 kg). Presumably, as the ligand-
to-dendrimer amine ratio increases, the ability to maintain optimal mass transport is 
diminished. Both of these factors likely caused a signifi cant sub-population of the 
dendrimer to become fully or close to fully acetylated, thereby reducing the number 
of FA that could be attached during subsequent conjugation reactions.   
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  Fig. 14.9    The effect of acetylation mass transport quality on subsequent dendrimer–ligand distri-
butions (Samples N and O). Sample N had a mean of 6.6 azide ligands per dendrimer. The parent 
dendrimer for Sample N was partially acetylated under optimal mass transport conditions. Sample 
O had a mean of 6.8 azide ligands per dendrimer. The parent dendrimer for Sample O was partially 
acetylated under poor mass transport conditions. Panels ( a ) and ( b ) contain the peak-fi tted HPLC 
traces for Sample N and O. This fi tted data provided the quantifi ed distributions shown in panels 
( c ) and ( d ). Reproduced with permission from  [  38  ]        
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    14.5   Solution Strategies 

 Given the challenges involved in the original synthetic process of the multifunctional 
dendrimer, we have focused signifi cant efforts within MNIMBS to alter the design 
of the multifunctional dendrimer to improve the consistency, uniformity, and repro-
ducibility of these products. Described below are fi ve promising design strategies 
that improve upon the original multivalent dendrimer product. The fi rst three design 
strategies are relatively minor modifi cations, while the fi nal two detail different 
classes of dendritic platforms. 

 The fi rst design strategy is to perform fewer functionalization reactions to the 
dendrimer. This goal is accomplished either by using fewer different types of 
functionalities per dendrimer, or by combination of functionalities prior to the con-
jugation to the dendrimer. Both approaches will not eliminate ligand–dendrimer 
distributions, but they will reduce the  heterogeneity  of the distribution. The strategy 
to perform only one conjugation to the dendrimer would still produce a distribution 
similar to a Poisson distribution; however, this is a signifi cant reduction in heteroge-
neity from the combination distributions in Fig.  14.8b . More important, this approach 
insures that concentrations of both drug and targeting agent scale together, thus 
ensuring that the drug is only presented on targeted particles. A second strategy 
inspired by the material in Fig.  14.8  is to eliminate the partial acetylation step. This 
approach avoids the variability introduced by the partial acetylation reaction related 
to the quality of mass transport. It also reduces the heterogeneity of the ligand 
distribution, as the pre-existing acyl distribution increases the heterogeneity of sub-
sequent ligand conjugations  [  34  ] . This is because the pre-existing ligand–dendrimer 
distribution creates variability in the number of attachment sites per dendrimer. 
A third strategy is to use alkyne or azide ligands as a quality control marker to moni-
tor these reactions. When the distribution of ligand–dendrimer components cannot 
be resolved by HPLC, the alkyne or azide ligand can be conjugated and the product 
analyzed again by the HPLC to provide information about the material heterogene-
ity. The material in Fig.  14.9  is an excellent example of this strategy. 

 A fourth design strategy is to replace the dendrimer platform with a dendron 
 [  39  ] . Although the dendron’s architecture is similar to a dendrimer, each particle has 
a single, chemically unique focal point. This focal point can be leveraged to reduce 
the heterogeneity of a multifunctional platform. If the focal point is used as an 
orthogonal reactive site, near 1:1 stoichiometry can be achieved between a func-
tional ligand or drug and the dendron. This strategy has been successfully applied 
using an RGD-targeting ligand conjugated to the dendron’s terminal arms, and 
either a dye molecule or the drug at the focal point (Fig.  14.10 ).  

 The fi nal design strategy capitalizes on the fact that dendrimers conjugated with 
the azide ligand have different retention times on an HPLC column based on the 
number of ligands per dendrimer (Fig.  14.11 ). Using semi-preparative HPLC, 
individual dendrimer ligand components (with between 0 and 8 ligands) have 
been successfully isolated at purity levels greater than 80%  [  37  ] . These precision 
dendrimers are very interesting because functional ligands such as drugs, targeting 
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ligands or combinations thereof can be conjugated specifi cally with the azide ligands 
on the dendrimer using click chemistry. This design has the potential to probe bio-
logical activity of specifi c dendrimer ligand components to identify the reaction 
product with the optimal activity.   

    14.6   Conclusions 

 Multifunctional dendrimer platforms continue to be exciting materials with great 
promise. The lessons learned from the early synthetic experiences have been important 
to clarify the challenges that must be addressed in order to achieve uniform synthesis 

  Fig. 14.10    PAMAM dendron strategy that leverages the unique focal point to reduce sample 
heterogeneity. Reproduced with permission from  [  39  ]        
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of functionalized nanoparticles for therapeutics. Indeed the challenges identifi ed in 
this chapter—control of the starting material, control of ligand–dendrimer distribu-
tions, development of quality control methods, and control of scale-up—are appli-
cable to many multifunctional nanoparticle systems. Strategies that provide solutions 
to these challenges with any type of nanoparticle will be critical to ensuring clinical 
success with these materials as therapeutics.      

  Fig. 14.11    Dendrimer with precise numbers of ligands isolated from the distribution of compo-
nents. Dendrimer with 0–8 ligands were isolated with degrees of purity greater than 80%. 
Reproduced with permission from  [  37  ]        
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           15.1   Introduction 

 One of the biggest challenges in the fi eld of medicinal chemistry is the distinction 
between healthy and malignant cells. One approach in cancer diagnostics is based 
on the fact that there is a high density of membrane proteins on the surface of tumor 
cells which perform specifi c cellular functions  [  1  ] . Such tumor markers can be made 
to act as receptors for modular ligands that can then be linked to a contrast agent. 
For example, fl uorescent dyes with near infrared absorbance (~770 nm) are used as 
contrast agents for in vivo analysis in animal models and to identify target tumor 
cells. In nature, cell recognition processes and the resulting transduction of signals 
underlie multivalent interactions. Antibodies, for example, can bind to cells via 
multivalent interaction and thereby initiate cell death. Synthetic multivalent ligands 
can be used to determine the surfaces of different cell types, for example, bacteria, 
cancer cells, and antigens. Multivalent interactions play an important role in many 
biological systems. A great advantage of multivalent drugs, which are bridged by 
polymeric spacers, is attributed to higher entropy loss and hence higher binding 
constant (Fig.  15.1 )  [  2,   3  ] .  

 The particles in multivalent interactions can be small molecules, oligosaccha-
rides, proteins, nucleic acids, lipids, viruses, bacteria, cells, and polymers. As a 
result, new synthetic strategies can be developed for drugs, which are based on mul-
tiple interactions of ligands conjugated to, for instance, a polymer which interacts 
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with multiple receptor sites in protein complexes and simultaneously multiple 
receptors on the cell surface. Therefore the scientifi c and industrial communities are 
interested in identifying and developing materials that take advantage of such fea-
tures on the cellular level. In this context, compounds with a high density of func-
tional groups and sizes on the nanometer scale (5–200 nm) have emerged as optimal 
candidates in biological, multivalency-related applications. Especially the highly 
branched, multivalent nature of dendritic polymers makes them ideal candidates for 
a variety of tissue-engineering applications, for example, as crosslinking agents, 
modulators of surface charge and surface chemistry, and as primary components in 
scaffolds that mimic natural extracellular matrices  [  4  ] .  

    15.2   Dendrimers and Dendritic Architectures 

 Many types of macromolecular architectures, namely linear, crosslinked, star-like, 
cyclic, and branched have evolved from Staudinger’s work on macromolecular 
chemistry from the 1920s (Fig.  15.2 ). For around 30 years, dendritic molecules have 
been used in a variety of subfi elds of chemistry, biology, medicine, and materials 
science. Dendrimers are highly branched macromolecules with a defi ned mass 
which are advantageous for several reasons  [  5  ] . Their high water solubility, chemi-
cal fl exibility, low viscosity in solution, and multivalency  [  3  ]  make them attractive 
molecules for many applications. Nowadays, they are used in sensing  [  6,   7  ] , cataly-
sis  [  8,   9  ] , light harvesting systems  [  10  ] , and in biological and medical applications 
 [  11,   12  ] . Most applications of dendrimers have been based mainly on the high num-
ber of functional groups.  

 Dendrimers have a well-defi ned homogeneous structure and can be nearly per-
fect, monodisperse molecules  [  13,   14  ]  consisting of tree-like arms or branches. So 
far, two fundamentally different synthesis methods have been developed. The divergent 
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  Fig. 15.1    Comparison of monovalent and multivalent interactions       
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approach initiated by Tomalia et al.  [  15  ]  and Newkome et al.  [  16  ] , and the conver-
gent approach developed by Hawker and Fréchet and coworkers  [  17,   18  ] . It is 
relatively easy to precisely control sizes, composition, and chemical reactivity of 
dendrimers. Depending on the type of end group, the properties of dendrimers vary 
in form, stability, solubility, fl exibility, and viscosity. With increasing generations 
(G), the number of end groups increases which can result in intensifi cation of defi -
nite properties such as light collector effects  [  19  ]  and signal amplifi cation  [  20  ] . 
In  contrast to linear polymers, the intrinsic viscosity of dendrimers does not grow 
linearly with its molar mass but rather reaches a maximum at a specifi c generation, 
beyond which it decreases again with higher generations. 

 Synthesis of these dendrimers, however, requires a high purity of the used educts 
and high yields of the individual steps. As repeating reactions tend to be costly, 
hyperbranched polymers have emerged as an alternative. In this context, the hyper-
branched polymer shown in Fig.  15.3  may not be perfectly branched but can be 
prepared conveniently in one-step procedures via polyaddition, polycondensation, 
and radical polymerization, etc., on the kilogram scale.  

Linear polymers and Derivatives

Dendritic ('tree-like') Polymer Architectures

linear cyclic branched star-like

hyperbranched dendrigrafts

dendrons dendrimers

  Fig. 15.2    Examples of macromolecular architectures       
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 Hyperbranched and perfect dendrimers exhibit similar chemical and physical 
properties such as high functionality due to their large number of end groups, and a 
high degree of branching that prevents crystallization, and causes low melting point 
and low solution viscosity. 

 Our group has focused its attention on the study of dendritic polyglycerols (PGs) 
as shown in Fig.  15.4 , which are glycerol-based macromolecular architectures with 

dendritic unit linear unit terminal unit

a b

  Fig. 15.3    General Structure of ( a ) a perfect dendrimer with only dendritic and terminal units, and 
( b ) a hyperbranched polymer with dendritic, linear, and terminal    units       
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a high degree of branching and end-group functionalities. They have compact, 
well-defi ned, dendrimer-mimicking structures that show appreciable aqueous solubility, 
can be prepared in facile one-pot synthesis at large scale, and possess substantially 
low tissue toxicity. Due to their low degree of molecular weight variation, fl exible 
design, and biocompatibility profi le, dendritic polyglycerols have also found a broad 
range of potential applications in medicine and pharmacology  [  21–  25  ] .   

    15.3   Biological Scenario 

 The surface decoration of dendritic nanostructures with solubilizing agents and 
targeting moieties, along with imaging and therapeutic modalities, and the inherent 
charge profi le of the dendritic polymer, confer structural benefi ts such as faster 
cellular entry, reduced macrophage uptake, targetability, and easier passage across 
biological barriers by transcytosis  [  26  ] . In addition, the branched nature of dendritic 
nanostructures has been shown to improve their in vivo application profi le in com-
parison to linear polymeric analogs. For instance, increasing the number of branches 
or arms for polymers with similar molecular weight (MW) and chemistry has 
increased the blood circulation half-life ( t  

1/2)
 . A systematic study with a library of 

PEGylated polyester “bow tie” dendrimers established the relationship between 
branching and blood-circulation time  [  27,   28  ] . For a series of bow ties with equiva-
lent MW (~40 kDa), there was an increase in  t  

1/2
 , from 1.4 ± 0.4 h for the two-arm 

dendrimer, essentially a linear polymer, to 26 ± 6 h for the four-arm dendrimer, and 
fi nally to 31 ± 2 h for the eight-arm dendrimer. Corresponding biodistribution stud-
ies in healthy mice showed no signifi cant variation in tissue uptake among the three 
polymers; however, decreasing polymer excretion in the urine was observed with 
increasing branching. This polymeric drug carrier, which was studied in C26 colon 
carcinoma cells-bearing mice, showed long blood-circulation times and remarkable 
effi cacy in delivering the chemotherapeutic drug doxorubicin (DOX) to tumors. The 
increased effi ciency of bow tie-DOX conjugates led to complete tumor cell disap-
pearance in sharp contrast to free DOX, which was ineffective. 

 The aforementioned example illustrates one of the many environmental biologi-
cal challenges that dendritic polymers face. In following sections, a brief descrip-
tion of the biological scenario will be considered with regard to the design of 
therapeutic and diagnostic approaches using dendrimers. 

    15.3.1   Particular Features of Malignant Tissues 

 The term tumor is generally used for an uncontrolled growth of the body’s own tis-
sue. Malignant tumors grow into surrounding tissue and destroy local structures. By 
means of the blood stream or lymphatic fl uid tumors can spread in every body 
region, which is called metastasis formation. Tumors often occur after surgeries and 
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cannot be removed completely. Therefore, in most cases, chemotherapy and permanent 
controls are necessary. For this reason, several working groups investigate in the 
development of multivalent active agents. Structure-defi ned multivalent and den-
dritic polymers allow the production of customized self-organized systems or poly-
mer therapeutics [58]. The aim is the right therapy for the right patient at the right 
time or, in other words, diagnostics is accompanied by therapy which is expressed 
by the term  theranostics  ( thera py and diag nostics ).  

    15.3.2   Passive and Active Targeting 

 The targetability of dendritic polymers to malignant cells and tissues can be achieved 
by adopting either of the two approaches  [  1  ]  passive targeting and  [  2  ]  active target-
ing  [  29  ] . In the passive targeting approach, the dendritic system delivers bioactives 
directly to the cell/tissue as a consequence of the environmental conditions in the 
malignant tissue. It is well recognized that tumor microvascular endothelium is 
leakier than healthy tissue, which results in enhanced permeability for macromole-
cules  [  30  ] . Furthermore, tumor tissue is characterized by ineffi cient lymphatic 
drainage  [  31  ] . The combination of these two characteristics, along with the hyper-
vascularization evident in the tumor microenvironment, leads to an accumulation of 
low molecular weight drugs coupled to high molecular weight nanocarriers in 
tumors. This so-called enhanced permeation and retention (EPR) effect  [  31–  34  ]  is 
depicted schematically in Fig.  15.5 . In this type of passive targeting, the macromol-
ecules accumulate in tumor tissue to a greater extent than in healthy tissue  [  35  ] . The 
EPR effect is predominantly observed for biocompatible macromolecules, macro-
molecular drugs, and lipids in solid tumors  [  36  ] .  

Lymphatic system
Healthy tissue

Tumor tissue

Blood stream

Endothelial cells

Polymer-Drug
Conjugate

Defective lymphatic
drainage system

  Fig. 15.5    Schematic representation of the EPR effect       
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 The size of the macromolecule is a critical factor with respect to tumor uptake. 
Following the pioneering work of Maeda, many other groups  [  37–  39  ]  were able to 
show that polymeric drugs with a molecular weight above the renal threshold (i.e., 
>40 kDa) accumulate in tumor tissues for prolonged time periods following intrave-
nous (i.v.) injection. Liposomes, micelles, and polymeric nanocarriers are the most 
extensively studied drug carriers and possess the most suitable characteristics for 
encapsulation of many drugs and diagnostic (imaging) agents. 

 Active targeting of a dendritic system is usually achieved by coupling a targeting 
ligand to a dendritic polymer that provides preferential accumulation of the entire drug 
delivery system in the malignant tissue  [  40  ] . The active targeting approach is based on 
the interactions between the ligand and its cognate receptor or between specifi c 
biological pairs (e.g., avidin-biotin, antibody-antigen, and sialic acid-carbohydrate) 
 [  41  ] . In most cases, a targeting moiety in a dendritic polymer is focused on the spe-
cifi c receptor or antigen overexpressed in the plasma membrane or intracellular 
membrane in the malignant cells. 

 A recent example showing why dendritic polymers are good candidates for tar-
geted delivery has been reported by Hashida et al.  [  42  ] . They synthesized a sixth-
generation lysine dendrimer (KG6) and two PEGylated derivatives for tumor-selective 
targeting after i.v. injection in tumor-bearing mice. The study has shown that the 
PEGylated KG6 conjugates effectively accumulated in tumor tissue by the EPR 
effect. Many other examples will be explored in the following sections.  

    15.3.3   Cellular Entry (Endocytosis) 

 In recent years, a number of research groups have demonstrated the potential of 
dendrimers to enhance the cellular delivery of drugs through endocytosis  [  43,   44  ] . 
Endocytic pathways are subdivided into pinocytosis, the uptake of fl uid and solutes, 
and phagocytosis, the uptake of large particles. Phagocytosis is the process of 
engulfi ng and destroying extracellularly derived material by a phagocytic cell, such 
as a macrophage, neutrophil, or amoeba. Pinocytosis includes four basic mecha-
nisms: macropinocytosis, clathrin-mediated endocytosis, caveolae-mediated endo-
cytosis, and clathrin- and caveolae-independent endocytosis (Fig.  15.6 )  [  45,   46  ] .  

 Cells overcome the lack of essential nutrients in the environment by expressing 
high-affi nity receptors or binding sites on the membrane surface. In the case of the 
receptor-mediated process of phagocytosis, the receptors function as adhesive ele-
ments that bind the plasma membrane to the particle. As a result, surface mem-
branes contain actin-binding proteins that link the phagocytic receptor to the actin 
cytoskeleton of the cell. Invagination produces a vesicle called phagosome, which 
usually fuses with early, then late endosomes, and fi nally with lysosomes to yield a 
phagolysosome  [  47  ] . In the case of pinocytosis, macropinocytosis is a cell-type 
specifi c and receptor-independent endocytic pathway. The function of receptor-
mediated endocytosis is diverse. It is widely used for the specifi c uptake of certain 
substances required by the cell. The best studied endocytosis mechanism is 
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clathrin-mediated endocytosis  [  48–  50  ] , which is the uptake of receptors, membrane, 
and cargo at the cell surface through a process that specifi cally involves the coat 
protein clathrin. Clathrin-coated vesicles are found in virtually all cells and form 
domains of the plasma membrane, termed clathrin-coated pits. Caveolae-mediated 
endocytosis is a form of uptake at the plasma membrane that involves the protein 
caveolin  [  51  ] . A third pathway, which is both clathrin and caveolae independent, may 
constitute a specialized high capacity endocytic pathway for lipids and fl uid  [  52  ] . 

 Dendrimers are a good model for use as a carrier/delivery system. Duncan et al. 
reported that poly(amido amine) (PAMAM) dendrimers generation 2.5 and 3.5 had 
particularly rapid serosal transfer rates and a low tissue deposition, indicating a very 
effi cient transport pathway  [  53  ] . D’Emanuele et al. demonstrated that G3 PAMAM 
dendrimers and lauroyl-G3 PAMAM dendrimer conjugates could be visualized in 
individual endocytotic vesicles at the apical domain of the cell, and their association 
with multivesicular bodies in the cell interior was seen as well  [  54  ] .  

    15.3.4   Blood Compatibility 

 Good blood compatibility and low cytotoxicity are important concerns in potential 
applications of dendrimers and other polymers as drug carriers. Higher molecular 
weight polymers are less prone to excretion through the kidneys and stay in the 
bloodstream for longer. During this circulation time, an immune reaction should be 
avoided, or the polymer–cargo complex might be quickly eliminated from the body. 
The use of a poly(ethylene glycol) (PEG) coating of surfaces in contact with bio-
logical fl uids has been shown to reduce toxicological adverse reactions  [  36,   55  ] . 
Recently, Brooks et al. tested hyperbranched polyglycerols in blood compatibility 
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Macropinocytosis

Clathrin-
mediated
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Clathrin-and caveolin-
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  Fig. 15.6    Entry of material into cells via phagocytosis for engulfi ng large particles or via different 
ways of pinocytosis for small particles, which includes macropinocytosis, clathrin- and caveolin-
mediated endocytosis, and clathrin- and caveolin-independent pathways. Adapted from  [  43  ]        
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studies for signifi cant effects in complement activation, platelet activation, coagulation, 
erythrocyte aggregation, and hemolysis, and found them to be highly blood compat-
ible  [  56,   57  ] . In addition, the blood compatibility of hyperbranched PG-based poly-
mers containing multivalent cationic sites was investigated  [  56  ] . In comparison to 
standard cationic polymers such as poly(ethylene imine) (PEI), PG-based polymers 
showed much lower cytotoxicity. These observations indicate that hyperbranched 
polyglycerols are potential candidates for polymer therapeutics.   

    15.4   Dendritic Architectures for Therapeutic Applications 

 Dendritic polymers, as described above, have been applied in various fi elds such as 
gene expression  [  58  ] , immunodiagnostics  [  59  ] , and controlled  [  60  ]  and targeted 
delivery  [  61  ] . The synergy between their multivalency and nanoscale size provides 
a range of options for chemical “smartness” along their molecular scaffold to 
achieve environmentally sensitive modalities  [  62  ] . 

 Tomalia-type PAMAM dendrimers (Fig.  15.7 ), which are commercially available, 
represent the most widely investigated dendrimer family for biomedical applicabil-
ity  [  63  ] . Besides PAMAM, there are numerous alternative types of dendrimers 
such as polylysines, polyesters, polyglycerols (PG), poly(propylene imines) (PPI), 
poly(ethylene imines) (PEI), and triazines that have been introduced for biomedical 
applications to molecularly amplify or multiply pathopharmacological effects  [  62  ] . 
These polymers show nontoxic behavior suffi cient for in vivo applications, high 
transport capacity, multivalent charge, and ligand display for targeting of biological 
cells and tissue. These features are advantages for life-science applications, espe-
cially in the treatment of cancer, virus-related illness, and infl ammation.  

    15.4.1   Dendritic Polymers as Drug or Gene Vectors 

 Several research groups have compared dendritic and linear polymers and found the 
dendritic architecture to be advantageous for delivery applications  [  64  ] . For exam-
ple, the multivalency of dendrimers can be utilized to encapsulate or conjugate simi-
lar or different drug molecules, while adding targeting and/or solubilizing modalities 
to the same construct in a controllable pattern. In addition, the low polydispersity of 
these dendrimers is expected to provide a more reproducible pharmacokinetic 
behavior than linear polymers. 

 The application of dendrimers as nanocarriers follows two different mechanisms, 
namely the supramolecular or encapsulation approach and conjugation. The fi rst 
approach makes use of the supramolecular voids within the dendritic structure to 
encapsulate guest molecules. Pioneered by the work of Maciejewski  [  65  ] , this con-
cept led the way toward dendritic nanocarriers, where a wide range of drug mole-
cules are noncovalently entrapped within the dendritic core  [  66  ] . The so-called 
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“unimolecular micelle” or “dendritic box” type architecture has been demonstrated 
with PAMAM dendrimers  [  63,   67  ] . Following the noncovalent interaction approach, 
a wide range of dendritic structures have been used for the delivery of therapeutic 
agents to intracellular target sites for disease management via oral, topical, ocular, 
and transdermal routes  [  24  ] . 

 The other form of dendrimer application in medicine involves Ringsdorf’s use of 
drug-polymer conjugation to the dendritic scaffold  [  2  ] . The idea involves the attach-
ment of bioactive molecules directly or via spacer molecules to dendrimer terminal 
groups. The attachments are cellularly hydrolysable, employing ester or amide 
bonds in most cases. To improve therapeutic effi ciency, targeting fragments or 
marker proteins can also be attached to the multiple functional group features of 
dendrimers  [  68  ] . 

 Our group recently reviewed different mechanisms of transport, passive or active 
targeting, and smart delivery and release of bioactives at the site of action, performed 
by dendritic polymers  [  62  ] . An extensive description of the different cleavage modal-
ities is presented, along with examples illustrating the underlying mechanisms.  
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  Fig. 15.7    Generation 2 PAMAM dendrimer       
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    15.4.2   Macromolecular or Encapsulation Approach 

 Physical entrapment of drugs or other bioactive molecules within polymeric networks 
by non-specifi c, non-covalent interaction between complementary functional 
modalities of the involved species is an attractive way to design nanotransport sys-
tems for drug delivery. One of the major problems faced by the pharmaceutical 
industry is the poor water solubility of many existing and novel bioactive species 
(e.g., drugs and imaging probes). Many potential candidates fail in preclinical stud-
ies because of limited solubility, stability, and toxicity, because of the hydrophobic 
character of the concerned species  [  2  ] . Thus, a number of nanocarriers have been 
designed and developed to overcome the solubility issue. This includes physical 
aggregates of amphiphilic molecules such as polymeric micelles as well as stable 
unimolecular micelles, which have been considered to be powerful nanocarriers in 
the dawning era of polymer therapeutics. 

 Initial studies of dendrimers as potential delivery systems focused on their use as 
unimolecular micelles for the non-covalent encapsulation of bioactive agents  [  69  ] . 
For example, in early studies, DNA was complexed with PAMAM dendrimers for 
gene delivery applications  [  70  ] , and hydrophobic drugs and dye molecules were 
incorporated into various dendritic cores  [  69,   71  ] . A major drawback of these deliv-
ery systems is the lack of controlled drug release kinetics because most systems 
release their payload quickly over the course of several hours. An alternative 
approach is the covalent modifi cation of dendritic macromolecules with an appro-
priate shell that results in stable, micelle-type structures that are suitable for non-
covalent encapsulation of guest molecules. Dendritic polymers can be chemically 
modifi ed either at the core (to increase hydrophobicity) or at the shell (to increase 
hydrophilicity), thereby tailoring the solubility profi le of such nanotransport sys-
tems (Fig.  15.8 ).  

 Based on this concept, a simple and general method for the generation of core-
shell type architectures from readily accessible, hyperbranched polymers was exten-
sively explored by our group  [  72–  75  ] . Universal nanotransporters (Fig.  15.9a ) as 
well as several pH-sensitive nanocarriers were prepared by attaching pH-sensitive shells 

  Fig. 15.8    Unimolecular dendritic nanocarriers for encapsulation of biologically active compounds. 
Controlled release after triggered shell cleavage (e.g., pH-controlled release)       
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through acetal or imine bonds to commercially available dendritic core structures 
such as polyglycerol and poly(ethylene imine)  [  76  ] . In some cases, the pH-respon-
sive nanocarriers showed a very high transport capacity, which is an important cri-
terion for effi cient drug delivery. Various guest molecules such as polar dyes, 
oligonucleotides, and anticancer drugs have been encapsulated inside these den-

  Fig. 15.9    Core-shell architectures based on dendritic polyglycerols. ( a ) Multishell universal 
nanocarrier. Reproduced with permission from  [  76  ] . ( b ) Amine-bearing, responsive gene carrier. 
Reproduced with permission from  [  77  ]        
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dritic core-shell architectures. Furthermore, an optimal release behavior was 
observed: fast release at pH 5–6 and slow release at pH 7.4  [  72  ] . This approach was 
not only used to transport imaging and cytostatic agents, but also for the successful 
complexation, stabilization, and intracellular and intratumor delivery of genes 
(Fig.  15.9b )  [  77,   78  ] .   

    15.4.3   Conjugation Approach 

 The covalent attachment of bioactive molecules to dendritic scaffolds is a promising 
route for controlling the loading and release of active molecules. Chemical conjuga-
tion to a dendritic scaffold allows covalent attachment of different kinds of active 
molecules in a controlled ratio. The approach is to some extent superior to physical, 
non-specifi c encapsulation within polymeric networks since strict control over 
active pay load can be imparted. The loading as well as the release can be tuned by 
incorporating cleavable bonds, which can be degraded under specifi c conditions 
present at the site of action (endogeneous stimuli, e.g., acidic pH, overexpression of 
specifi c enzymes, or reductive conditions, as well as exogeneous stimuli, e.g., light, 
salt concentration, or electrochemical potential) as shown in Fig.  15.10   [  62  ] .  

 The drug loading can be tuned by varying the generation number of the den-
drimer, and release kinetics can be controlled by incorporating degradable linkages 
between the drug and the dendrimer. For example, Duncan and coworkers pioneered 
this fi eld by preparing conjugates of PAMAM dendrimers with cisplatin, a potent 
anticancer drug with nonspecifi c toxicity and poor water solubility  [  79,   80  ] . The 
conjugates showed increased solubility, decreased systemic toxicity, and selective 
accumulation in solid tumors. Several other examples have been extensively described 
by us and others in the literature  [  2,   26,   81–  83  ] .  

    15.4.4   Dendritic Polymers as Effector Molecules 

 The utilization of the amplifi ed effects derived from multiple interactions has paved 
the way to a new fi eld in nanomedine with a broad fi eld of applications, ranging 
from preparation of antifouling surfaces to antiviral agents. These particular features 

Active  
molecule

Solubilizing
factor

In vivo

triggered
release

  Fig. 15.10    Conjugation of biologically active molecules to dendritic polymers. Triggered release 
by pH drop, enzyme activity, reductive environment, or other biological signals       
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make dendritic polymers interesting as potential molecular entities because of their 
inherent highly dense functionality, which fulfi lls all the requirements for multiva-
lent approaches. Multivalency describes the binding of two or more entities and 
involves the simultaneous interaction between multiple and complementary func-
tionalities. These interactions are considerably stronger than the individual bonding 
of a corresponding number of monovalent ligands to a multivalent receptor and are 
the most predominant phenomena in biological systems, particularly for recognition 
and attachment, signal transduction, and numerous cellular interactions  [  2  ] . 

 Several examples of dendritic polymers as effector molecules that take advan-
tage of their multiple functionalities are described in literature. A common charac-
teristic is that multivalency plays an essential role in their therapeutic activity. 
Recently Gajbhiye et al. have reviewed the applications of dendritic polymers as 
therapeutic agents, with activity against prion diseases, Alzheimer’s disease, infl am-
mation, human immunodefi ciency virus (HIV), herpes simplex virus (HSV), bacte-
ria, and cancer. They have also shown that dendrimers were effi cacious in tissue 
repair and prevention of scar tissue, and had potential for neutralizing toxins and 
removing drug and metal overdose from the body. Use of these nanostructures as 
bioenzymes and biosensors has also been reviewed  [  64  ] . 

 It is important to mention the dendrimer-based product “VivaGel TM ” from 
Starpharma, which is the fi rst of this kind of dendrimers to enter into Phase II human 
clinical trials. Vivagel is the fi rst dendrimer-based product to have received Fast Track 
Status from the U.S. Food and Drug Administration (FDA) under an investigational 
new drug application for the prevention of genital herpes. A G4 poly( l -lysine)-based 
dendrimer with naphthalene disulfonic acid surface groups (i.e., SPL7013) is the 

  Fig. 15.11    Dendritic polyglycerol sulphate. The depicted polymer structure represents only one 
possible isomer and a small part of the polyglycerol scaffold       
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active ingredient in Vivagel. The dendrimer binds to surface proteins on HIV, making 
it impossible for the viruses to attach to the binding sites on their cellular targets. 

 Another outstanding example is dendritic polyglycerol sulfate, primarily reported 
as a heparin analog by our group  [  84  ] , which has emerged as a potential new anti-
infl ammatory agent based on a dendritic polymer (Fig.  15.11 ). This structure has 
been found to prolong the time of activated partial thromboplastin as thrombin, and 
to inhibit both the classical and alternative complement activation more effectively 
than heparin itself. The biocompatible and well-tolerated PG sulfate acts as multi-
valent selectin ligand mimetic and effi ciently blocks leukocyte migration  [  85  ] .    

    15.5   Dendritic Architectures for Biomedical In Vivo Imaging 

    15.5.1   Imaging Modalities and Design Approaches 
for Dendritic Architectures 

 Dendritic architectures have been employed for in vivo imaging purposes. A broad 
variety of probes have been synthesized for magnetic resonance imaging (MRI), 
X-ray imaging, ultrasound, radiodiagnostics, and optical imaging, as well as 
multimodal techniques combining these diagnostic techniques. 

 There are two major design principles that combine dendritic structures and a 
diagnostic entity. The fi rst design principle is that dendrimers can covalently carry 
one or a multitude of signaling molecules on their periphery, thereby introducing 
physical detectability into a polymeric or dendritic conjugate. The dose size of con-
trast agents required for the less sensitive MRI and X-ray techniques can only be 
achieved through multimerization of the signaling molecules, for example, gado-
linium complexes or triiodinated benzenes  [  26  ] . On the other hand, the more sensi-
tive molecular imaging techniques radio imaging and fl uorescence require not more 
than one signaling molecule, for example, one chelator for  99m Tc or  111 In in Single 
Photon Emission Computed Tomography (SPECT), or one chelator for  64 Cu or  68 Ga 
in Positron Emission Tomography (PET), or one fl uorescent dye in a given macro-
molecular dendritic targeting entity  [  86  ]  as illustrated in Fig.  15.12a–c .  

 The other design principle employs a complementary class of imaging probes, 
i.e., inorganic nanoparticles combined with dendritic structures, which impart sta-
bility and biocompatibility to the nanoparticles and provide multivalent surface 
architecture. The most studied particles have been semiconductor quantum dots 
(QD) for fl uorescence detection  [  87  ] , gold nanoparticles and nanorods suited for 
optoacoustic/photoacoustic detection  [  88  ] , and iron oxide particles for MRI  [  89  ]  
(Fig.  15.12d , e). Additionally, both design approaches can incorporate a multitude 
of targeting moieties in order to achieve multivalent target-binding properties, for 
example, by using low molecular weight peptides, glycans, or other biological or 
synthetic targeting moieties. Furthermore, a combination of different signaling units 
permits multimodal imaging applications, for example, by doping a quantum dot 
surface with a radioisotope or an iron oxide particle with a fl uorescent dye  [  90  ] .  
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    15.5.2   Imaging Conjugates Based on Organic Polymers 
and Dendrimers 

 One of the fi rst applications of dendrimers in diagnostic imaging has been in MRI. 
Dendritic molecules have been applied as scaffold to multimerize paramagnetic 
gadolinium (Gd) complexes for contrast enhancement, tissue retention, and 
improved clearance characteristics. Most prominently, PAMAM, poly(lysine), and 
poly(ester) dendrimers of different generations/molecular weights have shown great 
utility for the design of paramagnetic MRI contrast agents  [  84  ] . For example, the 
gadolinium dendrimer Gadomer-17, consisting of a trimesic acid central moiety with 
a polylysine cascade that bears 24 DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid) chelating groups, has been introduced as one of the fi rst clinically 
tested dendrimer-based MRI imaging agents (Fig.  15.13 ). Gadomer 17 is a novel 
type of macromolecular contrast agent, optimized for blood pool imaging similar to 
the known linear Gd-DTPA (diethylenetriamine pentaacetic acid)-polylysine sys-
tems, but with superior pharmacokinetic and toxicological profi le  [  84  ] .  

 Subsequently, approaches have been expanded toward multivalent conjugates 
employing different ways of combining signaling entities with targeting units. The 
major purpose of covalent labeling with contrasting agents is the in vivo monitoring 
of carrier distribution, degradation, and excretion. One example is the use of folate/

  Fig. 15.12    Different architectures employing diagnostic signaling molecules with one or several 
signaling molecules, placed either centrally or at the periphery. Solid nanoparticles serve as a cen-
tral entity, covered with targeting moieties and additional complementary signaling molecules for 
multimodality purposes       
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folic acid to enhance the specifi city of dendrimers for the folic acid receptor, involving 
MRI complexes, fl uorescent dyes, or a combination of both for dual imaging pur-
poses  [  91,   92  ] . Imaging studies revealed an eightfold increase in tumor uptake of the 
targeted dendrimer compared to a non-targeted control dendrimer  [  91  ] . With a 
PEGylated PAMAM-folic acid conjugate, quantitative biodistribution studies were 
conducted after SPECT radiolabeling via a  99m Tc-chelator  [  93  ] . 

 Specifi c targeting nanoarchitectures also include low molecular weight peptides 
used in combination with signaling units. For instance, RGD (Arg-Gly-Asp)-peptide 
constructs, targeting integrins, have been multimerized on PAMAM surfaces and 
combined with DTPA, which served as chelator for either Gd 3+  for MRI or  111 In for 
radioactive biodistribution studies. Additionally, the dendrimer was linked to a fl uo-
rescent dye to enable cellular microscopic detection. The design approach shown in 
Fig.  15.12c  was chosen by Dijkgraaf et al. who used a central aromatic core linked 
to one DOTA for radiolabeling and four RGD peptide moieties, attached via “click” 
chemistry, for targeting  [  94  ] . Incorporating the capability of PET imaging, Almutairi 
et al. designed a biodegradable nanocarrier based on pentaerythritol and 
2,2-bis(hydroxymethyl) propanoic acid to afford a dendrimer with fl exible PEG 
chains and eight branching points for RGD peptide attachment. Each branching 
linkage contained a tyrosine, which allowed labeling with the PET isotope  76 Br or 
the SPECT isotope  125 I  [  95  ] . Multivalent RGD binding affi nity to  a  
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receptors was improved 50-fold to 0.18 nM. 
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 These and many further studies, employing either radioimaging  [  96  ]  or fl uorescence 
detection  [  97,   98  ] , revealed the multivalency effect of dendrimer-RGD constructs 
targeting the  a  

V
  b  

3
  integrin. Similarly, targeting of somatostatin receptors was 

achieved with dimeric and tetrameric [Tyr 3 ]-octreotide labeled with  111 In-DOTA. 
Here, the multimerization was reported to encounter complications, as the tetramer 
showed decreased receptor affi nity and tumor uptake compared to monomer and 
dimer, probably due to unfavorable lipophilicity resulting from the synthetic design 
approach  [  97  ] . Imaging conjugates employing a central fl uorescent dye, multivalently 
decorated with targeting residues (Fig.  15.12b ) were described by the group of 
Achilefu et al. who synthesized a heptmethine dye with a dendritic polycarboxy array 
for further conjugation, for example, to glucosamins  [  99  ]  or RGD motifs  [  96  ] . 

 Targeted dendrimers employing antibodies, proteins, and oligonucleotides as tar-
geting vehicles were described in several approaches  [  100–  102  ] . Thomas et al. 
described a fl uorescein-labeled PAMAM dendrimer carrying approximately 2 epi-
dermal growth factor (EGF) proteins per dendrimer, critically highlighting its 
observed superagonistic effect above monomeric EGF itself  [  95  ] .  

    15.5.3   Dendrimers in Combination with Inorganic 
Nanoparticle Cores 

 Semiconductor quantum dots have been widely employed for diagnostic purposes 
due to their bright and tunable fl uorescence. The ability of multiplex labeling, ligand 
interaction studies based on quenching and Fluorescence Resonance Energy Transfer 
(FRET), and in vivo targeting have yielded a fundamental database of applications in 
biology and biomedicine in the past few years  [  96  ] . Surface modifi cation and stabi-
lization have involved dendrimers and dendritic polymers in order to render such 
particles target specifi c. The use of PAMAM in combination with PEG-folate building 
blocks grafted to the surface of quantum dots through direct ligand-exchange reac-
tions resulted in increased cellular internalization  [  103  ] . It was shown that a single G7 
PAMAM dendrimer was able to encapsulate a mercury telluride (HgTe) quantum dot 
particle, whereas several G5 dendrimers were required for this purpose  [  104  ] . 

 Gold layers and nanoparticles are well established materials in biomedical 
research due to their applicability not only for ligand–ligand interaction studies with 
Surface Plasmon Resonance (SPR)  [  105  ] , but also as fl uorescent or photoacoustic 
signaling entities  [  87  ] . The application of gold nanorods for the photothermal treat-
ment of tumors was demonstrated by covering the gold surface with partially thio-
lated PAMAM dendrimer building blocks to which RGD peptide moieties were 
coupled. The constructs exhibited cell-destructive effects upon irradiation with 
near-infrared light  [  106  ] . The comparison of PAMAM dendrimer cores with gold 
nanoparticle cores of identical surface properties showed similar targeting behavior 
when equipped with folic acid  [  107  ] , thus demonstrating a certain general applica-
bility of particle-based multivalent targeting. 

 Iron oxide nanoparticles are well-established MRI agents. Dendrimers can be 
employed to stabilize and modify the particle surface, either by growing particles in 
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the presence of dendrimers or by post synthetic interventions  [  88  ] . Multifunctional, 
superparamagnetic iron oxides conjugated to peptides and antibodies have been 
shown to exhibit multivalent binding properties and improved cellular and in vivo 
uptake, such as integrin-targeted systems  [  108  ]  or bombesin-conjugated systems 
 [  109  ] . Along with gold particles and quantum dots, iron oxides particles can only be 
fabricated with comparably broad particle size distribution, and therefore, attempts 
toward structurally defi ned surface modifi cation with dendrimers have been rather 
limited to date.  

    15.5.4   Noncovalently Encapsulated Signaling Molecules 
and Self-Assembling Architectures 

 The noncovalent encapsulation of different low molecular weight signaling mole-
cules such as fl uorescent dyes, metal complexes, and radioactive entities is a princi-
pal alternative route for generating nanosized imaging agents. Encapsulated 
signaling molecules are primarily useful for the study of drug delivery and release 
capabilities of nanocarriers, with the dye or radiotracer serving as a model payload 
for an otherwise diffi cult-to-detect therapeutic drug molecule. 

 Dendritic multi-shell architectures based on polyglycerol and PEG have been shown 
to encapsulate different guest molecules, such as Nile Red, cyanine dye, doxorubicin, 
and methotrexate (Fig.  15.14 ). With the near-infrared cyanine dye, in vivo imaging 
of tumors based on passive macromolecular targeting was demonstrated  [  110  ] . Using 
pH-responsive dendrimers, which carried a pH-cleavable PEG shell conjugated via 
imine moieties, in vivo tumor uptake was demonstrated with fl uorescence imaging, and 
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  Fig. 15.14    ( Left ) Core-shell architecture based on PEI with a PEG shell, and ( right ) near-infrared 
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cell toxicity and drug release studies were conducted with encapsulated doxoru-
bicin  [  72  ] .  

 Non-covalent transport of imaging molecules using self-assembled micellar 
nanostructures included gadolinium complexes for MRI  [  111  ] , iodinated X-ray 
contrast agents, and radioactive chelates; however, these studies mostly employed 
block copolymers without distinct dendritic architectures. Self-assembling PAMAM 
systems were described by Criscione et al., who forced the dendrimers into micellar 
assemblies after partial fl uorination of the dendrimer subunits. pH-dependent disas-
sembly and in vivo monitoring by  19 F-MRI was achieved  [  112  ] . Responsiveness to 
external stimuli, for example, a pH change upon internalization, can principally 
improve drug delivery and selectivity. The group of Fréchet designed such systems 
based on PEGylated polyester dendrons and acid-cleavable units that self-assem-
bled into micelles, containing a dye payload  [  113  ] .   

    15.6   Dendritic Architectures in Theranostics 

 A combination of the above-described approaches provides the basis for a novel 
“theranostic” design. For many authors, September 25, 1998 is considered the birth 
of “theranostics”  [  114  ]  as the FDA granted the approval for both Genentech’s 
Herceptin® for the treatment of Stage IV breast cancer and Dako’s HercepTest® for 
diagnosis of Her2 overexpression. But these rudimentary examples of fi rst theranos-
tics are still a long way from an early diagnosis of diseases on the molecular level. 
The goal of theranostics is to enhance treatment decisions by providing information 
to clinicians and their patients. The theranostic concept of “fi nd, fi ght, and follow” 
includes early diagnosis with specifi c agents for an image of individual cells, the 
supply of active substances, and then the therapy  [  115  ] . The main elements of the 
diagnosis in theranostics include determining the genetic predisposition, character-
ization of the disease stage, and monitoring the healing progress  [  116  ] . Theranostic 
applications of dendrimers require external binding of a drug and a fl uorescent 
probe (one-package system), and the ability to interact with the target such as cell 
walls and/or proteins via a targeting device (Fig.  15.15 ).  

 Dendritic polymer versatility and compatibility with nanoscale building blocks 
such as genetic material, bioactive molecules, and fl uorescent probes, make them 
promising candidates for theranostic applications  [  117  ] . Comprehensive in vivo 
research is necessary in order to evaluate the true value of dendrimers as multifunc-
tional packages. It would be especially attractive to investigate their adsorption and 
interaction with biological surfaces, and to determine the associated uptake mecha-
nisms, long-term effects, and bio-elimination. 

 Backer et al. reported a boronated fi fth-generation PAMAM dendrimer conju-
gated to a vascular endothelial growth factor (VEGF) ligand and tagged with the 
near-IR Cy5 dye to allow for near-IR fl uorescent imaging of the bioconjugate 
in vitro and in vivo  [  118  ] . They reported an accumulation of the conjugate in 4T1 
breast carcinoma cells with a toxin-VEGF fusion protein that selectively killed 
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VEGFR-2-overexpressing endothelial cells. Extensive investigation has been per-
formed by the same research group combining dendritic scaffold with targeting 
modalities (e.g . , folic acid, ribofl avin, etc.), anticancer drugs (methotrexate (MTX), 
Taxol®) and fl uorescent probes. These data provide the groundwork for future stud-
ies using these compounds as potential theranostics. 

 Baker et al. synthesized PAMAM dendrimer-based multifunctional cancer thera-
peutic conjugates  [  119  ] . They conjugated generation-fi ve PAMAM to fl uorescein 
isothiocyanate (FITC, an imaging agent), folic acid (FA, targets overexpressed 
folate receptors on specifi c cancer cells), and paclitaxel (Taxol, a chemotherapeutic 
drug) for in vitro and in vivo studies of a targeted delivery of chemotherapeutic and 
imaging agents to specifi c cancer cells. They characterized their conjugates with gel 
permeation chromatography (GPC), nuclear magnetic resonance spectroscopy 
(NMR), potentiometric titration, high-performance liquid chromatography  ( HPLC), 
and UV spectroscopy. The results indicated that the conjugate can be a promising 
nano-platform for a combination of therapeutic use with an imaging modality. 

 Pei et al. have linked different PEGylated PAMAM dendrimers with doxorubicin 
(DOX) via acid-sensitive  cis -aconityl linkage and acid-insensitive succinic acid 
linkage to produce PEG-PAMAM- cis -aconityl-DOX (PPCD) and PEG-PAMAM-
succinic-DOX (PPSD) conjugates  [  120  ] . PPSD internalized into SKOV-3 cells via 
clathrin-mediated and adsorptive endocytosis, respectively. They have shown that 
DOX diffused into the nuclei after release from PPCD in acidic lysosomes. In vivo 
fl uorescence imaging studies demonstrated that PPCD with the highest PEGylation 
degree accumulated in tumor sites most effi ciently (Fig.  15.16 ).  
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  Fig. 15.15    Dendrimer properties for theranostic applications       
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  Fig. 15.16    ( a ) Intravenous injection of PPCD conjugates for in vivo imaging of subcutaneous 
SKOV-3 ovarian carcinoma tumor-bearing nude mice.  Arrow : position of the tumor. ( b ) Ex vivo 
evaluation of excised tissues and tumors (1: heart, 2: liver, 3: spleen, 4: lung, 5: kidney, 6: tumor). 
( c ) Quantifi cation of the fl uorescence intensity. Reproduced with permission from  [  119  ]        
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 A good example employing hyperbranched polymers has been reported by Santra 
et al.  [  121  ] . This group synthesized a new water-soluble, hyperbranched polyhy-
droxyl (HBPH) nanoparticle and formulated this nanoparticle for the simultaneous 
encapsulation of cytochrome  c  (Cyt  c ) and the near-infrared dye indocyanine green 
(ICG), and folic acid for targeting to folate-expressing cancer cells (Fig.  15.17 ). It 
was reported that this HBPH conjugate could serve as a targeted transmembrane 
carrier, delivering Cyt C to cancer cells that overexpressed the folate receptor and  
induced apoptosis. This novel class of polymers exhibited unique physicochemical 
and biological properties, which have great potential use in therapeutic and diagnostic 
applications.  

 The above-mentioned example of dendritic polyglycerol sulphate  [  83  ]  is a good 
example of a potential theranostic that does not need an external effector moiety 
once it is fl uorescently labeled. Ongoing in vivo research has demonstrated the fea-
sibility of such a system to accumulate in infl amed tissue, which allows the diagno-
sis of several diseases, including rheumatism.  

  Fig. 15.17    Fluorescence images of A549 lung epithelial cells and breast adenocarcinoma MCF 7 
cells, incubated with folate-HBPH nanoparticles. Enhanced fl uorescence was observed in the cyto-
plasm of A549 cells ( a – c ), whereas no signifi cant internalization was observed in MCF 7 cells 
( j – l ). A549 cells pre-incubated with free folic acid showed minimal uptake ( d – f ); A549 cells incu-
bated with folate-functionalized HBPH nanoparticles containing both Cyt C and DiI (Fol-Cyt C/
DiI-HBPH NP) induced signifi cant cell death ( g – i ). Reproduced with permission from  [  120  ]        
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    15.7   Conclusions 

 Dendrimers and dendritic polymers have emerging as a powerful, multifunctional 
nanotherapeutic platform for imaging and therapeutic applications. Looking into 
the future, there are a number of medical needs where multifunctional dendrimers 
and their derivatives might become important tools, in particular for early detection, 
diagnosis, and personalized treatment of diseases. It is important to investigate the 
adsorption and interaction of new multifunctional nanoparticles with malignant 
materials (such as tissue specimens and circulating tumor cells) to improve their 
biocompatibility, to test long-term effects, and to standardize the dendrimers and 
their derivatives for clinical applications, which must be done in compliance with 
U.S. FDA requirements. With regard to the last point, dendrimer-based products 
need further improvement on a high level of productivity with an excellent cost–
benefi t ratio. VivaGel, Starpharma’s dendrimer-based microbicide for the preven-
tion of HIV and HSV injection, is currently in Phase II clinical trials. These are the 
fi rst human dendrimer pharmaceutical clinical trials. Baker and coworkers synthe-
sized a fi fth-generation PAMAM dendrimer conjugated to fl uorescein isothiocya-
nate for imaging  [  118  ] . In preclinical studies they have used recombinant fi broblast 
growth factor-1 for tumor targeting. These examples show that dendritic polymers 
will emerge and enter clinical trials in the coming years. 

 In conclusion, dendrimers may be used as tools for theranostics in areas such as 
the detection and treatment of cardiovascular, cancer, and infl ammatory diseases 
due to their multifunctional nature. The property of imaging, detection, and treat-
ment of diseases at the same time is interesting for clinical trials. Aside from these 
advantages, issues of safety and complexity must be investigated.      

   References 

    1.    Chabner BA, Roberts TG (2005) Timeline: chemotherapy and the war on cancer. Nat Rev 
Cancer 5:65–72  

    2.    Haag R, Kratz F (2006) Polymer therapeutics: concepts and applications. Angew Chem Int 
Ed 45:1198–1215  

    3.    Mammen M, Chio SK, Whitesides GM (1998) Polyvalent interactions in biological systems: 
implications for design and use of multivalent ligands and inhibitors. Angew Chem Int Ed 
37:2755–2794; Angew Chem 110:2908–2963  

    4.    Joshi N, Grinstaff M (2008) Applications of dendrimers in tissue engineering. Curr Top Med 
Chem 7:1225–1236  

    5.    Klajnert B, Bryszewska M (2001) Dendrimers: properties and applications. Acta Biochim Pol 
48:199–208  

    6.    Ong W, Gomez-Kaifer M (2004) Dendrimers as guests in molecular recognition phenomena. 
Chem Commun 15:1677–1683  

    7.    Kaifer AE (2007) Electron transfer and molecular recognition in metallocene-containing 
dendrimers. Eur J Inorg Chem 32:5015–5027  

    8.    Van Heerbeek R, Kamer PCJ, Van Leeuwen PWNM, Reek JNH (2002) Dendrimers as 
support for recoverable catalysts and reagents. Chem Rev 102:3717–3756  



33915 Multivalent Dendritic Architectures for Theranostics

    9.    Andres R, De Jesus E, Flores JC (2007) Catalysts based on palladium dendrimers. New J Chem 
31:1161–1191  

    10.    Flomenboma O, Amir RJ, Shabat D, Klafter J (2005) Some new aspects of dendrimer appli-
cations. J Lumin 111:315–325  

    11.    Aulenta F, Hayes W, Rannard S (2003) Dendrimers: a new class of nanoscopic containers and 
delivery devices. Eur Polym J 39:1741–1771  

    12.    Boas U, Heegaard PMH (2004) Dendrimers in drug research. Chem Soc Rev 33:43–63  
    13.    Hawker CJ, Fréchet JMJ (1991) One-step synthesis of hyperbranched dendritic polyesters. J 

Am Chem Soc 113:4583–4588  
    14.    Vögtle F, Richardt G, Werner N (2007) Dendritische Moleküle: Konzepte, Synthesen, 

Eigenschaften, Anwendungen. Teubner, Wiesbaden, Germany, pp 17–28  
    15.    Tomalia DA, Baker H, Dewald J, Hall M, Kallos G, Martin S, Roeck J, Ryder J, Smith P 

(1985) A new class of polymers: starburst-dendritic macromolecules. Polym J 17:117–132  
    16.    Newkome GR, Zhong-qi Y, Baker GR, Gupta VK (1985) Micelles. Part 1. Cascade mole-

cules: a new approach to micelles. A [27]-arborol. J Org Chem 50:2003–2004  
    17.    Hawker CJ, Fréchet JMJ (1990) A new convergent approach to monodisperse dendritic mac-

romolecules. J Chem Soc Chem Commun 15:1010–1013  
    18.    Hawker CJ, Fréchet JMJ (1990) Preparation of polymers with controlled molecular architecture. 

A new convergent approach to dendritic macromolecules. J Am Chem Soc 112:7638–7647  
    19.   Adronov A, Fréchet JMJ (2002) Light-harvesting dendrimers. Chem Commun 1701–1710  
    20.    Stiriba SE, Frey H, Haag R (2002) Dendritic polymers in biomedical applications: from 

potential to clinical use in diagnostics and therapy. Angew Chem Int Ed 41:1329–1334  
    21.    Gao C, Yan D (2004) Hyperbranched polymers: from synthesis to applications. Prog Polym 

Sci 29:183–275  
    22.    Sunder A, Mülhaupt R, Haag R, Frey H (2000) Hyperbranched polyether polyols: a modular 

approach to new materials with complex polymer architectures. Adv Mater 12:235–239  
    23.    Sunder A, Hanselmann R, Frey H, Mülhaupt R (1999) Controlled synthesis of hyperbranched 

polyglycerols by ring-opening multibranching polymerization. Macromolecules 32:4240–4246  
    24.    Lee CC, MacKay JA, Fréchet JMJ, Szoka FC (2005) Designing dendrimers for biological 

applications. Nat Biotechnol 23:1517–1526  
    25.    Kolhe P, Khandare J, Pillai O, Kannan S, Lieh-Lai M, Kannan RM (2006) Preparation, cel-

lular transport, and activity of polyamidoamine-based dendritic nanodevices with a high drug 
payload. Biomaterials 27:660–669  

    26.    Menjoge AR, Kannan RM, Tomalia DA (2010) Dendrimer-based drug and imaging conju-
gates: design considerations for nanomedical applications. Drug Discov Today 15:171–185  

    27.    Gillies ER, Fréchet JMJ (2002) Designing macromolecules for therapeutic applications: 
polyester dendrimer poly(ethylene oxide) “bow-tie” hybrids with tunable molecular weight 
and architecture. J Am Chem Soc 124:14137–14146  

    28.    Gillies ER, Fréchet JMJ, Szoka FC (2005) Biological evaluation of polyester dendrimer—
poly(ethylene oxide) “bow-tie” hybrids with tunable molecular weight and architecture. Mol 
Pharm 2:129–138  

    29.    Minko T, Dharap SS, Pakunlu RI, Wang Y (2004) Molecular targeting of drug delivery sys-
tems to cancer. Curr Drug Targets 5:389–406  

    30.    Luo Y, Prestwich GD (2002) Cancer-targeted polymeric drugs. Curr Cancer Drug Targets 
2:209–226  

    31.    Matsumura Y, Maeda H (1986) A new concept for macromolecular therapeutics in cancer 
chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor agent 
Smancs. Cancer Res 46:6387–6392  

    32.    Maeda H, Wu J, Sawa T, Matsumura Y, Hori K (2000) Tumor vascular permeability and the 
EPR effect in macromolecular therapeutics: a review. J Control Release 65:271–284  

    33.    Jain RK (1987) Transport of molecules across tumor vasculature. Cancer Metathesis Rev 
6:559–593  

    34.    Jain RK (1987) Transport of molecules in the tumor interstitium: a review. Cancer Res 
47:3039–3051  



340 S. Reichert et al.

    35.    Fox ME, Szoka FC, Fréchet JMJ (2009) Soluble polymer carriers for the treatment of cancer: 
the importance of molecular architecture. Acc Chem Res 42:1141–1151  

    36.    Knop K, Hoogenboom R, Fischer D, Schubert US (2010) Anwendung von 
Poly(ethylenglycol) beim Wirkstoff-Transport: Vorteile, Nachteile und Alternativen. Angew 
Chem 122:6430–6452  

    37.    Yazawa K, Fujimori M, Amano J, Kano Y, Taniguchi S (2000)  Bifi dobacterium longum  as a 
delivery system for cancer gene therapy: selective localization and growth in hypoxic tumors. 
Cancer Gene Ther 2:269–274  

    38.    Stroh M, Zimmer JP, Duda DG, Levchenko TS, Cohen KS, Brown EB, Scadden DT, Torchilin 
VP, Bawendi MG, Fukumura D, Jain RK (2005) Quantum dots spectrally distinguish multi-
ple species within the tumor milieu in vivo. Nat Med 6:678–682  

    39.    Noguchi Y, Wu J, Duncan R, Strohalm J, Ulbrich K, Akaike T, Maeda H (1998) Early phase 
tumor accumulation of macromolecules: a great difference in clearance rate between tumor 
and normal tissues. Jpn J Cancer Res 89:307–314  

    40.   Minko T, Khandare J, Jayant S (2007) In Matyjaszewski K, Gnanou Y, Leibler L (eds) 
Macromolecular engineering: from precise macromolecular synthesis to macroscopic mate-
rial properties and application. Wiley-VCH Verlag GmbH & Co.KGaA, Weinheim  

    41.    Jayant S, Khandare J, Wang Y, Singh AP, Vorsa N, Minko T (2007) Targeted sialic acid-
doxorubicin prodrugs for intracellular delivery and cancer treatment: Polymeric Drugs 
24:2541–2595  

    42.    Okuda T, Kawakami S, Akimoto N, Niidome T, Yamashita F, Hashida M (2006) PEGylated 
lysine dendrimers for tumor-selective targeting after intravenous injection in tumor-bearing 
mice. J Control Release 116:330–336  

    43.    Kitchens KM, Kolhatkar RB, Swaan PW, Ghandehari H (2008) Endocytosis inhibitors pre-
vent poly(amidoamine) dendrimer internalization and permeability across CaCo 

2
  cells. Mol 

Pharm 5:364–369  
    44.    Najlah M, D’Emanuele A (2006) Crossing cellular barriers using dendrimer nanotechnolo-

gies. Curr Opin Pharmacol 6:522–527  
    45.    Conner SD, Schmid SL (2003) Regulated portals of entry into the cell. Nature 422:37–44  
    46.    Mayor S, Pagano RE (2007) Pathways of clathrin-independent endocytosis. Nat Rev Mol 

Cell Biol 8:603–612  
    47.    Lopes L, Godoy LMF, de Oliveira CC, Gabardo J, Schadeck RJG, de Freitas Buchi D (2006) 

Phagocytosis, endosomal/lysosomal system and other cellular aspects of macrophage activa-
tion by canova medication. Micron 37:277–287  

    48.    Schmid EM, McMahon HAT (2007) Integrating molecular and network biology to decode 
endocytosis. Nature 448:883–888  

    49.    Benmerah A, Lamaze C (2007) Clathrin-coated pits: vive la différence? Traffi c 8:970–982  
    50.    Ungewickell EJ, Hinrichsen L (2007) Endocytosis: clathrin-mediated membrane budding. 

Curr Opin Cell Biol 19:417–425  
    51.    Nabi IR, Phuong ULJ (2003) Caveolae/raft-dependent endocytosis. Cell Biol 161:673–677  
    52.    Gold S, Monaghan P, Mertens P, Jackson T (2010) A clathrin independent macropinocytosis-

like entry mechanism used by bluetongue virus-1 during infection of BHK cells. PLoS One 
5(6):e11360  

    53.    Wiwattanapatapee R, Carreno-Gomez B, Malik N, Duncan R (2000) Anionic PAMAM den-
drimers rapidly cross adult rat intestine in vitro: a potential oral delivery system? Pharm Res 
17:991–998  

    54.    Jevprasesphant R, Penny J, Attwood D, D’Emanuele A (2004) Transport of dendrimer nano-
carriers through epithelial cells via the transcellular route. J Control Release 97:259–267  

    55.    Mosbah IB, Franco-Go R, Abdennebi HB, Hernandez R, Escolar G, Saidane D, Rosello-
Catafau J, Peralta C (2006) Effects of polyethylene glycol and hydroxyethyl starch in 
University of Wisconsin preservation solution on human red blood cell aggregation and 
 viscosity. Transplant Proc 38:1229–1235  

    56.    Kainthan RK, Gnanamani M, Ganguli M, Ghosh T, Brooks DE, Maiti S, Kizhakkedathu JN 
(2006) Blood compatibility of novel water soluble hyperbranched polyglycerol-based multi-
valent cationic polymers and their interaction with DNA. Biomaterials 27:5377–5390  



34115 Multivalent Dendritic Architectures for Theranostics

    57.    Fernandes EGR, De Queiroz AAA, Abraham GA, San Roma J (2006) Antithrombogenic 
properties of bioconjugate streptokinase-polyglycerol dendrimers. J Mater Sci Mater Med 
17:105–111  

    58.    Schatzlein AG, Zinselmeyer BH, Elouzi A, Dufes C, Chim YTA, Roberts CJ, Davies MC, 
Munro A, Gray AI, Uchegbu IF (2005) Preferential liver gene expression with polypropylen-
imine dendrimers. J Control Release 101:247–258  

    59.    Singh P (1996) StarburstTM dendrimers: a novel matrix for multifunctional reagents in 
immunoassays. Clin Chem 42:1567–1569  

    60.    Kojima C, Tsumura S, Harada A, Kono K (2009) A collagen-mimic dendrimer capable of 
controlled release. J Am Chem Soc 131:6052–6053  

    61.    Myc A, Majoros IJ, Thomas TP, Baker JR Jr (2007) Dendrimer-based targeted delivery of an 
apoptotic sensor in cancer cells. Biomacromolecules 8:13–18  

    62.    Calderón M, Quadir MA, Strumia M, Haag R (2010) Functional dendritic polymer architec-
tures as stimuli-responsive nanocarriers. Biochimie 92:1242–1251  

    63.    Tomalia DA, Naylor AM, Goddard WA (1990) Starburst dendrimers: molecular-level control 
of size, shape, surface chemistry, topology, and fl exibility from atoms to macroscopic matter. 
Angew Chem Int Ed 29:138–175  

    64.    Gajbhiye V, Palanirajan VK, Tekade RK, Jain NK (2009) Dendrimers as therapeutic agents: 
a systematic review. J Pharm Pharmacol 61:989–1003  

    65.    Maciejewski M (1982) Concepts of trapping topologically by shell molecules. J Macromol 
Sci Chem A17:689–703  

    66.    D’Emanuele A, Attwood D (2005) Dendrimer-drug interactions. Adv Drug Deliv Rev 
57:2147–2162  

    67.    Svenson S, Tomalia DA (2005) Dendrimers in biomedical applications—refl ections on the 
fi eld. Adv Drug Deliv Rev 57:2106–2129  

    68.    Quadir MA, Calderón M, Haag R (2011) Drug Delivery in Oncology: From Basic Research 
to Cancer Therapy. Dendritic Polymers in Oncology: Facts, Features, and Applications, 
Weinheim 513–551   

    69.    Jansen JF, De Brabander-Van Den Berg EMM, Meijer EW (1994) Encapsulation of guest 
molecules into a dendritic box. Science 266:1226–1229  

    70.    Haensler J, Szoka FC Jr (1993) Polyamidoamine cascade polymers mediate effi cient trans-
fection of cells in culture. Bioconjug Chem 4:372–379  

    71.    Newkome GR, Moorefi eld CN, Baker GR, Saunders MJ, Grossman SH (1991) Unimolecular 
micelles. Angew Chem Int Ed 30:1178–1180  

    72.    Xu S, Luo Y, Gräser R, Warnecke A, Kratz F, Hauff P, Licha K, Haag R (2009) Development 
of pH-responsive core-shell nanocarriers for delivery of therapeutic and diagnostic Agents. 
Bioorg Med Chem Lett 19:1030–1034  

    73.    Xu S, Luo Y, Haag R (2007) Water-soluble pH-responsive dendritic core-shell nanocarriers 
for polar dyes based on poly(ethylene imine). Macromol Biosci 7:968–974  

    74.    Xu S, Krämer M, Haag R (2006) pH-responsive dendritic core-shell architectures as 
amphiphilic nanocarriers for polar drugs. J Drug Target 14:367–374  

    75.    Krämer M, Stumbé JF, Türk H, Krause S, Komp A, Delineau L, Prokhorova S, Kautz H, Haag 
R (2002) pH-responsive molecular nanocarriers based on dendritic core-shell architectures. 
Angew Chem Int Ed 41:4252–4256  

    76.    Radowski MR, Shukla A, v. Berlepsch H, Böttcher C, Pickaert G, Rehage H, Haag R (2007) 
Supramolecular aggregates of dendritic multishell architectures as universal nanocarriers. 
Angew Chem Int Ed 46:1265–1292  

    77.    Fischer W, Calderón M, Schulz A, Andreou I, Weber M, Haag R (2010) Dendritic polyglyc-
erols with oligoamine shells show low toxicity and high transfection effi ciency in vitro. 
Bioconj Chem 21:1744–1752  

    78.    Ofek P, Fischer W, Calderón M, Haag R, Satchi-Fainaro R (2010) In vivo delivery of 
siRNA to tumors and their vasculature by novel dendritic nanocarriers. FASEB J 24: 
3122–3134  

    79.    Malik N, Evagorou EG, Duncan R (1999) Dendrimer-platinate: a novel approach to cancer 
chemotherapy. Anticancer Drugs 10:767–776  



342 S. Reichert et al.

    80.    Duncan R, Malik N (1996) Dendrimers: biocompatibility and potential for delivery of 
anticancer agents. Proc Int Symp Control Release Bioact Mater 23:105–106  

    81.    Gillies ER, Fréchet JMJ (2005) Dendrimers and dendritic polymers in drug delivery. Drug 
Discov Today 10:35–43  

    82.    Kratz F, Müller IA, Ryppa C, Warnecke A (2008) Prodrug strategies in anticancer chemotherapy. 
ChemMedChem 3:20–53  

    83.    Calderón M, Welker P, Licha K, Fichtner I, Graeser R, Haag R, Kratz F (2011) Development 
of effi cient acid cleavable multifunctional prodrugs derived from dendritic polyglycerol with 
a poly(ethylene glycol) shell. J Control Release 151(3):295–301  

    84.    Türk H, Haag R, Alban S (2004) Dendritic polyglycerol sulfates as new heparin analogues 
and potent inhibitors of the complement system. Bioconjug Chem 15:162–167  

    85.    Dernedde J, Rausch A, Weinhart M, Enders S, Tauber R, Licha K, Schirner M, Zügel U, von 
Bonin A, Haag R (2010) Dendritic polyglycerol sulfates as multivalent inhibitors of infl am-
mation. Proc Natl Acad Sci USA 107:19679–19684  

    86.    Hamoudeh M, Kamleh MA, Diab R, Fessi H (2008) Radionuclides delivery systems for 
nuclear imaging and radiotherapy of cancer. Adv Drug Deliv 60:1329–1346  

    87.    Zhou M, Ghosh I (2007) Quantum dots and peptides: a bright future together. Biopolymers 
8:325–339  

    88.    Wei A, Leonov AP, Wei Q (2010) Gold nanorods: multifunctional agents for cancer imaging 
and therapy. Methods Mol Biol 624:119–130  

    89.    Shen M, Shi X (2010) Dendrimer-based organic/inorganic hybrid nanoparticles in biomedical 
applications. Nanoscale 2:1596–1610  

    90.    Licha K, Schirner M (2008) Emerging optical imaging technologies: contrast agents. In: Azar 
FS, Intes X (eds) Translational multimodality optical imaging. Artech House, Boston, pp 
327–337  

    91.    Swanson SD, Kukowska-Latallo JF, Patri AK, Chen C, Ge S, Cao Z, Kotlyar A, East AT, 
Baker JR (2008) Targeted gadolinium-loaded dendrimer nanoparticles for tumor-specifi c 
magnetic resonance contrast enhancement. Int J Nanomedicine 3:201–210  

    92.    Thomas TP, Majoros IJ, Kotlyar A, Kukowska-Latallo JF, Bielinksa A (2005) Targeting and 
inhibition of cell growth by an engineered dendritic synthetic nanoscale bioconjugate. J Med 
Chem 48:3729–3735  

    93.    Zhang Y, Sun Y, Xu X, Zhang X, Zhu H, Huang L, Qi Y, Shen YM (2010) Synthesis, biodis-
tribution, and microsingle photon emission computed tomography (SPECT) imaging study of 
technetium-99m labeled PEGylated dendrimer poly(amidoamine) (PAMAM)-folic acid con-
jugates. J Med Chem 53:3262–3272  

    94.    Dijkgraaf I, Rijnders AY, Soede A, Dechesne AC, van Esse GW, Brouwer AJ, Corstens FH, 
Boerman OC, Rijkers DT, Liskamp RM (2007) Synthesis of DOTA-conjugated multivalent 
cyclic-RGD peptide dendrimers via 1,3-dipolar cycloaddition and their biological evaluation: 
implications for tumor targeting and tumor imaging purposes. Org Biomol Chem 21:935–944  

    95.    Almutairi A, Rossin R, Shokeen M, Hagooly A, Ananth A, Capoccia B, Guillaudeu S, 
Abendschein D, Anderson DJ, Welch MJ, Fréchet JMJ (2009) Biodegradable dendritic posi-
tron-emitting nanoprobes for the noninvasive imaging of angiogenesis. Proc Natl Acad Sci 
USA 106:685–690  

    96.    Liu S (2006) Radiolabeled multimeric cyclic RGD peptides as integrin alpha-v-beta-3 tar-
geted radiotracers for tumor imaging. Mol Pharm 3:472–487  

    97.    Ye Y, Bloch S, Xu B, Achilefu S (2006) Design, synthesis, and evaluation of near infrared 
luorescent multimeric RGD peptides for targeting tumors. J Med Chem 49:2268–2275  

    98.    Yim CB, Dijkgraaf I, Merkx R, Versluis C, Eek A, Mulder GE, Rijkers DT, Boerman OC, 
Liskamp RS (2010) Synthesis of DOTA-conjugated multimeric [Tyr3]octreotide peptides via 
a combination of Cu(I)-catalyzed “click” cycloaddition and thio acid/sulfonyl azide “sulfo-
click” amidation and their in vivo evaluation. J Med Chem 53:3944–3953  

    99.    Ye Y, Bloch S, Kao J, Achilefu S (2005) Multivalent carbocyanine molecular probes: synthe-
sis and applications. Bioconjug Chem 16:51–61  



34315 Multivalent Dendritic Architectures for Theranostics

    100.    Kobayashi H, Sato N, Saga T, Nakamoto Y, Ishimori T, Toyama S, Togashi K, Konishi J, 
Brechbiel MW (2000) Monoclonal antibody-dendrimer conjugates enable radiolabeling of 
antibody with markedly high specifi c activity with minimal loss of immunoreactivity. Eur J 
Nucl Med 27:1334–1339  

    101.    Sato N, Kobayashi H, Saga T, Nakamoto Y, Ishimori T, Togashi K, Fujibayashi Y, Konishi J, 
Brechbiel MW (2001) Tumor targeting and imaging of intraperitoneal tumors by use of anti-
sense oligo-DNA complexed with dendrimers and/or avidin in mice. Clin Cancer Res 
7:3606–3612  

    102.    Thomas TP, Shukla R, Kotlyar A, Liang B, Ye JY, Norris TB, Baker JR Jr (2008) Dendrimer-
epidermal growth factor conjugate displays superagonist activity. Biomacromolecules 
9:603–609  

    103.    Zhao Y, Liu S, Li Y, Jiang W, Chang Y, Pan S, Fang X, Wang YA, Wang J (2010) Synthesis 
and grafting of folate-PEG-PAMAM conjugates onto quantum dots for selective targeting of 
folate-receptor-positive tumor cells. J Colloid Interface Sci 350:44–50  

    104.    Priyam A, Blumling DE, Knappenberger KL Jr (2010) Synthesis, characterization, and self-
organization of dendrimer-encapsulated HgTe quantum dots. Langmuir 26:10636–10644  

    105.    Dernedde J, Enders S, Reissig HU, Roskamp M, Schlecht S, Yekta S (2009) Inhibition of 
selectin binding by colloidal gold with functionalized shells. Chem Commun 28:932–934  

    106.    Li Z, Huang P, Zhang X, Lin J, Yang S, Liu B, Gao F, Xi P, Ren Q, Cui D (2010) RGD-
conjugated dendrimer-modifi ed gold nanorods for in vivo tumor targeting and photothermal 
therapy. Mol Pharm 7:94–104  

    107.    Shi X, Wang SH, Lee I, Shen M, Baker JR Jr (2009) Comparison of the internalization of 
targeted dendrimers and dendrimer-entrapped gold nanoparticles into cancer cells. 
Biopolymers 91:936–942  

    108.    Yu MK, Park J, Jeong YY, Moon WK, Jon S (2010) Integrin-targeting thermally cross-linked 
superparamagnetic iron oxide nanoparticles for combined cancer imaging and drug delivery. 
Nanotechnology 21:415102  

    109.    Lee CM, Jeong HJ, Cheong SJ, Kim EM, Kim DW, Lim ST, Sohn MH (2010) Prostate can-
cer-targeted imaging using magnetofl uorescent polymeric nanoparticles functionalized with 
bombesin. Pharm Res 27:712–721  

    110.    Quadir MA, Radowski MR, Kratz F, Licha K, Hauff P, Haag R (2010) Dendritic multishell 
architectures for drug and dye transport. J Control Release 132:289–294  

    111.    Nakamura E, Makino K, Okano T, Yamamoto T, Yokoyama M (2006) A polymeric micelle 
MRI contrast agent with changeable relaxivity. J Control Release 114:325–333  

    112.    Criscione JM, Le BL, Stern E, Brennan M, Rahner C, Papademetris X, Fahmy TM (2009) 
Self-assembly of pH-responsive fl uorinated dendrimer-based particulates for drug delivery 
and noninvasive imaging. Biomaterials 23–24:3946–3955  

    113.    Gillies ER, Jonsson TB, Fréchet JMJ (2004) Stimuli-responsive supramolecular assemblies 
of linear-dendritic copolymers. J Am Chem Soc 126:11936–11943  

    114.    Gilham I (2002) Theranostics: an emerging tool in drug discovery and commercialisation. 
Drug Discov World Fall 1:17–23  

    115.    Riehemann K, Schneider SW, Luger TA, Godin B, Ferrari M, Fuchs H (2009) Nanomedicine: 
challenge and oppurtunities. Angew Chem Int Ed 48:872–897  

    116.   Wagner V, Wechsler D (2004) Technologiefrüherkennung, Nanobiotechnologie II: 
Anwendungen in der Medizin und Pharmazie, Band 50. Düsseldorf, pp 43–45  

    117.    Oliveira JM, Salgado AJ, Sousa N, Mano JF, Reis RL (2010) Dendrimers and derivatives as a 
potential therapeutic tool in regenerative medicine strategies—a review. Science 35:1163–1194  

    118.    Backer MV, Gaynutdinov TI, Patel V, Bandyopadhyaya AK, Thirumamagal BTS, Tjarks W, 
Barth RF, Claffey K, Backer JM (2005) Vascular endothelial growth factor selectively targets 
boronated dendrimers to tumor vasculature. Mol Cancer Ther 4:1423–1429  

    119.    Majoros IJ, Myc A, Thomas T, Mehta CB, Baker JR Jr (2006) PAMAM dendrimer-based 
multifunctional conjugate for cancer therapy: synthesis, characterization, and functionality. 
Biomacromolecules 7:572–579  



344 S. Reichert et al.

    120.    Zhu S, Hong M, Zhang L, Tang G, Jiang Y, Pei Y (2009) Erratum to: PEGylated PAMAM 
dendrimer-doxorubicin conjugates: in vitro evaluation and in vivo tumor accumulation. 
Pharm Res 27:161–174  

    121.    Santra S, Kaittanis C, Perez JM (2010) Cytochrome  c  encapsulating theranostic nanoparti-
cles: a novel bifunctional system for targeted delivery of therapeutic membrane-impermeable 
proteins to tumors and imaging of cancer therapy. Mol Pharm 7:1209–1222      



345S. Svenson and R.K. Prud’homme (eds.), Multifunctional Nanoparticles for Drug Delivery 
Applications: Imaging, Targeting, and Delivery, Nanostructure Science and Technology, 
DOI 10.1007/978-1-4614-2305-8_16, © Springer Science+Business Media, LLC 2012

           16.1   Introduction 

 Quantum dots (QD) have many unique properties which render their application 
advantageous over more traditional technologies. One such use of QD is as a novel 
imaging agent, exhibiting certain characteristics which are superior to current organic 
dyes, such as an increased fl uorescence lifetime. However, as with many nanoscale 
materials, both the lay public and the scientifi c community are apprehensive about 
the safety of such materials in clinical applications. One possible way to alleviate 
this concern is through the incorporation of QD in existing clinically used drug 
delivery systems, resulting in a more sophisticated “hybrid nanomaterial.” The hope 
is that the resulting hybrid system will maintain the pharmacokinetic, biodistribution, 
and toxicological profi les of the existing drug delivery systems. In addition, thera-
peutic moieties transported along with QD can result in a theranostic device, deliv-
ering simultaneous diagnosis and therapy. Ideally, this would result in a sophisticated 
construct that accumulates specifi cally at the disease site, is taken up by the cells of 
interest, and is delivered into the cytosol, exerting the desired therapeutic effect. 
This process would allow for real-time imaging of the treatment, while maintaining 
minimal cytotoxicity to nontarget cells.  

    B.   Tian   •     W.  T.   Al-Jamal   •     J.   Van den   Bossche   •     K.   Kostarelos   (*)
     Nanomedicine Laboratory ,  Centre for Drug Delivery Research, The School of Pharmacy, 
University of London ,   29-39 Brunswick Square ,  London   WC1N 1AX ,  UK 
    e-mail: jrwvdb@gmail.com   

    Chapter 16   
 Design and Engineering of Multifunctional 
Quantum Dot-Based Nanoparticles 
for Simultaneous Therapeutic-Diagnostic 
Applications       

       Bowen   Tian   ,    Wafa’   T.   Al-Jamal   ,    Jeroen   Van den   Bossche      , 
and    Kostas   Kostarelos         



346 B. Tian et al.

    16.2   Quantum Dots 

    16.2.1   Fluorescence Properties of Quantum Dots 

 Semiconductor nanocrystals (also known as quantum dots or QD) have been 
extensively investigated as fl uorescent probes for a variety of fl uorescence-based 
imaging applications in biological studies both in vitro and in vivo  [  1–  7  ] . Their 
unique fl uorescent properties such as long-term fl uorescence, diameter-dependent 
color, and photostability  [  8  ]  have established QD as one of the most promising 
fl uorescent probes, revolutionizing the fl uorescence-based imaging fi eld. By simply 
adjusting the QD size, the emission spectra can be tuned from the UV to the mid-
infrared range  [  9–  12  ] . The size-dependent fl uorescence can be explained by the fact 
that QD have a band gap (quantum confi nement) that can be tuned according to QD 
diameter  [  8  ] . In comparison to organic dyes, QD are approximately 10–100 times 
brighter and about 100–1,000 times more stable against photobleaching. This makes 
them excellent candidates for long-term imaging  [  13,   14  ] . The narrower emission 
spectra and broader absorption spectra that QD possess enable simultaneous detec-
tion of QD with different emission wavelengths, using a single excitation source 
 [  9–  12,   15,   16  ] . In addition, a passivation shell on the QD surface (e.g., ZnS) can 
further enhance their photoluminescence effi ciency by up to 90%  [  8  ]  and their 
stability against oxidative photobleaching  [  8,   17,   18  ] . Due to the broad excitation 
spectra of QD, simultaneous detection of QD in different colors has enabled multi-
plexed imaging for tracking cancer cell metastasis  [  19  ]  and differentiating tumor 
tissues  [  20  ]  in vivo. Their bright fl uorescence and pronounced photostability allow 
for broad applications in various biological investigations, e.g., cell labeling  [  1,   7  ] , 
bioassays  [  21,   22  ] , tissue specimens in vitro  [  23,   24  ] , as well as tumor vessels  [  25  ]  
lymph nodes  [  26,   27  ] , and solid tumors  [  3,   28  ]  in vivo.  

    16.2.2   QD Chemical Composition and Synthesis 

 In 1982, semiconductor microcrystals were fi rst synthesized in glassy dielectric 
matrices by Efros and Ekimov  [  29,   30  ] . In 1993, the fi rst monodispersed semicon-
ductor nanocrystals (CdS, CdSe, and CdTe) that exhibited size-dependent fl uores-
cence were prepared by Bawendi and coworkers  [  31  ] . Following these discoveries, 
the synthesis of CdSe QD has advanced rapidly, and as a result, they are currently 
some of the most widely used QD in biological applications  [  6  ] . CdSe QD are 
typically prepared using the following process: a selenium precursor (commonly 
trioctylphosphine selenide or tributylphosphine selenide) and a cadmium precursor 
(dimethyl cadmium or cadmium oleate) are dissolved in trioctylphosphine and 
injected into a high-temperature (300°C) solution containing coordinating mole-
cules such as trioctylphosphine oxide or hexadecylamine under inert conditions 
(nitrogen or argon)  [  17,   31,   32  ] . The selenium and cadmium precursors react fast to 
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form the CdSe core, after which the core is allowed to grow at a lower temperature 
(230–260°C). The size of the QD cores can be quantifi ed through absorption spec-
troscopy, and their growth is halted at the desired size  [  33  ] . ZnS capping of the core 
can be done after QD core synthesis through addition of bis(trimethylsilyl) selenide 
and diethyl zinc, where the shell thickness is modifi ed through reaction time and 
temperature. In most of these syntheses, the solvent is a mixture of trioctylphos-
phine and trioctylphosphine oxide (TOP/TOPO), leading to capping of the resulting 
QD core with coordinating ligands attached on the surface. These ligands aid in 
maintaining the colloidal stability of the QD. Due to the coating, the QD resulting 
from this procedure are hydrophobic and require further engineering to be useful for 
biological applications. 

 Until now, QD have been synthesized in aqueous solution, high-temperature 
organic solvents, and solid substrates  [  6  ] .    Many types of fl uorescent QD have been 
synthesized with various compositions, mainly from II to IV and III to V group 
semiconductor materials, with emission wavelengths spreading from UV to mid-
infrared (Table  16.1 ). Very recently, alloyed QD that allow tuning of the emission 
wavelength by manipulating compositions (but keeping the same size) have been 
developed  [  9,   10  ] .   

    16.2.3   QD Solubilization and Functionalization 

 As mentioned above, further engineering of QD particles is required to obtain QD 
suitable for medical applications. Two strategies have been developed to address 
this challenge: ligand exchange and amphiphilic polymer coating (Fig.  16.1 ). Ligand 
exchange involves the use of thiolated ligands to replace the TOPO coating from the 
QD surface, resulting from the chelation of the QD core by sulfur atoms. This tech-
nique allows QD to be modifi ed with different thiol-containing molecules, such as 

   Table 16.1    Core composition, size, and emission wavelength of    QD   

 Core composition  Size (nm)  Emission range (nm)  References 

 CdSe  1–10  Visible (450–650)   [  31,   32,   34–  36  ]  
 CdS  1–6  UV, visible (320–450)   [  31,   36,   37  ]  
 CdTe  2–8  Visible, near IR (500–750)   [  31,   36  ]  
 ZnSe  4.3–6.0  UV, visible (350–420)   [  37–  39  ]  
 InAs  2.8–6.0  Near IR (850–1,400)   [  40  ]  
 InP  2.6–4.6  Visible (650–720)   [  41  ]  
 PbSe  3–12  Near IR (740–990)   [  12,   42  ]  
 PbS  2–6.5  Near IR (850–1,500)   [  11,   43  ]  
 PbTe  2.6–8.3  Near/mid-IR (1,020–2,070)   [  44  ]  
 ZnSe:Mn  2.7–6.3  UV, visible (380–420)   [  45  ]  
 Zn 

x
 Cd 

1−X
 S  2.4–4.0  Visible (391–474)   [  9  ]  

 CdSe 
0.34

 Te 
0.66

   3.5–6.5  Near IR (741–800)   [  10  ]  
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  Fig. 16.1    QD water solubilization. Schematic diagram represents TOPO-capped QD ( middle ) 
solubilized into aqueous solutions by ( a ) exchanging TOPO surface coat with thiol-containing 
molecules or ( b ) self-assembly within phospholipid and diblock copolymers  [  22  ]        

mercaptoacetic acid (MAA), dihydrolipoic acid, and mercaptopropyltris (methoxy) 
silane (MPS)  [  14,   34,   46  ] . As a result, these modifi cations introduce different func-
tional groups such as carboxylic acids and silanols onto the QD surface, which 
allows for easy further modifi cation with peptides  [  47  ] , dendrons  [  48  ] , etc. It should 
be noted that, while ligand exchange has successfully produced water-soluble QD, 
negative effects have been found on the QD fl uorescence and stability as a result of 
the replacement of TOPO  [  34,   46,   49  ] .  

 Therefore, amphiphilic polymer coatings have been used as an alternative method 
to TOPO replacement. The hydrophobic parts of amphiphilic polymers need to 
allow for interactions with TOPO. Phospholipid micelles, triblock copolymers, and 
amphiphilic diblock copolymers have all been successful in QD coating. The hydro-
philic part of the polymers will be exposed on the outside of the QD, resulting in a 
hydrophilic material  [  3,   7,   50,   51  ] . As this method avoids TOPO displacement, it 
typically maintains the QD fl uorescence properties and stability for a longer time. 
However, amphiphilic polymer coating has been shown to signifi cantly increase 
the size of the construct when compared to ligand exchange methods  [  6  ] . Both QD 
solubilization strategies have resulted in various water-soluble QD constructs 
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functionalized with antibodies  [  3,   14,   52,   53  ] , peptides  [  25,   54–  56  ] , endosome-
disruptive polymers  [  57  ] , aptamers  [  58,   59  ] , radionuclides  [  60–  62  ] , and magnetic 
resonance imaging (MRI) agents  [  56  ] . It has also been shown that QD coated with 
polyethylene glycol (PEG) exhibited prolonged blood circulation in vivo and mini-
mized immunogenicity and cytotoxicity  [  27,   63,   64  ] . The fl exibility of QD function-
alization allows for the construction of customized, multifunctional QD constructs 
tailored toward many applications.  

    16.2.4   QD Biodistribution and Pharmacokinetics In Vivo 

 The effects of surface chemistry, size, and administration routes on QD biodistribu-
tion have been investigated using various techniques, such as fl uorescence imaging, 
cadmium analysis, and radiolabeling techniques. In 2004, Ballou et al. fi rst investi-
gated the effect of surface chemistry modifi cations on QD blood circulation and 
organ biodistribution following intravenous administration  [  65  ] . This study found 
that a poly(acrylic acid)-coated QD (PAA-QD), surface-modifi ed with PEG 

750
  and 

PEG 
3400

 , exhibited very short blood circulation half-lives ( t  
1/2

  < 12 min) when com-
pared to PEG 

5000
 -modifi ed QD ( t  

1/2
  = 140 min) as measured by noninvasive fl uorescence 

imaging  [  65  ] . In addition, PAA-QD modifi ed with PEG 
750

  was predominantly taken 
up by the liver, spleen, lymph nodes, and bone marrow 24-h postinjection, while 
considerably less liver and lymph node uptake was observed from PEG 

5000
 -modifi ed 

QD  [  27  ] . Consistently long blood circulation half-lives were reported by Akerman 
et al. and Gao et al. using PEG 

5000
 -conjugated QD (15–20 nm in diameter)  [  3,   28  ] . 

Recently, Choi and coworkers systematically studied the size effect of PEG on the 
biodistribution and clearance of  99m Tc-labeled infrared QD (InAs/ZnS)  [  66  ] . They 
found that QD conjugated with tetraethylene glycol primarily accumulated in the 
bladder and kidney, in marked contrast to PEG14 (14 ethylene glycol repeat units) 
which showed high uptake in the liver and intestine at 4-h postinjection. Furthermore, 
manipulation of the PEG length led to preferential accumulation of QD in the liver 
(diethylene glycol modifi ed) and the pancreas (octaethylene glycol modifi ed), 
excretion via renal clearance (triethylene glycol and tetraethylene glycol modifi ed), 
or prolonged circulation in the vasculature (PEG22-modifi ed QD)  [  66  ] . These stud-
ies highlighted the critical effect of surface chemistry and PEG length on the in vivo 
biodistribution of QD. 

 Fischer et al. described the fi rst quantitative biodistribution study of non-PEGylated 
CdSe/ZnS QD by cadmium analysis in Sprague–Dawley rats following intravenous 
injection  [  67  ] . Two types of QD were selected in the study, 25 nm QD-LM (coated 
with mercaptoundecanoic acid and cross-linked with lysine) and 80 nm QD-BSA 
(bovine serum albumin conjugated to the QD-LM surface). The study found that 
QD-LM and QD-BSA exhibited different blood circulation half-lives, respectively, 
 t  
1/2

  of 58.5 ± 17 min and 38.7 ± 3.5 min. Interestingly, major differences were also 
observed in organ distribution, with a liver uptake of 90% from QD-BSA compared 
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to 40% from QD-LM at 90-min postinjection. This study indicated that the differ-
ences in QD biodistribution can be a result of both surface chemistry and the hydro-
dynamic diameter of the studied QD  [  67  ] . Choi et al. reported that zwitterionic 
(cysteine coated) or neutral (PEGylated dihydrolipoic acid coated) QD showed 
size-dependent biodistribution and clearance rates when  99m Tc-labeled QD were 
intravenously injected into CD-1 mice. That study found renal excretion for QD 
smaller than 5.5 nm in hydrodynamic diameter, while no renal clearance was 
observed at 4-h postinjection for larger QD; however, liver uptake was high in this 
case  [  68  ] . On the other hand, micro-PET imaging showed that  64 Cu-labeled 
PEGylated QD (21 and 12 nm in diameter) exhibited rapid liver uptake without 
renal clearance  [  60  ] . 

 The fate of QD following different routes of administration has also been 
studied. Polymer-coated QD with an average diameter between 15 and 20 nm were 
found to migrate rapidly to the sentinel lymph nodes (SLN) after subcutaneous, 
intradermal, or intraparenchymal injection in living animals  [  4,   26,   69–  72  ] . QD 
migration to the lymph nodes occurred within 1–5-min postinjection and was found 
to be selective for the fi rst lymph node. Similar behavior was observed after inject-
ing QD of different size and surface charge in M21 human melanoma and MH-15 
mouse teratocarcinoma xenograft models  [  27  ] . 

 Overall, it appears that QD biodistribution in living animals is dependent on 
many factors, such as the hydrodynamic diameter, surface charge, PEG length, PEG 
density, and the route of administration. Furthermore, it has been shown that only 
very small neutral and zwitterionic QD (below the renal fi ltration threshold) can be 
excreted  [  66,   68  ] , while larger QD have a tendency to accumulate in the body for 
extended periods of time  [  67,   73  ] . This observation requires further investigation to 
identify the long-term toxicity of QD before embarking on their clinical use.  

    16.2.5   Toxicity Profi les of Nonfunctionalized QD 

 The concern over QD toxicity is mainly derived from their intrinsic core composition, 
which in general, is composed of CdSe or CdTe. The correlation between cytotoxicity 
and free cadmium (Cd 2+ ) ions has been established  [  74–  76  ] , with the occurrence of 
signifi cant cell death in the range of 100–400  m M Cd 2+  ions  [  27  ] . Derfus et al. 
reported that CdSe QD can be toxic because of the release of cadmium ions by 
photolysis and/or oxidation, evidenced by the blueshift in QD absorbance spectra 
due to size reduction and subsequent release of Cd 2+   [  74  ] . Furthermore, the process 
of producing Cd 2+  ions has been found to be accompanied by the formation of 
reactive oxygen species (ROS), such as singlet oxygen (O  

2
  −  ), due to QD electron 

donation to oxygen  [  77–  79  ] . Cho et al. observed signifi cant lysosomal damage due 
to the presence of both Cd 2+  ions and ROS  [  79  ] . Interestingly, both Derfus et al.  [  74  ]  
and Cho et al.  [  79  ]  found that ZnS coating (CdSe/ZnS and CdTe/ZnS) can protect 
the QD core from oxidation and minimize Cd 2+  leakage, subsequently reducing the 
QD-induced cytotoxicity  [  75,   79,   80  ] . In addition, the use of antioxidants such as 
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 N -acetylcysteine (NAC) has been shown to be effective in reducing QD cytotoxicity 
as they can act as ROS quenchers  [  78,   81  ] . 

 QD-induced cell dysfunction is often accompanied by apoptotic and necrotic bio-
chemical changes, including morphological alterations in the plasma membrane, 
mitochondrial and nucleic damage  [  81  ] , lysosomal enlargement  [  79  ] , reduction in 
cytochrome C concentration  [  76,   79,   82  ] , loss of mitochondrial membrane potential 
 [  82  ] , and upregulation of peroxidized lipids  [  83  ] . In addition, QD-induced cytotoxic-
ity dramatically increased in the case of QD exposure to oxygen or ultraviolet (UV) 
light  [  74,   81  ] . To date, the most cytotoxic QD (usually without ZnS coating) have 
been solubilized by the ligand exchange method, such as mercaptopropionic acid 
(MPA-QD)  [  78,   80,   81,   84  ] , mercaptoacetic acid (MAA-QD)  [  74  ] , mercaptounde-
canoic acid (MUA-QD)  [  84  ] , cysteamine (QD-NH 

2
 )  [  79,   80  ] , or thioglycerol (QD-

OH)  [  76  ] . This toxicity is caused by ligand detachment from the QD surface as a 
result of weak interactions between QD surface and the ligands  [  85,   86  ] , especially 
under unfavorable conditions such as seen in the endosomal compartment  [  34  ] . 
Exposure of the QD core was correlated to cell death in a QD concentration-depen-
dent manner, similar to the cytotoxicity caused by Cd 2+  ions  [  74,   76,   78,   79,   81  ] . 

 There have been ways proposed to alleviate QD cytotoxicity. Hoshino et al. 
reported that there is no evidence of Cd 2+ -induced cytotoxicity after QD coating 
with ZnS  [  80  ] . Furthermore, Kirchner et al. showed that toxicity profi les of QD can 
be further improved after conjugation of PEG to CdSe/ZnS QD  [  75  ] . This study also 
found that PEG-conjugated, silica-coated QD were nontoxic up to high Cd 2+  surface 
concentrations. It has to be noted that the QD core was coated with a shell of cross-
linked silica molecules, which was subsequently conjugated to PEG. These QD 
were highly resistant to chemical and metabolic degradation  [  87  ]  and showed low 
toxicity after nuclear translocation  [  88  ] . In addition, such type of QD exhibited 
low genotoxicity  [  63  ] . 

 Further information about QD toxicity can be obtained by alternative models of 
more complex organisms.  Xenopus  embryos  [  50  ]  and zebrafi sh embryos  [  92  ]  are 
some of the most sensitive models in which QD toxicity has been studied. The 
embryos were microinjected with 1 × 10 8  QD/cell and 2 × 10 9  QD/cell, respectively, 
and did not exhibit any sign of toxicity. However, both  Xenopus  embryos and 
zebrafi sh exhibited abnormalities when the doses were increased to 2 × 10 8  QD/cell 
and 5 × 10 9  QD/cell, respectively. This change in biocompatibility was attributed to 
either the intrinsic toxicity of QD or the osmotic equilibrium changes  [  50  ] . 

 Several groups have injected QD in animals for targeting and imaging purposes; 
however, very few studies reported QD toxicity in living animals. QD injected 
systemically (via tail vein or jugular vein) in mice and rats (pmol to nmol range) 
have shown no apparent toxicity several months postinjection  [  20,   27,   67,   93  ] . Other 
studies have shown that when 200–400 pmol of near-infrared (NIR) QD were 
injected locally into Yorkshire pigs to map their sentinel lymph nodes (SLN), no 
changes in the heart rate, blood pressure, and oxygen level were observed during the 
experimental procedure or after several hours  [  4,   26,   69,   71  ] . Recently, a study indicated 
no in vivo toxicity over longer periods of time (>80 days), even after in vivo 
breakdown of the QD over time. It has been previously described that QD nanoparticles 
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of certain sizes could be inhaled and deposited in the respiratory tract  [  89,   90  ] . 
Furthermore, QD have been found to be capable of penetrating intact skin  [  91  ] . 
These preliminary studies suggest that extra care should be taken during QD 
 handling and especially during QD manufacturing, as systemic toxicity can occur 
via QD inhalation and direct skin contact. 

 Overall, the cytotoxicity studies have shown that the key determinants of QD 
toxicity are their chemical composition and functionalization. However, other 
factors such as cell type  [  84  ] , QD size  [  78  ] , and QD exposure to oxygen and UV 
light  [  74  ]  were also found to infl uence QD cytotoxicity.   

    16.3   Quantum Dot Hybrid Nanomaterials 

 As has been described earlier, the pharmacological profi le of QD can be signifi cantly 
altered through the surface modifi cation of these materials. Apart from covalent 
surface modifi cations, several studies have shown that the QD tissue uptake profi les 
and pharmacokinetics can be further modifi ed through their incorporation into other 
nanoscale materials such as liposomes  [  94–  99  ] , (polymeric) micelles  [  50,   100–  108  ] , 
or carbon nanotubes  [  109,   110  ] . Co-delivery of therapeutic agents with QD is an 
additional motivation for using other delivery systems. In addition, the latter can be 
easily tailored to exhibit desirable characteristics such as responsiveness to both 
internal as external triggers and showing higher specifi city and recognition by func-
tionalizing their surface with targeting ligands. 

 Among many nanostructured drug delivery systems, liposomes are currently the 
most extensively clinically studied. Liposomes are vesicles that are typically com-
prised of naturally occurring phospholipids that enclose an aqueous compartment 
by lipid bilayers. These vesicular structures allow the incorporation and delivery of 
both hydrophobic (within the lipid bilayer) and hydrophilic drugs (within the aque-
ous compartment)  [  111  ] . The physicochemical characteristics of these drug delivery 
systems vary with their composition and can be easily modifi ed through formula-
tion of different lipids. It is possible to add cell or tissue specifi city by conjugation 
or association with targeting moieties such as peptides, antibodies, or small mole-
cules  [  111  ] . Biocompatibility issues can be solved through the incorporation of 
PEGylated lipids or through the incorporation of acid-sensitive lipids that can result 
in pH-responsive materials  [  112  ] . 

 Such attractive liposome features have initiated investigations into the possibility 
of structurally incorporating quantum dots that would result in hybrid QD-lipid 
vesicle systems (H-QD-V). Currently, these H-QD-V materials have been engi-
neered following different methodologies. The fi rst H-QD-V systems were con-
structed through complexation of anionic PEG-QD with cationic liposomes, purely 
relying on electrostatic interactions to drive the self-assembly of these materials. It 
was observed that in comparison to other cationic delivery systems (e.g., peptides or 
dendrimers), the cationic liposomes were the most effi cient delivery systems in vitro, 
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attributed to them following similar uptake pathways to cationic liposome–DNA 
lipoplexes  [  113  ] . 

 An alternative approach was later proposed independently by the Vogel and 
Kostarelos groups, taking advantage of the hydrophobic nature of TOPO-capped QD 
 [  96,   99  ] . The hydrophobic QD materials were shown to be easily embedded within 
the bilayer of liposomes when formulated through the lipid fi lm hydration method. 
It should be noted that in order to incorporate QD within a bilayer, the QD diameter 
should be comparable to the dimensions of the bilayers (approx. 4 nm for most lipid 
bilayers). Clearly, the quantum confi nement effect restricts the fl uorescence proper-
ties of the QD that can be incorporated within lipid bilayers, whereas a wide variety 
of lipid formulations can be used for successful incorporation of QD. Incorporation 
of QD within lipid bilayers neither affected the liposome size nor altered the QD 
optical properties  [  96  ] . Both studies showed that the constructs could be effi ciently 
internalized in vitro by tumor cells  [  96,   99  ] . In vivo intratumoral injection of H-QD-V 
showed that tumor retention was feasible; however, this was dependent on the bilayer 
characteristics of the liposome  [  96  ] . Cationic liposomes lead to effi cient cellular 
binding and uptake over 24 h, whereas zwitterionic formulations exhibited tumor 
clearance immediately after administration. Further studies were conducted using 
PEGylated QD as these were shown to have superior in vivo pharmacokinetics. 
These hydrophilic QD were incorporated within the aqueous compartment of the 
liposomes. Similar lipid formulations could be used as for hydrophobic QD; how-
ever, as the size restriction is removed, a wider variety of QD can be used. These 
structures were shown to exhibit similar properties, in vitro and in vivo to H-QD-V 
with hydrophobic QD  [  94  ] . Furthermore, following systemic administration, these 
hybrids showed faster tumor accumulation compared to PEGylated QD  [  95  ] . Very 
recently, Sigot et al. showed dual QD-labeled H-QD-V, with QD both within the 
aqueous environment and bound to the liposome bilayer using the streptavidin–biotin 
interaction. These dual QD-labeled hybrids effi ciently targeted to EGFR-expressing 
cells and showed no photobleaching during live imaging over 2 h  [  114  ] . 

 It appears that once QD are encapsulated or conjugated to liposomes, the 
construction of multifunctional drug delivery systems is possible and that the use of 
such H-QD-V results in decreased cytotoxicity as compared to unmodifi ed QD. 
Hence, the encapsulation of QD within drug delivery systems can be considered a 
valid approach to alleviate some of the toxicity issues associated with QD and allow 
better control of their in vivo fate  [  115  ] .  

    16.4   Quantum Dot Theranostics 

 The ultimate goal of theranostic devices is to achieve simultaneous therapy and 
diagnosis. Recent research efforts have been devoted toward the construction of 
such devices by combining QD with therapeutic agents such as small chemothera-
peutic drugs and nucleic acids, as will be discussed below. 
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    16.4.1   Quantum Dot Nucleic Acid Delivery 

 The delivery of genetic material into cells, also named gene therapy, is one of the 
most promising strategies for the treatment of debilitating diseases, including 
cancer. The barriers to successful gene delivery are numerous  [  116  ] . Understanding 
of such barriers can be achieved through effective fl uorescence labeling of either the 
cargo or the delivery system. Therefore, there is a need for fl uorescence probes that 
will resist photobleaching and allow dynamic imaging over longer periods of time, 
which make QD ideal candidates  [  117  ] . Labeling of nucleic acids or delivery  vectors 
with QD has been achieved in the past. A powerful approach that can be used to 
investigate the release of plasmid from nonviral vectors is via fl uorescence reso-
nance energy transfer (FRET). This phenomenon can be achieved if two fl uoro-
phores (a donor and acceptor) have similar fl uorescence properties and are within a 
small distance (called the Förster radius) of each other. In the case of QD-FRET, the 
QD is the donor material and gets excited and the acceptor molecule is typically a 
small organic dye. As this dye is not excited by the laser source, it is less likely to 
undergo signifi cant photobleaching  [  115  ] . 

 Figure  16.2  represents some alternative QD-nucleic acid theranostic hybrid 
systems reported that could enable tracking of the gene delivery system in vitro and 
in vivo. The fi rst attempt to visualize plasmid DNA was through the use of micelle-
dispersed QD. Maleimide lipids were incorporated within the micellar containers, 
allowing for pDNA strand conjugation (Fig.  16.2c ) and the construction of pDNA-
QD hybrids. These hybrids were visualized effi ciently using AFM and confocal 

  Fig. 16.2    Alternative strategies for the design of QD-nucleic acid theranostics ( a ) QD-nucleic 
acid polymers, ( b ) QD-nucleic acid liposomes, ( c ) Direct ligation of nucleic acids to QD       
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microscopy over 24 h without any signifi cant photobleaching. In addition, these 
constructs exhibited a very low cytotoxicity profi le  [  118  ] . An alternative strategy 
used complexation of QD with Cy5-labeled chitosan to construct a FRET pair. 
The complexes could be visualized by TEM, and the kinetics of decomplexation 
and release process could be modeled as a reversible fi rst-order reaction. It was 
shown that the use of FRET constructs enabled highly sensitive and quantitative 
monitoring of polyplexes during intracellular transport  [  119,   120  ] . It should be 
noted that photoactivation of QD can also lead to the generation of reactive oxygen 
intermediates (ROI), which has been used as a strategy for photodynamic therapy 
(PDT). Hence, if the nucleic acid is in close proximity to the QD, signifi cant DNA 
strand breakages may occur  [  121  ] . This possibility should be considered in the 
construction of DNA-QD theranostic devices.  

 A common issue with nucleic acid delivery is associated with the effi ciency in 
decomplexation and release from its carrier system. In the case of QD-pDNA 
constructs, this has been achieved in vitro through exchange of the cationic thiol-
capping reagent with glutathione (GSH). This process results in a decrease of the 
cationic charge of the QD hybrid, resulting in DNA release from the complex  [  122  ] . 
Very recently, QD-pDNA systems were able to illustrate dynamic DNA release in 
transdermal applications  [  123  ] . An in vivo study has also been recently reported 
using anionic QD to track pDNA after complexation with poly(ethylene imine) 
(PEI). Upon systemic administration, the QD alone accumulated mainly in the liver 
and were rapidly eliminated from the blood stream. If complexed, the hybrid mate-
rials were rapidly accumulated in the lung and liver, similar to the biodistribution of 
unmodifi ed PEI polyplexes, and it was observed that this accumulation did not 
change over several hours  [  124  ] . 

 An alternative system for gene therapy applications are QD-siRNA constructs. 
Where pDNA delivery aims to incorporate a gene, siRNA delivery aims to achieve 
a therapeutic effect through inhibition of the translation of target proteins. In com-
parison to plasmid DNA gene delivery, much less genetic material needs to be 
delivered to the cytoplasm. However, effi cient and specifi c delivery of siRNA and 
protection from nuclease activity is still required  [  125  ] . As with plasmid DNA 
delivery, attempts have been made to use QD to visualize and determine the release 
of the nucleic acid. QD imaging would be of signifi cant interest to the siRNA deliv-
ery fi eld as release and gene knockdown will take place (>24h postadministration) 
over a period during which organic dyes would be subject to signifi cant photo-
bleaching  [  117  ] . This challenge can be addressed in vitro through the simultaneous 
delivery of a fl uorescent protein plasmid. 

 An initial approach used to achieve QD-siRNA theranostics was through 
complexation of the QD with cationic liposomes, without affecting the nucleic acid 
delivery. The resulting QD-siRNA/liposomes were rather large in size, proving 
problematic for systemic delivery  [  126  ] . An alternative approach used PEGylated 
QD that were covalently modifi ed with siRNA through both cleavable and non-
cleavable linkers. Attachment of F3-targeting peptides showed that increasing 
amounts of targeting peptide decreased the amount of siRNA that could be attached 
and vice versa. Although that conjugation did not affect gene knockdown when 



356 B. Tian et al.

compared to naked siRNA, cleavable QD-siRNA constructs (disulfi de linked) did 
lead to an improvement compared to the noncleavable materials  [  117  ] . Chitosan-
modifi ed QD could be complexed with siRNA and induced green fl uorescence 
protein (GFP) gene silencing. The materials obtained this way showed relative good 
stability over 48 h, maintaining its size at 80 nm in diameter. Their overall surface 
charge was negative; so to obtain suffi cient cellular uptake, monoclonal antibodies 
were attached to achieve uptake through receptor-mediated endocytosis. These ther-
anostic systems were further developed through the generation of RGD- and 
Tat-targeted QD-siRNA constructs. Higher gene knockdown values were observed 
after 24 h when compared to naked siRNA. The effect was still present over longer 
time points (48 and 96 h) but less pronounced. This theranostic system allowed a 
therapeutic knockdown of EGFvIII protein, which is a growth factor exclusive to 
cancer cells  [  127,   128  ] . 

 Alternatively, it has been possible to conjugate siRNA to QD through peptide-
modifi ed QD surfaces. Cationic peptides can also assist in improved cellular uptake 
and allow for siRNA complexation through electrostatic interactions. It was shown 
that such constructs exhibited good stability and are taken up through energy-
dependent endocytosis via multiple pathways, depending on the cell type, while 
maintaining minimal cytotoxicity  [  129  ] . One of the major problems with these types 
of systems is the dissociation of the complex after addition of chloroquine to the 
cells, which is needed to stimulate release of siRNA. The FRET effect was also 
recently exploited to monitor the dissociation of QD-siRNA-polymer complexes. 
Here, the complexation reagent of choice was PEI as this is known to induce a 
proton sponge effect, which can aid in decomplexation. Conjugation with the cell-
penetrating peptide (CPP), Hph-1 enabled faster internalization of the polyplexes. 
In the absence of the CPP, the siRNA followed a typical endocytic and subcellular 
traffi cking process. In the presence of the CPP, perinuclear targeting was observed 
within 30 min  [  130  ] . Alternative targeting of QD-siRNA-PEI complexes was 
achieved through PEI-hyaluronic acid (HA) constructs. These constructs were 
shown to increase gene knockdown as compared to nontargeted controls, and in vivo 
biodistribution showed increased uptake to tumor, liver, and kidney  [  131  ] . Despite 
such achievements, the dissociation of the siRNA from its carrier agent remains 
a major problem. Amphipol-modifi ed QD were developed to solve this issue. 
Amphipol is an amphipathic linear polymer, and was shown to facilitate cytoplas-
mic siRNA internalization while protecting its activity. The resulting particles were 
relatively small (approximately 16 nm in diameter). Uptake could be achieved 
within 1 h; after 5 h, the siRNA was observed throughout the cells, indicating 
endosomal escape. In terms of gene knockdown effi cacy, similar activity to 
Lipofectamine® was obtained with minimal cytotoxicity  [  132  ] .  

    16.4.2   Quantum Dot Photodynamic Therapy 

 Photodynamic therapy (PDT) is a technique in which light-activated therapeutic 
agents, photosensitizers (PS), are used. Light activation leads to the generation of 
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singlet oxygen, the main intermediate in photosensitized cell toxicity, while the 
photosensitizer should exhibit only low toxicity in the dark. By defi nition, this tech-
nique can be classifi ed as theranostic since the photosensitizers function simultane-
ously as imaging and cytotoxic agents  [  133,   134  ] . QD can generate singlet oxygen, 
which has previously resulted in DNA cleavage when nucleic acid materials were 
bound to QD. It should be noted that in the case of UV irradiation of QD, other reac-
tive oxygen and nitrogen species can be generated, leading to phototoxic effects. 
Further proof was obtained through addition of antioxidant scavengers such as 
 N -acetylcysteine, which resulted in signifi cant reduction of DNA damage  [  78,   81  ] . 

 However, as the phototoxicity of QD is relatively low, QD-activated PDT has 
been explored. It has been possible to combine photosensitizers with QD to access 
excitation wavelengths at which the photosensitizer alone does not absorb. The 
presence of the QD facilitates the photosensitizer excitation through a FRET-related 
process, leading to higher quantum yields for the combination of QD and PS com-
pared to the PS alone. Hence, it is more common to use QD function as the donor 
in conjunction with conventional photosensitizers  [  134  ] . The major limiting factor 
in this approach is that the PS needs to be bound within a small distance of the QD 
(the Förster radius). QD offer several advantages to PDT over PS: (1) large surface 
area that enables binding of numerous PS molecules, (2) better photostability, (3) 
tuning of the emission spectrum of the QD to the desired PS absorption according 
to dimensions, and (4) extinction coeffi cients that exceed the unmodifi ed PS  [  134  ] . 
The fi rst reported system suffered from low solubility in an aqueous environment, 
and the uncoated QD used could lead to cytotoxic side effects  [  135  ] . To solve this 
issue, peptide-coated QD have been used and were successful in singlet oxygen 
generation  [  136  ] . Blanco et al. have recently generated a proof of concept study 
involving a new, promising way to obtain phototoxicity through the formation of a 
Pt(IV) complex with CDSe–ZnS QD  [  137  ] . Pd(IV) complexes are chemically inert 
and can accumulate at tumor sites; however, upon QD irradiation, photoreduction 
can take place, leading to Pt(II) generation, which has a well-reported antitumor 
effect (cf., cisplatin).  

    16.4.3   Quantum Dot-Based Chemotherapeutic Devices 

 The construction of QD-based theranostic devices in which a standard chemothera-
peutic small molecule such as anthracycline or paclitaxel is being used as the 
therapeutic moiety is currently an area of intense research. The most successful 
approach to date involving QD as the diagnostic element of such a system has been 
the construction of aptamer-QD-doxorubicin hybrids. This approach made use of a 
dual FRET modality; in the nonactive state, DOX fl uorescence was quenched 
through intercalation with the aptamer, while the QD fl uorescence was quenched by 
the DOX. After the release of DOX, both fl uorescent signals could be measured and 
used for imaging purposes. This system was able to deliver DOX to prostate cancer 
cell lines in vitro and was able to differentiate between PSMA+ and PSMA− cell 
lines (the chosen aptamer was specifi c to this PMSA receptor)  [  58  ] . 
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 An alternative approach used DOX-loaded liposomes, which were targeted 
toward HER2 using monoclonal antibodies (mAbs). QD were conjugated to the 
outside of the liposomes. It was shown that this coupling to QD had little effect on 
the in vitro cytotoxicity of DOX. The in vivo blood circulation half-life decreased 
when compared to liposome controls without QD conjugation. However, a signifi -
cant increase in the QD half-life was observed, shifting from 10 min to about 3 h. 
After 24 h, both targeted as well as nontargeted systems showed approximately 14% 
of the total body fl uorescence in the tumor  [  138  ] . DOX-QD have also been incorpo-
rated into lipid-PEG micelles together with Fe 

2
 O 

3
  nanoparticles, resulting in a 

cytotoxic construct capable of MRI and fl uorescence imaging. Without a targeting 
ligand, these materials did not show cellular uptake by fl uorescence, whereas with 
T3 targeting, these materials showed signifi cantly increase in the MRI contrast 
(in vitro) and an improved cytotoxic response compared to free DOX  [  139  ] . 
Recently, it was shown that the multidrug resistance of cell lines can be reduced 
through complexation of daunorubicin with anionic QD  [  140  ] . Paclitaxel has also 
been incorporated into polymeric micelles, together with QD and the anti-HIF-1 
antibody as targeting ligand. Epifl uorescence imaging revealed that this system was 
targeted specifi cally to stomach cancer cells and resulted in signifi cant increase in 
the cytotoxic activity of the drug  [  141  ] .   

    16.5   Conclusions 

 Many studies have demonstrated that QD are superior imaging agents and can aid 
in the construction of theranostic devices. Recent investigations have shown that it 
is possible to modify QD to become more biologically and environmentally benign. 
At the same time, it was shown that QD can be successfully incorporated into exist-
ing delivery systems such as liposomes, polymeric micelles, and polymeric conju-
gates. It appears that the characteristics of these hybrid materials for both in vitro 
and in vivo applications are mainly determined by the respective delivery system. 
The resulting theranostic devices have been extensively studied in vitro and have 
shown great promise as dual imaging/therapeutic agents. Despite the advantages 
that QD may offer, more systems should be developed and studied in vivo to appre-
ciate the feasibility of QD-based theranostic devices for clinical applications.      

   References 

    1.    Alivisatos AP, Gu W, Larabell C (2005) Quantum dots as cellular probes. Annu Rev Biomed 
Eng 7:55–76  

    2.    Alivisatos AP (2004) The use of nanocrystals in biological detection. Nat Biotechnol 
22(1):47–52  

    3.    Gao X, Cui Y, Levenson RM, Chung LW, Nie S (2004) In vivo cancer targeting and imaging 
with semiconductor quantum dots. Nat Biotechnol 22(8):969–976  



35916 Design and Engineering of Multifunctional Quantum…

    4.    Kim S, Lim YT, Soltesz EG, De Grand AM, Lee J, Nakayama A, Parker JA, Mihaljevic T, 
Laurence RG, Dor DM, Cohn LH, Bawendi MG, Frangioni JV (2004) Near-infrared fl uores-
cent type II quantum dots for sentinel lymph node mapping. Nat Biotechnol 22(1):93–97  

    5.    Rhyner MN, Smith AM, Gao X, Mao H, Yang L, Nie S (2006) Quantum dots and multifunc-
tional nanoparticles: new contrast agents for tumor imaging. Nanomedicine 1(2):209–217  

    6.    Smith AM, Duan H, Mohs AM, Nie S (2008) Bioconjugated quantum dots for in vivo molec-
ular and cellular imaging. Adv Drug Del Rev 60(11):1226–1240  

    7.    Wu X, Liu H, Liu J, Haley KN, Treadway JA, Larson JP, Ge N, Peale F, Bruchez MP (2003) 
Immunofl uorescent labeling of cancer marker Her2 and other cellular targets with semicon-
ductor quantum dots. Nat Biotechnol 21(1):41–46  

    8.    Alivisatos AP (1996) Semiconductor clusters, nanocrystals, and quantum dots. Science 
271:933–937  

    9.    Zhong X, Feng Y, Knoll W, Han M (2003) Alloyed Zn(x)Cd(1-x)S nanocrystals with highly 
narrow luminescence spectral width. J Am Chem Soc 125(44):13559–13563  

    10.    Bailey RE, Nie S (2003) Alloyed semiconductor quantum dots: tuning the optical properties 
without changing the particle size. J Am Chem Soc 125(23):7100–7106  

    11.    Hines MA, Scholes GD (2003) Colloidal PbS nanocrystals with size-tunable near-infrared 
emission: observation of post-synthesis self-narrowing of the particle size distribution. Adv 
Mater 15(21):1844–1849  

    12.    Pietryga JM, Schaller RD, Werder D, Stewart MH, Klimov VI, Hollingsworth JA (2004) 
Pushing the band gap envelope: mid-infrared emitting colloidal PbSe quantum dots. J Am 
Chem Soc 126(38):11752–11753  

    13.    Medintz IL, Uyeda HT, Goldman ER, Mattoussi H (2005) Quantum dot bioconjugates for 
imaging, labelling and sensing. Nat Mater 4(6):435–446  

    14.    Jaiswal JK, Mattoussi H, Mauro JM, Simon SM (2003) Long-term multiple color imaging of 
live cells using quantum dot bioconjugates. Nat Biotechnol 21(1):47–51  

    15.    Kim S, Fisher B, Eisler HJ, Bawendi M (2003) Type-II quantum dots: CdTe/CdSe(core/shell) 
and CdSe/ZnTe(core/shell) heterostructures. J Am Chem Soc 125(38):11466–11467  

    16.    Qu L, Peng X (2002) Control of photoluminescence properties of CdSe nanocrystals in 
growth. J Am Chem Soc 124(9):2049–2055  

    17.    Dabbousi BO, RodriguezViejo J, Mikulec FV, Heine JR, Mattoussi H, Ober R, Jensen KF, 
Bawendi MG (1997) (CdSe)ZnS core-shell quantum dots: synthesis and characterization of a 
size series of highly luminescent nanocrystallites. J Phys Chem B 101(46):9463–9475  

    18.    Hines MA, Guyot-Sionnest P (1996) Synthesis and characterization of strongly luminescing 
ZnS-Capped CdSe nanocrystals. J Phys Chem 100(2):468–471  

    19.    Voura EB, Jaiswal JK, Mattoussi H, Simon SM (2004) Tracking metastatic tumor cell extrava-
sation with quantum dot nanocrystals and fl uorescence emission-scanning microscopy. Nat 
Med 10(9):993–998  

    20.    Stroh M, Zimmer JP, Duda DG, Levchenko TS, Cohen KS, Brown EB, Scadden DT, Torchilin 
VP, Bawendi MG, Fukumura D, Jain RK (2005) Quantum dots spectrally distinguish multi-
ple species within the tumor milieu in vivo. Nat Med 11(6):678–682  

    21.    Smith RA, Giorgio TD (2009) Quantitative measurement of multifunctional quantum dot 
binding to cellular targets using fl ow cytometry. Cytom Part A 75A(5):465–474  

    22.    Smith AM, Dave S, Nie SM, True L, Gao XH (2006) Multicolor quantum dots for molecular 
diagnostics of cancer. Expert Rev Mol Diagn 6(2):231–244  

    23.    Fountaine TJ, Wincovitch SM, Geho DH, Garfi eld SH, Pittaluga S (2006) Multispectral 
imaging of clinically relevant cellular targets in tonsil and lymphoid tissue using semiconduc-
tor quantum dots. Mod Pathol 19(9):1181–1191  

    24.    Ferrara DE, Weiss D, Carnell PH, Vito RP, Vega D, Gao XH, Nie SM, Taylor WR (2006) 
Quantitative 3D fl uorescence technique for the analysis of en face preparations of arterial 
walls using quantum dot nanocrystals and two-photon excitation laser scanning microscopy. 
Am J Physiol-Regul Integr Comp Physiol 290(1):R114–R123  

    25.    Cai WB, Shin DW, Chen K, Gheysens O, Cao QZ, Wang SX, Gambhir SS, Chen XY (2006) 
Peptide-labeled near-infrared quantum dots for imaging tumor vasculature in living subjects. 
Nano Lett 6(4):669–676  



360 B. Tian et al.

    26.    Parungo CP, Ohnishi S, Kim SW, Kim S, Laurence RG, Soltesz EG, Chen FY, Colson YL, 
Cohn LH, Bawendi MG, Frangioni JV (2005) Intraoperative identifi cation of esophageal 
sentinel lymph nodes with near-infrared fl uorescence imaging. J Thorac Cardiovasc Surg 
129(4):844–850  

    27.    Ballou B, Ernst LA, Andreko S, Harper T, Fitzpatrick JA, Waggoner AS, Bruchez MP (2007) 
Sentinel lymph node imaging using quantum dots in mouse tumor models. Bioconjug Chem 
18(2):389–396  

    28.    Akerman ME, Chan WC, Laakkonen P, Bhatia SN, Ruoslahti E (2002) Nanocrystal targeting 
in vivo. Proc Natl Acad Sci USA 99(20):12617–12621  

    29.    Efros AIL, Efros AL (1982) Interband absorption of light in a semiconductor sphere. Sov 
Phys Semicond USSR 16:772–775  

    30.    Ekimov AI, Onushchenko AA (1981) Quantum size effect in the optical-spectra of semicon-
ductor microcrystals. Sov Phys Semicond USSR 16:775–778  

    31.    Murray CB, Norris DJ, Bawendi MG (1993) Synthesis and characterization of nearly monodis-
perse CdE (E = S, Se, Te) semiconductor nanocrystallites. J Am Chem Soc 115(19):8706–8715  

    32.    Talapin DVR, Rogach AL, Kornowski A, Haase M, Weller H (2001) Highly luminescent 
monodisperse CdSe and CdSe/ZnS nanocrystals synthesized in a hexadecylamine-trioc-
tylphosphine oxide-trioctylphosphine mixture. Nano Lett 1(4):207–211  

    33.    Yu WW, Qu LH, Guo WZ, Peng XG (2003) Experimental determination of the extinction 
coeffi cient of CdTe, CdSe, and CdS nanocrystals. Chem Mater 15(14):2854–2860  

    34.    Bruchez M Jr, Moronne M, Gin P, Weiss S, Alivisatos AP (1998) Semiconductor nanocrystals 
as fl uorescent biological labels. Science 281:2013–2016  

    35.    Qu LP, Peng ZA, Peng XG (2001) Alternative routes toward high quality CdSe nanocrystals. 
Nano Lett 1:333–337  

    36.    Peng ZA, Peng XG (2001) Formation of high-quality CdTe, CdSe, and CdS nanocrystals 
using CdO as precursor. J Am Chem Soc 123(1):183–184  

    37.    Yu WW, Peng XG (2002) Formation of high-quality CdS and other II-VI semiconductor 
nanocrystals in noncoordinating solvents: tunable reactivity of monomers. Angew Chem Int 
Ed 41(13):2368–2371  

    38.    Hines MA, Guyot-Sionnest P (1998) Bright UV-blue luminescent colloidal ZnSe nanocrys-
tals. J Phys Chem B 102(19):3655–3657  

    39.    Dawood F, Schaak RE (2009) ZnO-templated synthesis of wurtzite-type ZnS and ZnSe nano-
particles. J Am Chem Soc 131(2):424–425  

    40.    Peng XG, Wickham J, Alivisatos AP (1998) Kinetics of II-VI and III-V colloidal semiconduc-
tor nanocrystal growth: “focusing” of size distributions. J Am Chem Soc 120(21):5343–5344  

    41.    Guzelian AA, Katari JEB, Kadavanich AV, Banin U, Hamad K, Juban E, Alivisatos AP, 
Wolters RH, Arnold CC, Heath JR (1996) Synthesis of size-selected, surface-passivated InP 
nanocrystals. J Phys Chem 100(17):7212–7219  

    42.    Du H, Chen CL, Krishnan R, Krauss TD, Harbold JM, Wise FW, Thomas MG, Silcox J 
(2002) Optical properties of colloidal PbSe nanocrystals. Nano Lett 2(11):1321–1324  

    43.    Zhao XS, Gan JQ, Liu GH, Chen AM (2008) One-step synthesis and optical properties of 
PbS quantum dots. Acta Chim Sinica 66(16):1869–1872  

    44.    Murphy JE, Beard MC, Norman AG, Ahrenkiel SP, Johnson JC, Yu PR, Micic OI, Ellingson 
RJ, Nozik AJ (2006) PbTe colloidal nanocrystals: synthesis, characterization, and multiple 
exciton generation. J Am Chem Soc 128(10):3241–3247  

    45.    Norris DJ, Yao N, Charnock FT, Kennedy TA (2001) High-quality manganese-doped ZnSe 
nanocrystals. Nano Lett 1(1):3–7  

    46.    Chan WCW, Nie SM (1998) Quantum dot bioconjugates for ultrasensitive nonisotopic detec-
tion. Science 281:2016–2018  

    47.    Pinaud F, King D, Moore HP, Weiss S (2004) Bioactivation and cell targeting of semicon-
ductor CdSe/ZnS nanocrystals with phytochelatin-related peptides. J Am Chem Soc 
126(19):6115–6123  



36116 Design and Engineering of Multifunctional Quantum…

    48.    Huang BH, Tomalia DA (2005) Dendronization of gold and CdSe/cdS (core-shell) quantum 
functionalized dendrons dots with tomalia type, thiol core, poly(amidoamine) (PAMAM) 
dendrons. J Lumin 111(4):215–223  

    49.    Gerion D, Pinaud F, Williams SC, Parak WJ, Zanchet D, Weiss S, Alivisatos AP (2001) 
Synthesis and properties of biocompatible water-soluble silica-coated CdSe/ZnS semicon-
ductor quantum dots. J Phys Chem B 105(37):8861–8871  

    50.    Dubertret B, Skourides P, Norris DJ, Noireaux V, Brivanlou AH, Libchaber A (2002) In vivo 
imaging of quantum dots encapsulated in phospholipid micelles. Science 298:1759–1762  

    51.    Larson DR, Zipfel WR, Williams RM, Clark SW, Bruchez MP, Wise FW, Webb WW 
(2003) Water-soluble quantum dots for multiphoton fl uorescence imaging in vivo. Science 
300:1434–1436  

    52.    Liu TC, Zhang HL, Wang JH, Wang HQ, Zhang ZH, Hua XF, Cao YC, Luo QM, Zhao YD 
(2008) Study on molecular interactions between proteins on live cell membranes using quantum 
dot-based fl uorescence resonance energy transfer. Anal Bioanal Chem 391(8):2819–2824  

    53.    Xing Y, Chaudry Q, Shen C, Kong KY, Zhau HE, Chung LW, Petros JA, O’Regan RM, 
Yezhelyev MV, Simons JW, Wang MD, Nie S (2007) Bioconjugated quantum dots for multi-
plexed and quantitative immunohistochemistry. Nat Protoc 2(5):1152–1165  

    54.    Anas A, Okuda T, Kawashima N, Nakayama K, Itoh T, Ishikawa M, Biju V (2009) 
Clathrin-mediated endocytosis of quantum dot-peptide conjugates in living cells. ACS Nano 
3(8):2419–2429  

    55.    Zhang Y, So MK, Rao JH (2006) Protease-modulated cellular uptake of quantum dots. Nano 
Lett 6(9):1988–1992  

    56.    Mulder WJM, Koole R, Brandwijk RJ, Storm G, Chin PTK, Strijkers GJ, Donega CD, 
Nicolay K, Griffi oen AW (2006) Quantum dots with a paramagnetic coating as a bimodal 
molecular imaging probe. Nano Lett 6(1):1–6  

    57.    Duan HW, Nie SM (2007) Cell-penetrating quantum dots based on multivalent and endo-
some-disrupting surface coatings. J Am Chem Soc 129(11):3333–3338  

    58.    Bagalkot V, Zhang L, Levy-Nissenbaum E, Jon S, Kantoff PW, Langer R, Farokhzad OC (2007) 
Quantum dot-aptamer conjugates for synchronous cancer imaging, therapy, and sensing of drug 
delivery based on bi-fl uorescence resonance energy transfer. Nano Lett 7(10):3065–3070  

    59.    Chen XC, Deng YL, Lin Y, Pang DW, Qing H, Qu F, Xie HY (2008) Quantum dot-labeled 
aptamer nanoprobes specifi cally targeting glioma cells. Nanotechnology 19:235105  

    60.    Schipper ML, Cheng Z, Lee SW, Bentolila LA, Iyer G, Rao JH, Chen XY, Wul AM, Weiss S, 
Gambhirl SS (2007) MicroPET-based biodistribution of quantum dots in living mice. J Nucl 
Med 48(9):1511–1518  

    61.    Cai WB, Chen K, Li ZB, Gambhir SS, Chen XY (2007) Dual-function probe for PET and 
near-infrared fl uorescence imaging of tumor vasculature. J Nucl Med 48(11):1862–1870  

    62.    Patt M, Schildan A, Habermann B, Mishchenko O, Patt JT, Sabri O (2010) F-18- and C-11-
labelling of quantum dots with n.c.a. [F-18]fl uoroethyltosylate and [C-11]methyliodide: a 
feasibility study. J Radioanal Nucl Chem 283(2):487–491  

    63.    Zhang TT, Stilwell JL, Gerion D, Ding LH, Elboudwarej O, Cooke PA, Gray JW, Alivisatos 
AP, Chen FF (2006) Cellular effect of high doses of silica-coated quantum dot profi led with 
high throughput gene expression analysis and high content cellomics measurements. Nano 
Lett 6(4):800–808  

    64.    Ryman-Rasmussen JP, Riviere JE, Monteiro-Riviere NA (2007) Surface coatings determine 
cytotoxicity and irritation potential of quantum dot nanoparticles in epidermal keratinocytes. 
J Invest Dermatol 127(1):143–153  

    65.    Ballou B, Lagerholm BC, Ernst LA, Bruchez MP, Waggoner AS (2004) Noninvasive imaging 
of quantum dots in mice. Bioconjug Chem 15(1):79–86  

    66.    Choi HS, Ipe BI, Misra P, Lee JH, Bawendi MG, Frangioni JV (2009) Tissue- and organ-
selective biodistribution of NIR fl uorescent quantum dots. Nano Lett 9(6):2354–2359  



362 B. Tian et al.

    67.    Fischer HC, Liu LC, Pang KS, Chan WCW (2006) Pharmacokinetics of nanoscale quantum 
dots: in vivo distribution, sequestration, and clearance in the rat. Adv Funct Mater 
16(10):1299–1305  

    68.    Choi HS, Liu W, Misra P, Tanaka E, Zimmer JP, Ipe BI, Bawendi MG, Frangioni JV (2007) 
Renal clearance of quantum dots. Nat Biotechnol 25(10):1165–1170  

    69.    Soltesz EG, Kim S, Kim SW, Laurence RG, De Grand AM, Parungo CP, Cohn LH, Bawendi 
MG, Frangioni JV (2006) Sentinel lymph node mapping of the gastrointestinal tract by using 
invisible light. Ann Surg Oncol 13(3):386–396  

    70.    Parungo CP, Colson YL, Kim SW, Kim S, Cohn LH, Bawendi MG, Frangioni JV (2005) 
Sentinel lymph node mapping of the pleural space. Chest 127(5):1799–1804  

    71.    Soltesz EG, Kim S, Laurence RG, DeGrand AM, Parungo CP, Dor DM, Cohn LH, Bawendi 
MG, Frangioni JV, Mihaljevic T (2005) Intraoperative sentinel lymph node mapping of the 
lung using near-infrared fl uorescent quantum dots. Ann Thorac Surg 79(1):269–277  

    72.    Gopee NV, Roberts DW, Webb P, Cozart CR, Siitonen PH, Warbritton AR, Yu WW, Colvin 
VL, Walker NJ, Howard PC (2007) Migration of intradermally injected quantum dots to 
sentinel organs in mice. Toxicol Sci 98(1):249–257  

    73.    Yang RS, Chang LW, Wu JP, Tsai MH, Wang HJ, Kuo YC, Yeh TK, Yang CS, Lin P (2007) 
Persistent tissue kinetics and redistribution of nanoparticles, quantum dot 705, in mice: 
ICP-MS quantitative assessment. Environ Health Perspect 115(9):1339–1343  

    74.    Derfus AM, Chan WC, Bhatia SN (2003) Probing the cytotoxicity of semiconductor quantum 
dots. Nano Lett 4(1):11–18  

    75.    Kirchner C, Javier AM, Susha AS, Rogach AL, Kreft O, Sukhorukov GB, Parak WJ (2005) 
Cytotoxicity of nanoparticle-loaded polymer capsules. Talanta 67(3):486–491  

    76.    Kirchner C, Liedl T, Kudera S, Pellegrino T, Munoz Javier A, Gaub HE, Stolzle S, Fertig N, 
Parak WJ (2005) Cytotoxicity of colloidal CdSe and CdSe/ZnS nanoparticles. Nano Lett 
5(2):331–338  

    77.    Clarke SJ, Hollmann CA, Zhang Z, Suffern D, Bradforth SE, Dimitrijevic NM, Minarik WG, 
Nadeau JL (2006) Photophysics of dopamine-modifi ed quantum dots and effects on biologi-
cal systems. Nat Mater 5(5):409–417  

    78.    Lovric J, Bazzi HS, Cuie Y, Fortin GR, Winnik FM, Maysinger D (2005) Differences in 
subcellular distribution and toxicity of green and red emitting CdTe quantum dots. J Mol Med 
83(5):377–385  

    79.    Cho SJ, Maysinger D, Jain M, Roder B, Hackbarth S, Winnik FM (2007) Long-term exposure 
to CdTe quantum dots causes functional impairments in live cells. Langmuir 
23(4):1974–1980  

    80.    Hoshino A, Fujioka K, Oku T, Suga M, Sasaki YF, Ohta T, Yasuhara M, Suzuki K, Yamamoto 
K (2004) Physicochemical properties and cellular toxicity of nanocrystal quantum dots 
depend on their surface modifi cation. Nano Lett 4(11):2163–2169  

    81.    Lovric J, Cho SJ, Winnik FM, Maysinger D (2005) Unmodifi ed cadmium telluride quantum 
dots induce reactive oxygen species formation leading to multiple organelle damage and cell 
death. Chem Biol 12(11):1227–1234  

    82.    Chan WH, Shiao NH, Lu PZ (2006) CdSe quantum dots induce apoptosis in human neuro-
blastoma cells via mitochondrial-dependent pathways and inhibition of survival signals. 
Toxicol Lett 167(3):191–200  

    83.    Choi AO, Cho SJ, Desbarats J, Lovric J, Maysinger D (2007) Quantum dot-induced cell 
death involves Fas upregulation and lipid peroxidation in human neuroblastoma cells. 
J Nanobiotechnol 5:1. doi:  10.1186/1477-3155-5-1      

    84.    Shiohara A, Hoshino A, Hanaki K, Suzuki K, Yamamoto K (2004) On the cytotoxicity caused 
by quantum dots. Microbiol Immunol 48(9):669–675  

    85.    Boldt K, Bruns OT, Gaponik N, Eychmuller A (2006) Comparative examination of the stability of 
semiconductor quantum dots in various biochemical buffers. J Phys Chem B 110(5):1959–1963  

    86.    Dollefeld H, Hoppe K, Kolny J, Schilling K, Weller H, Eychmuller A (2002) Investigations 
on the stability of thiol stabilized semiconductor nanoparticles. Phys Chem Chem Phys 
4(19):4747–4753  



36316 Design and Engineering of Multifunctional Quantum…

    87.    Pellegrino T, Manna L, Kudera S, Liedl T, Koktysh D, Rogach AL, Keller S, Radler J, Natile 
G, Parak WJ (2004) Hydrophobic nanocrystals coated with an amphiphilic polymer shell: a 
general route to water soluble nanocrystals. Nano Lett 4(4):703–707  

    88.    Chen FQ, Gerion D (2004) Fluorescent CdSe/ZnS nanocrystal-peptide conjugates for long-
term, nontoxic imaging and nuclear targeting in living cells. Nano Lett 4(10):1827–1832  

    89.    Hardman R (2006) A toxicologic review of quantum dots: toxicity depends on physicochemi-
cal and environmental factors. Environ Health Perspect 114(2):165–172  

    90.    Oberdörster G, Maynard A, Donaldson K, Castranova V, Fitzpatrick J, Ausman K, Carter J, 
Karn B, Kreyling W, Lai D, Olin S, Monteiro-Riviere N, Warheit D, Yang H (2005) Principles 
for characterizing the potential human health effects from exposure to nanomaterials: 
elements of a screening strategy. Part Fibre Toxicol 2:8. doi:  10.1186/1743-8977-2-8      

    91.    Upadhyay P (2006) Enhanced transdermal-immunization with diptheria-toxoid using local 
hyperthermia. Vaccine 24(27–28):5593–5598  

    92.    Rieger S, Kulkarni RP, Darcy D, Fraser SE, Koster RW (2005) Quantum dots are powerful 
multipurpose vital labeling agents in zebrafi sh embryos. Dev Dyn 234(3):670–681  

    93.    Manabe N, Hoshino A, Liang YQ, Goto T, Kato N, Yamamoto K (2006) Quantum dot as a 
drug tracer in vivo. IEEE Trans Nanobioscience 5(4):263–267  

    94.    Al-Jamal WT, Al-Jamal KT, Bomans PH, Frederik PM, Kostarelos K (2008) Functionalized-
quantum-dot-liposome hybrids as multimodal nanoparticles for cancer. Small 4(9):1406–1415  

    95.    Al-Jamal WT, Al-Jamal KT, Cakebread A, Halket JM, Kostarelos K (2009) Blood circulation 
and tissue biodistribution of lipid-quantum dot (L-QD) hybrid vesicles intravenously admin-
istered in mice. Bioconjug Chem 20(9):1696–1702  

    96.    Al-Jamal WT, Al-Jamal KT, Tian B, Lacerda L, Bornans PH, Frederik PM, Kostarelos K 
(2008) Lipid-quantum dot bilayer vesicles enhance tumor cell uptake and retention in vitro 
and in vivo. ACS Nano 2(3):408–418  

    97.    Al-Jamal WT, Al-Jamal KT, Tian B, Cakebread A, Halket JM, Kostarelos K (2009) Tumor 
targeting of functionalized quantum dot-liposome hybrids by intravenous administration. 
Mol Pharm 6(2):520–530  

    98.    Al-Jamal WT, Kostarelos K (2007) Liposome-nanoparticle hybrids for multimodal diagnos-
tic and therapeutic applications. Nanomedicine 2(1):85–98  

    99.    Gopalakrishnan G, Danelon C, Izewska P, Prummer M, Bolinger PY, Geissbuhler I, Demurtas 
D, Dubochet J, Vogel H (2006) Multifunctional lipid/quantum dot hybrid nanocontainers for 
controlled targeting of live cells. Angew Chem Int Ed 45(33):5478–5483  

    100.    Erogbogbo F, Yong KT, Hu R, Law WC, Ding H, Chang CW, Prasad PN, Swihart MT (2010) 
Biocompatible magnetofl uorescent probes: luminescent silicon quantum dots coupled with 
superparamagnetic iron(III) oxide. ACS Nano 4(9):5131–5138  

    101.    Yong KT, Ding H, Roy I, Law WC, Bergey EJ, Maitra A, Prasad PN (2009) Imaging pancre-
atic cancer using bioconjugated InP quantum dots. ACS Nano 3(3):502–510  

    102.    Niebling T, Zhang F, Ali Z, Parak WJ, Heimbrodt W (2009) Excitation dynamics in polymer-
coated semiconductor quantum dots with integrated dye molecules: the role of reabsorption. 
J Appl Phys 106(10):104701  

    103.    Law WC, Yong KT, Roy I, Xu G, Ding H, Bergey EJ, Zeng H, Prasad PN (2008) Optically and 
magnetically doped organically modifi ed silica nanoparticles as effi cient magnetically guided 
biomarkers for two-photon imaging of live cancer cells. J Phys Chem C 112(21):7972–7977  

    104.    Schabas G, Wang CW, Oskooei A, Yusuf H, Moffi tt MG, Sinton D (2008) Formation and 
shear-induced processing of quantum dot colloidal assemblies in a multiphase microfl uidic 
chip. Langmuir 24(19):10596–10603  

    105.    Wang CW, Oskooei A, Sinton D, Moffi tt MG (2010) Controlled self-assembly of quantum 
dot-block copolymer colloids in multiphase microfl uidic reactors. Langmuir 26(2):716–723  

    106.    Guo Y, Moffi tt MG (2007) Semiconductor quantum dots with environmentally responsive mixed 
polystyrene/poly(methyl methacrylate) brush layers. Macromolecules 40(16):5868–5878  

    107.    Hu R, Yong KT, Roy I, Ding H, Law WC, Cai HX, Zhang XH, Vathy LA, Bergey EJ, Prasad 
PN (2010) Functionalized near-infrared quantum dots for in vivo tumor vasculature imaging. 
Nanotechnology 21:145105  



364 B. Tian et al.

    108.    Law WC, Yong KT, Roy I, Ding H, Hu R, Zhao WW, Prasad PN (2009) Aqueous-phase 
synthesis of highly luminescent CdTe/ZnTe core/shell quantum dots optimized for targeted 
bioimaging. Small 5(11):1302–1310  

    109.    Guo Y, Shi DL, Cho HS, Dong ZY, Kulkarni A, Pauletti GM, Wang W, Lian J, Liu W, Ren L, 
Zhang QQ, Liu GK, Huth C, Wang LM, Ewing RC (2008) In vivo imaging and drug storage 
by quantum-dot-conjugated carbon nanotubes. Adv Funct Mater 18(17):2489–2497  

    110.    Shi DL, Cho HS, Huth C, Wang F, Dong ZY, Pauletti GM, Lian J, Wang W, Liu GK, Bud’ko 
SL, Wang LM, Ewing RC (2009) Conjugation of quantum dots and Fe3O4 on carbon nanotubes 
for medical diagnosis and treatment. Appl Phys Lett 95(22):223702. doi:  10.163/1.3268469      

    111.    Torchilin VP (2005) Recent advances with liposomes as pharmaceutical carriers. Nat Rev 
Drug Discov 4(2):145–160  

    112.    Gerasimov OV, Boomer JA, Qualls MM, Thompson DH (1999) Cytosolic drug delivery using 
pH- and light-sensitive liposomes. Adv Drug Del Rev 38(3):317–338  

    113.    Derfus AM, Chan WCW, Bhatia SN (2004) Intracellular delivery of quantum dots for live cell 
labeling and organelle tracking. Adv Mater 16(12):961–966  

    114.    Sigot V, Arndt-Jovin DJ, Jovin TM (2010) Targeted cellular delivery of quantum dots loaded 
on and in biotinylated liposomes. Bioconjug Chem 21(8):1465–1472  

    115.    Ho YP, Leong KW (2010) Quantum dot-based theranostics. Nanoscale 2(1):60–68  
    116.    Kostarelos K, Miller AD (2005) Synthetic, self-assembly ABCD nanoparticles: a structural 

paradigm for viable synthetic non-viral vectors. Chem Soc Rev 34(11):970–994  
    117.    Derfus AM, Chen AA, Min DH, Ruoslahti E, Bhatia SN (2007) Targeted quantum dot conju-

gates for siRNA delivery. Bioconjug Chem 18(5):1391–1396  
    118.    Srinivasan C, Lee J, Papadimitrakopoulos F, Silbart LK, Zhao MH, Burgess DJ (2006) 

Labeling and intracellular tracking of functionally active plasmid DNA with semiconductor 
quantum dots. Mol Ther 14(2):192–201  

    119.    Ho YP, Chen HH, Leong KW, Wang TH (2006) Evaluating the intracellular stability and 
unpacking of DNA nanocomplexes by quantum dots-FRET. J Control Release 116(1):83–89  

    120.    Chen HH, Ho YP, Jiang X, Mao HQ, Wang TH, Leong KW (2008) Quantitative comparison 
of intracellular unpacking kinetics of polyplexes by a model constructed from quantum Dot-
FRET. Mol Ther 16(2):324–332  

    121.    Anas A, Akita H, Harashima H, Itoh T, Ishikawa M, Biju V (2008) Photosensitized breakage 
and damage of DNA by CdSe-ZnS quantum dots. J Phys Chem B 112(32):10005–10011  

    122.    Li D, Li GP, Guo WW, Li PC, Wang EK, Wang J (2008) Glutathione-mediated release of func-
tional plasmid DNA from positively charged quantum dots. Biomaterials 29(18):2776–2782  

    123.    Lee PW, Hsu SH, Tsai JS, Chen FR, Huang PJ, Ke CJ, Liao ZX, Hsiao CW, Lin HJ, Sung HW 
(2010) Multifunctional core-shell polymeric nanoparticles for transdermal DNA delivery and 
epidermal Langerhans cells tracking. Biomaterials 31(8):2425–2434  

    124.    Zintchenko A, Susha AS, Concia M, Feldmann J, Wagner E, Rogach AL, Ogris M (2009) 
Drug nanocarriers labeled with near-infrared-emitting quantum dots (quantoplexes): imaging 
fast dynamics of distribution in living animals. Mol Ther 17(11):1849–1856  

    125.    David S, Pitard B, Benoit JP, Passirani C (2010) Non-viral nanosystems for systemic siRNA 
delivery. Pharmacol Res 62(2):100–114  

    126.    Chen AA, Derfus AM, Khetani SR, Bhatia SN (2005) Quantum dots to monitor RNAi deliv-
ery and improve gene silencing. Nucleic Acids Res 33(22):e190. doi:  10.1093/nar/gni188      

    127.    Tan WB, Jiang S, Zhang Y (2007) Quantum-dot based nanoparticles for targeted silencing of 
HER2/neu gene via RNA interference. Biomaterials 28(8):1565–1571  

    128.    Jung JJ, Solanki A, Memoli KA, Kamei K, Kim H, Drahl MA, Williams LJ, Tseng HR, Lee 
K (2010) Selective inhibition of human brain tumor cells through multifunctional quantum-
dot-based siRNA delivery. Angew Chem Int Ed 49(1):103–107  

    129.    Walther C, Meyer K, Rennert R, Neundorf I (2008) Quantum dot-carrier peptide conjugates 
suitable for imaging and delivery applications. Bioconjug Chem 19(12):2346–2356  

    130.    Yezhelyev MV, Qi LF, O’Regan RM, Nie S, Gao XH (2008) Proton-sponge coated quantum 
dots for siRNA delivery and intracellular imaging. J Am Chem Soc 130(28):9006–9012  



36516 Design and Engineering of Multifunctional Quantum…

    131.    Jiang G, Park K, Kim J, Kim KS, Hahn SK (2009) Target specifi c intracellular delivery 
of siRNA/PEI-HA complex by receptor mediated endocytosis. Mol Pharm 6(3):727–737  

    132.    Qi L, Gao X (2008) Quantum dot-amphipol nanocomplex for intracellular delivery and real-
time imaging of siRNA. ACS Nano 2(7):1403–1410  

    133.    Juzenas P, Chen W, Sun YP, Coelho MAN, Generalov R, Generalova N, Christensen IL 
(2008) Quantum dots and nanoparticles for photodynamic and radiation therapies of cancer. 
Adv Drug Del Rev 60(15):1600–1614  

    134.    Yaghini E, Seifalian AM, MacRobert AJ (2009) Quantum dots and their potential biomedical 
applications in photosensitization for photodynamic therapy. Nanomedicine 4(3):353–363  

    135.    Dayal S, Lou YB, Samia ACS, Berlin JC, Kenney ME, Burda C (2006) Observation of non-
Förster-type energy-transfer behavior in quantum dot-phthalocyanine conjugates. J Am Chem 
Soc 128(43):13974–13975  

    136.    Shi LX, Hernandez B, Selke M (2006) Singlet oxygen generation from water-soluble 
quantum dot-organic dye nanocomposites. J Am Chem Soc 128(19):6278–6279  

    137.   Blanco NG, Maldonado CR, Mareque-Rivas JC (2009) Effective photoreduction of a Pt(IV) 
complex with quantum dots: a feasible new light-induced method of releasing anticancer 
Pt(II) drugs. Chem. Commun 5257–5259  

    138.    Weng KC, Noble CO, Papahadjopoulos-Sternberg B, Chen FF, Drummond DC, Kirpotin DB, 
Wang DH, Hom YK, Hann B, Park JW (2008) Targeted tumor cell internalization and imag-
ing of multifunctional quantum dot-conjugated immunoliposomes in vitro and in vivo. Nano 
Lett 8(9):2851–2857  

    139.    Park JH, von Maltzahn G, Ruoslahti E, Bhatia SN, Sailor MJ (2008) Micellar hybrid 
nanoparticles for simultaneous magnetofl uorescent imaging and drug delivery. Angew Chem 
Int Ed 47(38):7284–7288  

    140.    Zhou YY, Shi LX, Li QN, Jiang H, Lv G, Zhao J, Wu CH, Selke M, Wang XM (2010) 
Imaging and inhibition of multidrug resistance in cancer cells via specifi c association with 
negatively charged CdTe quantum dots. Biomaterials 31(18):4958–4963  

    141.    Song H, He R, Wang K, Ruan J, Bao CC, Li N, Ji JJ, Cui DX (2010) Anti-HIF-1 alpha 
antibody-conjugated pluronic triblock copolymers encapsulated with Paclitaxel for tumor 
targeting therapy. Biomaterials 31(8):2302–2312      



367S. Svenson and R. Prud’homme (eds.), Multifunctional Nanoparticles for Drug Delivery 
Applications: Imaging, Targeting, and Delivery, Nanostructure Science and Technology, 
DOI 10.1007/978-1-4614-2305-8, © Springer Science+Business Media, LLC 2012

  A 
  17-AAG.    See  17-Allylamino-17-

demethoxygeldanamycin (17-AAG)  
  ABCs.    See  Amphiphilic block copolymers 

(ABCs)  
  Abraxane , 2, 32, 85, 96–98, 135, 138, 139, 236   
  Active targeting , 9, 10, 15, 36, 39, 54, 55, 73, 

76, 174, 190, 191, 233, 234, 236, 241, 
245, 246, 247, 262, 288, 320–321, 324   

  Acute myelogenous leukemia (AML) , 15, 
106, 108   

  Additive drug combination , 103, 128   
  ADR-RES multidrug resistant cells , 243   
  Alkyne , 35, 302–304, 307, 309   
  17-Allylamino-17-demethoxygeldanamycin 

(17-AAG) , 110, 115, 117, 140–143, 149   
  AmB.    See  Amphotericin B  
  AML.    See  Acute myelogenous leukemia 

(AML)  
  Amphiphilic block copolymers 

(ABCs) , 31, 133, 149, 263–264   
  Amphotericin B (AmB) , 13, 54, 59–61   
  Antagonistic drug combination , 103, 104, 

112, 128   
  Antiangiogenesis , 119   
  Antibody fragments , 12, 14, 20–21, 37, 161   
  Aptamer , 16, 17, 20, 21, 37, 38, 40, 203, 259, 

348–349, 357   
  Arg-Gly-Asp-D-Phe-Lys (cRGDfK) 

peptide , 260   
  Arginine–glycine–aspartic acid (RGD) , 14, 

22, 38, 58, 62, 244, 246, 284, 288, 
296, 309, 331, 332, 356   

  Atherosclerosis , 54, 57, 59, 60, 65, 68, 77, 
161, 163, 166–168, 258   

  ATI-101 , 298–302, 308   

  ATR-FTIR spectroscopy , 180–181, 183, 189   
  Azide , 35, 36, 302–303, 307–310    

  B 
  Bevacizumab , 20, 37, 288   
  B16F10 cancer , 245–246   
  Biocompatibility , 20, 56, 86, 93, 97, 157, 161, 

167, 168, 175, 179, 188, 189, 193, 
209, 217, 233, 239, 258, 263, 289, 
319, 329, 338, 351, 352   

  Biodistribution , 15, 18, 19, 33, 36, 39, 40, 56, 
66, 68, 74, 86, 92–93, 97, 112, 115, 
117, 136, 164, 212, 215, 220, 
244–245, 319, 331, 345, 349–350, 355   

  Biomedical in vivo imaging , 329–334    

  C 
  Caco-2 cells , 63   
  Camptothecin (CPT) , 2–3, 13, 15, 34–35, 88, 

98, 123   
  Cancer receptors , 10, 12, 22, 23, 37, 38, 278, 

281, 284   
  Carbon nanotubes (CNTs) , 1, 36, 204, 

211–213, 284, 286–288, 352   
  C26 colon adenocarcinoma , 15, 144, 145, 319   
  CD44 , 55, 56, 241   
  CdSe/ZnS QD , 349, 351, 357   
  Cell penetrating peptides (CPPs) , 165, 

283–284, 356   
  Cetyltrimethylammonium bromide , 159   
  Chemokines , 48–53, 72–73   
  Chitosan , 19, 56, 58, 63–64, 70, 71, 73, 209, 

229–232, 237–238, 240, 245, 246, 
355, 356   

                        Index 



368 Index

  CI.    See  Combination index (CI)  
  Cisplatin , 13, 15, 104, 105, 120, 121, 123, 

138, 139, 143, 236–239, 246, 264, 
327, 357   

  Click chemistry , 32, 35–36, 309–310, 331   
  CMC.    See  Critical micelle concentration (CMC)  
  CNTs.    See  Carbon nanotubes (CNTs)  
  Combination index (CI) , 104, 105   
  CombiPlex , 123–128   
  Combretastatin , 16–17, 110, 111, 119   
  Computed tomography (CT) , 57, 65–67, 75, 

76, 157–159, 163, 164, 166, 174, 211, 
225, 243–244, 246, 260, 280, 288   

  Controlled release , 11, 17, 23, 233, 235, 259, 
270, 325   

  Core-shell nanoparticles , 35, 161   
  CPPs.    See  Cell penetrating peptides (CPPs)  
  CPT.    See  Camptothecin (CPT)  
  CPX-351 , 2, 3, 106–109, 115–116, 128   
  Cremophor EL , 85, 134–137, 139, 140, 

142–143, 149   
  Critical micelle concentration (CMC) , 133, 

135, 142, 263–264   
  CRLX101 , 2–3, 13   
  CT.    See  Computed tomography (CT)  
  Cytarabine , 2, 3, 11, 13, 106–108, 118, 119, 

123, 128   
  Cytokines , 47–53, 57, 65, 69, 71–73, 76, 217, 

234, 242    

  D 
  DACHPt , 265–267   
  Daunorubicin , 2, 3, 13, 106–108, 123, 128, 

282, 358   
  DaunoXome , 13, 32, 282   
  Dectin-1 , 55   
  Dendrimers , 1, 11, 35, 61, 85, 202, 240, 258, 

284, 295, 316, 352       
  Dendriples , 65   
  Dendron , 65, 309, 310, 334, 348   
  Dichlorotriazine , 86–90   
  Diethylenetriamine pentaacetic acid 

(DTPA) , 60, 160, 331   
  Diffusional drug delivery , 236–237   
  Discoidal porous silicon , 208   
  DNA , 9, 11–13, 17, 21, 38, 57, 58, 62–65, 73, 

74, 76, 234, 240, 241, 261, 287–288, 
296–297, 325, 353–355, 357   

  Docetaxel , 2, 3, 14, 17, 91, 110, 111, 115, 
119–121, 140–141, 149   

  DOTA , 60, 244, 330–332   
  DOX.    See  Doxorubicin (DOX)  
  Doxil , 2, 12, 13, 15, 32, 279, 282, 285   

  Doxorubicin (DOX) , 2, 12–17, 34–35, 110, 
111, 113, 115–119, 143–149, 215, 
217, 236, 239, 243, 259–260, 264, 
267–270, 279–280, 285–287, 296, 
319, 335, 357, 358   

  DPPC , 61   
  DTPA.    See  Diethylenetriamine pentaacetic 

acid (DTPA)  
  Dual drug delivery , 119    

  E 
  Effi cacy , 117, 260, 267   
  EGF.    See  Epidermal growth factor (EGF)  
  EGFR.    See  Epidermal growth factor antibody 

(EGFR)  
  Emulsion , 1, 54, 57, 61, 63, 65, 70, 113, 

117–118, 157, 161–162, 182   
  Enhanced permeability and retention 

(EPR) , 10, 11, 18, 32, 36, 39, 54, 92, 
106, 112, 115, 133–134, 137, 144, 
149, 166, 190–191, 202, 215, 227, 
233, 259–261, 279, 320   

  EphA2 oncoprotein , 217   
  Epidermal growth factor (EGF) , 277, 

284, 332   
  Epidermal growth factor antibody 

(EGFR) , 176, 189, 191, 241, 353   
  EPR.    See  Enhanced permeability and 

retention (EPR)  
  Etoposide , 110, 115, 137, 140–142, 149   
  Exosome , 209    

  F 
  FA.    See  Folic acid (FA)  
  FA a  receptor , 296   
  Fab.    See  Fragments of antigen binding (Fab)  
  FDA.    See  Food and Drug Administration 

(FDA)  
  First-stage particles , 203, 204, 207–210   
  Folate , 15, 18, 23, 37, 38, 70, 259–260, 268, 

269, 283, 284, 288, 296, 297, 
306–307, 335   

  Folic acid (FA) , 4, 23, 236, 239, 259–260, 
268, 296, 330–332, 335, 337   

  Food and Drug Administration (FDA) , 9, 12, 
13, 20, 21, 31, 32, 36, 37, 166, 201, 
202, 236, 289, 298, 328, 334, 338   

  Förster resonance energy transfer (FRET) , 
137, 155, 163, 332, 354–357   

  Fragments of antigen binding (Fab) , 21, 60   
  FRET.    See  Förster resonance energy transfer 

(FRET)   



369Index

  G 
  Gadolinium (Gd) , 4, 59, 159, 175, 178, 

211–212, 244, 246, 265, 281, 284, 
330, 334   

  Gadolinium-diethylenetriamine pentaacetic 
acid (Gd-DTPA) , 160, 166, 
265–266, 330   

  Gadomer-17 , 330, 331   
  Gastrointestinal tract , 57, 62   
  Gd-DTPA.    See  Gadolinium-

diethylenetriamine pentaacetic acid 
(Gd-DTPA)  

  Genexol-PM , 13, 15–16, 135–141, 264   
  G5-FA-MTX dendrimer , 296–299, 302, 

305–307   
  GFP.    See  Green fl uorescent protein (GFP)  
  Glutathione (GSH) , 235, 239, 355   
  Gold nanoparticles , 21, 159, 163, 206, 211, 

281, 285, 286, 289, 329, 332   
  Green fl uorescent protein (GFP) , 74, 164, 

165, 208, 356   
  GRGDS-NH 

2
  peptide.    See  H-glycine-

arginine-glycine-aspartate-serine-NH 
2
  

(GRGDS-NH 
2
 ) peptide   

  H 
  HDL.    See  High-density lipoprotein (HDL)  
  HER2 receptor , 296   
  H-glycine-arginine-glycine-aspartate-

serine-NH 
2
  (GRGDS-NH 

2
 ) peptide , 

177, 189–192, 194   
  High-density lipoprotein (HDL) , 137, 159, 

163, 164   
  High pressure liquid chromatography 

(HPLC) , 89, 91, 92, 136–137, 141, 
302–305, 307–309, 335   

  HIV.    See  Human immunodefi ciency 
virus (HIV)  

  HLB.    See  Hydrophilic–lipophilic balance 
(HLB)  

  HPC-PAAc nanoparticles.    See  
Hydroxypropylcellulose-poly(acrylic 
acid) (HPC-PAAc) nanoparticles  

  HPLC.    See  High pressure liquid 
chromatography (HPLC)  

  HPMA.    See  N-(2-hydroxypropyl) 
methacrylamide copolymers 
(HPMA)  

  HT-29 xenograft , 126, 127   
  HuH-7 EGFP human hepatoma , 241   
  Human immunodefi ciency virus (HIV) , 17, 

52–54, 56, 59, 61, 328, 329, 338   
  Hyaluronate , 55, 56, 229   

  Hybrid nanoparticles , 3–4, 11, 12, 16–17, 
160–161, 167, 168, 289   

  Hydrazone linkage , 117, 143, 148   
  Hydrogel , 227–230, 233, 238–240, 242   
  Hydrogel nanoparticles , 4, 225–248   
  Hydrophilic–lipophilic balance (HLB) , 239   
  Hydrophobic association , 231–232   
  Hydroxypropylcellulose-poly(acrylic acid) 

(HPC-PAAc) nanoparticles , 245   
  Hyperbranched polymer , 5, 317, 318, 325, 337   
  Hyperthermia triggered release , 285–286    

  I 
  IBD.    See  Infl ammatory bowel disease (IBD)  
  IC 

50
  value , 104, 144   

  ID8-VEGF ovarian cancer , 237   
  Image-guided therapy , 227, 233, 

245–248, 259   
  Immunoliposomes , 60, 61   
  Infl ammation , 71, 72   
  Infl ammatory bowel disease (IBD) , 68, 74   
  Inorganic nanocrystals , 4, 158, 163–164   
  Integrin , 15, 22, 38, 62, 284, 288, 296, 

331, 333   
  Integrin  a  

v
  b  

3
  , 22, 37, 38, 161, 189, 191, 260, 

280, 288, 331, 332   
  Ionic gelation , 231   
  Irinotecan , 3, 15, 106, 123, 143   
  Iron oxide nanoparticles , 67, 113, 158, 

163–166, 174, 208–214, 285, 286, 
332–333    

  K 
  Kaposi’s sarcoma , 12, 32, 85, 202   
  Kupffer cells , 47, 73–76    

  L 
  LCST.    See  Lower critical solution 

temperature (LCST)  
  LDL.    See  Low-density lipoprotein (LDL)  
  Leaky vasculature , 10, 18, 36, 191, 279, 

284–285   
  Lewis lung carcinoma (LLC) , 241, 259   
  Ligand , 3, 4, 10–12, 14, 16–23, 32, 35–40, 

49, 55, 137–138, 155, 158, 161, 
173–178, 180, 181, 188–191, 194, 
203, 215, 234, 241, 243, 258–260, 
262, 283, 284, 288, 289, 295–297, 
299, 301–311, 315–316, 321, 323, 
328, 329, 332, 334, 347, 348, 351, 
352, 358   



370 Index

  Ligand–dendrimer ratios , 299, 302–307   
  Lipoproteins , 4, 55, 58, 136, 137, 159–161, 

163–164, 287   
  Liposomes , 1–3, 10–16, 18, 21–23, 31, 32, 

35, 36, 38, 39, 54, 56–61, 64, 65, 
68–70, 72–76, 106–109, 123, 134, 
156–157, 166–167, 202–204, 215, 
217, 219, 258, 261, 279–287, 289, 
321, 352–355, 358   

  Lithography , 204, 205   
  LLC.    See  Lewis lung carcinoma (LLC)  
  Low-density lipoprotein (LDL) , 55, 58, 61, 

137, 159   
  Lower critical solution temperature 

(LCST) , 239–240, 245   
  LS174T cancer , 98   
  Lymphatic drainage , 32, 227, 320    

  M 
  mAbs.    See  Monoclonal antibodies (mAbs)  
  Macrophage , 3, 18, 23, 33–34, 40, 

47–77, 94, 163, 166, 207–211, 217, 
289, 319, 321   

  Macropinocytosis , 206–207, 321, 322   
  Magnetic resonance imaging (MRI) , 4, 57, 

59, 67, 77, 157, 158, 160, 161, 
163–167, 174–176, 179–180, 185, 
190–195, 211–214, 225, 244–246, 
248, 260, 265–268, 280, 281, 
285–286, 288, 329–332, 334, 349, 
350, 358   

  Magnevist ®  , 175–176, 180, 186, 187, 190, 
194, 213   

  Margination , 203, 204, 215   
  MAT B III breast cancer , 279, 281   
  Matrix metalloproteinases (MMPs) , 37, 52, 

69–70, 284, 287   
  Maximum tolerated dose (MTD) , 103, 107, 

108, 123, 126, 135, 138, 139, 227   
  MCF-7 breast cancer , 116–117, 147, 148, 

259, 287   
  MDA-MB-435 human breast 

adenocarcinoma , 241   
  MDR.    See  Multidrug resistance (MDR)  
  Metal-organic frameworks (MOFs) , 4, 175   
  Methotrexate (MTX) , 4, 17–18, 103, 239, 

284, 296, 333, 335   
  MFM.    See  Multifunctional micelles (MFM)  
  Microbubbles , 270, 271   
  Microvasculature , 258, 260, 279   
  Miniemulsion , 182   
  MMPs.    See  Matrix metalloproteinases 

(MMPs)  

  MOFs.    See  Metal-organic frameworks 
(MOFs)  

  Molecular imaging , 134, 155, 161, 166, 174, 
220, 226–227, 258, 260–261, 265, 
280–281, 288, 329   

  Monochlorotriazine , 86, 87   
  Monoclonal antibodies (mAbs) , 12, 15, 

20–21, 37, 259, 356, 358   
  MRI.    See  Magnetic resonance imaging (MRI)  
  MSVs.    See  Multi stage nanovectors (MSVs)  
  MTD.    See  Maximum tolerated dose (MTD)  
  MTX.    See  Methotrexate (MTX)  
  Multidrug resistance (MDR) , 11, 113, 226, 

227, 236, 241, 259, 358   
  Multifunctional copolymers , 189–192, 194   
  Multifunctionality , 156, 227   
  Multifunctional micelles (MFM) , 267, 268   
  MultiHance ®  , 175, 180, 186, 187, 190, 194   
  Multimodal imaging , 4, 156, 167–168, 174, 

179, 190, 193, 329   
  Multiple drug delivery , 3, 133–149   
  Multisite traffi cking , 203, 206–211   
  Multi stage nanovectors (MSVs) , 4, 201–220   
  Multivalency , 234, 316, 323, 328, 332   
  Multivalent dendritic architectures , 315–338   
  MX-1 human breast cancer , 138    

  N 
  Nanocrystal core HDL , 163   
  Nanoemulsion , 58, 63, 113   
  Nanomedicine , 3, 31–40, 77, 86, 97, 179, 

194, 258–262, 265, 268, 270–271   
  Nanoporous silicon , 203, 204   
  Nanotechnology , 1, 2, 9, 11, 12, 31, 40, 

53–54, 77, 133–134, 143, 148, 155, 
165, 173, 174, 193, 195, 202, 220, 
227, 257–258, 270   

  Nanotechnology Characterization Laboratory 
(NCL) , 91, 93, 299   

  Nanotheranostics , 167   
  Nanovector , 173–174, 201–220   
  NC-6004 , 13, 15, 264   
  NCL.    See  Nanotechnology Characterization 

Laboratory (NCL)  
  Near infrared (NIR) imaging , 158, 211, 260, 

261, 268, 286, 288, 351   
  NF k B decoy , 7273   
  N-(2-hydroxypropyl) methacrylamide 

copolymers (HPMA) , 22, 85, 111, 
116, 118, 176, 177, 188, 189   

  NIR dye Cy5.5 , 163, 165, 246, 268   
  NIR imaging.    See  Near infrared (NIR) imaging  
  NK105 , 2, 13, 15, 264   



371Index

  NK911 , 13, 15, 264   
  Non-small cell lung cancer (NSCLC) , 2, 3, 

22, 138   
  NSCLC.    See  Non-small cell lung cancer 

(NSCLC)   

  O 
  Oligonucleotides , 21, 73, 234, 326–327, 332   
  Opsonization , 18, 19, 33–34, 50, 54, 207, 

239, 248, 282, 283   
  Optical imaging , 157–159, 165, 174, 191, 

260, 268–269, 329   
  Ovarian cancer , 3, 134, 138, 216–217, 

236–237, 241   
  Oxaliplatin , 12, 14, 265    

  P 
  PAMAM.    See  Poly(amidoamine) 

(PAMAM)  
  Particle replication in nonwetting templates 

(PRINT) , 34   
  Passive targeting , 10, 32, 36, 54–55, 190–193, 

227, 248, 259, 261, 264, 268, 320   
  PBS.    See  Phosphate-buffered saline (PBS)  
  PDT.    See  Photodynamic therapy (PDT)  
  PEG.    See  Poly(ethylene glycol) (PEG)  
  PEG- b -PLA micelles , 134–143, 149   
  PEG- b -poly(aspartate-hyd-DOX-WORT) 

micelles , 146, 147   
  PEG- b -poly(L-amino acid) micelles , 143–149   
  PEG-PLA copolymer , 119, 268   
  PEG-PLA micelles , 260   
  PEGylation , 19–20, 89–92, 166, 335   
  PEI.    See  Poly(ethylene imine) (PEI)  
  PEO-PPO-PEO , 229, 236   
  Peptides , 14, 15, 17, 20, 22, 49, 55, 57, 58, 

62–65, 109, 111, 116, 118, 164, 165, 
176, 189, 191, 203, 236–237, 241, 
243–246, 259, 260, 267, 268, 
283–284, 329, 331–333, 348–349, 
352–353, 355–357   

  Personalized medicine , 4, 227, 233, 259, 
277–290   

  PET.    See  Positron emission tomography 
(PET)  

  PGs.    See  Polyglycerols (PGs)  
  Phagocytosis , 18, 19, 47, 48, 50, 51, 55, 56, 

59, 206, 207, 321, 322   
  Phagosomes , 207–209, 321   
  Pharmacokinetics (PK) , 36, 117, 126, 128, 

135–139, 142, 143, 145, 149, 157, 
167, 278, 282, 283, 349–350, 352, 353   

  Phase I clinical trial , 12, 15, 138–139, 142, 
143, 264, 298–299   

  Phase II clinical trial , 15, 16, 108, 139, 
264, 338   

  Phosphate-buffered saline (PBS) , 55–56, 
74–75, 94, 114, 191, 213–214, 267, 268   

  Phospholipids , 21, 156, 163, 167, 168, 202, 
215, 348, 352   

  Photodynamic therapy (PDT) , 56, 113, 225, 
226, 234, 242–243, 245–247, 355–357   

  Photosensitizer (PS) , 56, 76, 113, 135, 226, 
242, 243, 356–357   

  PHPMA.    See  Poly(N-(2-hydroxypropyl)
methacrylamide) (PHPMA)  

  PHPMA- co -PmNAOS- co -PFMA 
copolymer , 177, 187, 188, 190, 194   

  PHPMA homopolymer , 176, 183–188, 194   
  pH-responsive drug release , 237–240   
  PK.    See  Pharmacokinetics (PK)  
  PLA.    See  Poly(lactic acid) (PLA)  
  Plasmid , 12, 16, 57, 63–65, 73, 74, 76, 241, 

287, 354, 355   
  PLGA.    See  Poly(lactic-co-glycolic acid) 

(PLGA)  
  PMSA , 357   
  PNIPAM.    See  Poly(N-isopropyacrylamide) 

(PNIPAM)  
  PNIPAM homopolymer , 176, 183, 184, 186, 

187, 194, 235   
  Poloxamer , 231   
  Poly(amidoamine) (PAMAM) , 17–18, 20, 70, 

295, 299–301, 310, 322–325, 327, 
330–332, 334, 335, 338   

  Poly(ethylene glycol) (PEG) , 3, 13, 32, 54, 
85, 110, 133, 158, 202, 227, 259, 280, 
322, 349       

  Poly(ethylene imine) (PEI) , 110, 113, 229, 
231, 240, 241, 323, 325–326, 333, 
355, 356   

  Poly(glutamic acid) , 3, 13, 15, 85, 264   
  Poly(lactic acid) (PLA) , 20, 34, 35, 111, 119, 

120, 133, 135, 137–138, 141, 157   
  Poly(lactic-co-glycolic acid) (PLGA) , 14, 

16–17, 34, 58, 62, 65, 70, 110, 111, 
113, 114, 119, 121, 157, 231   

  Poly(methylmethacrylate) , 56   
  Poly(N-(2-hydroxypropyl)methacrylamide) 

(PHPMA) , 85, 176, 183–188, 194   
  Poly(N-isopropyacrylamide) (PNIPAM) , 176, 

183, 184, 186, 187, 194, 235   
  Poly(vinyl pyrrolidone) (PVP) , 159, 229, 230, 

236, 263   
  Polyglycerols (PGs) , 318–319, 322–323, 

325–326, 328, 329, 333, 337   



372 Index

  Polymer–drug conjugates , 9, 15, 31, 35, 111, 
116, 202, 235, 258   

  Polymeric micelles , 3, 4, 15–16, 106, 115, 
117, 133–149, 202, 203, 231–232, 
257–271, 325, 352, 358   

  Polymeric nanoparticles , 3, 11–13, 15–17, 
21–23, 31, 32, 34, 36, 39, 40, 57, 70, 
112–113, 155, 157, 194   

  Polymer-imaging agent conjugates , 330–332   
  Polyplex , 70, 71, 240, 355, 356   
  Porosifi cation , 204–205   
  Positive contrast agents , 4, 175, 180, 186, 

187, 190   
  Positron emission tomography (PET) , 57, 329   
  PRINT.    See  Particle replication in nonwetting 

templates (PRINT)  
  Prodrug , 2, 3, 15, 85, 97, 103–128, 143, 145, 

148, 149   
  Prostate cancer , 3, 16, 17, 21, 96, 97, 

277, 357   
  Prostate-specifi c membrane antigen (PSMA) 

receptor , 296   
  Proteins , 18, 19, 21, 33–34, 36–38, 40, 57, 

58, 63, 64, 71, 73, 76, 95, 113, 137, 
156, 160, 163, 207–209, 226, 229, 
234, 239–242, 282, 283, 295, 315, 
321, 329, 332, 334, 355   

  PS.    See  Photosensitizer (PS)  
  PSMA receptor.    See  Prostate-specifi c 

membrane antigen (PSMA) receptor  
  PVP.    See  Poly(vinyl pyrrolidone) (PVP)   

  Q 
  Quantum dots (QDs) , 5, 155, 167, 168, 329, 

332, 345–358    

  R 
  Radiation therapy , 225, 226, 243–244, 

248, 257   
  RAFT.    See  Reversible addition-fragmentation 

chain transfer (RAFT)  
  Raman spectroscopy , 211, 281   
  Reactive oxygen species (ROS) , 48, 77, 226, 

234, 242, 243, 350–351   
  Receptor , 10, 12, 15, 22, 38, 39, 49, 55, 56, 

59, 174, 189, 215, 237, 241, 244, 277, 
278, 284, 288, 296, 301, 315–316, 
321, 328, 330–332, 337, 356, 357   

  Redox-responsive drug release , 239   
  Relaxation time , 158, 180, 192, 212   
  Relaxivity , 180, 184–187, 190, 193, 194, 212, 

267–268   

  RES.    See  Reticuloendothelial system (RES)  
  Reticuloendothelial system (RES) , 18, 33, 

54, 212–213, 239, 261, 282, 283, 
286, 287   

  Reverse microemulsion polymerization , 230   
  Reversible addition-fragmentation chain 

transfer (RAFT) , 4, 175–180, 
182–191, 194   

  RGD.    See  Arginine–glycine–aspartic acid 
(RGD)  

  RGD binding integrins , 296   
  Rheumatoid arthritis , 54, 57–61, 68, 70, 

73, 166   
  RNAi , 39, 72, 98, 215, 288    

  S 
  Scale-up , 5, 36–37, 270, 299, 308, 311   
  Scavenger receptor , 48, 55, 59   
  Second-stage particles , 203   
  Self-assembly , 15, 35, 204–205, 264, 

348, 352   
  Semiconductor nanocrystals , 158, 346   
  Silica nanoparticles , 159, 167, 174   
  Silicon particles , 203–209, 214   
  Singlet oxygen , 226, 242, 350, 356–357   
  siRNA.    See  Small interfering RNA (siRNA)  
  SKOV3 human ovarian cancer , 138, 238   
  SKOV3ip1 ovarian cancer , 217–219   
  Small interfering RNA (siRNA) , 9, 11, 14, 

39, 70–73, 110, 113, 164–166, 179, 
201, 215, 217–219, 234, 241, 265, 
288, 355, 356   

  SN-38 , 2, 3, 13, 15   
  SP1049C micelles , 13, 264   
  SPIO.    See  Superparamagnetic iron oxide 

(SPIO)  
  Spray drying , 232   
  Stealth liposomes , 282–284   
  Sugar , 20–22, 36, 73, 118, 119, 161   
  Superparamagnetic iron oxide (SPIO) , 174, 

193, 244, 267, 333   
  Surface charge , 19, 34, 56, 63, 70, 207, 209, 

239, 241, 316, 350, 356   
  Synergistic activity , 112, 147   
  Synergistic drug combination , 9    

  T 
  TAM.    See  Tumor associated macrophages 

(TAM)  
  Taxol , 85, 126, 136, 138, 139, 141–143, 

296, 335   
  T-cell receptors (TCR) , 50   



373Index

  TCR.    See  T-cell receptors (TCR)  
  Technetium-99m ( 99m Tc) , 244, 246, 329, 331, 

349, 350   
  Telomerase reverse transcriptase (TERT) , 288   
  Temperature-responsive drug release , 

239–240   
  TERT.    See  Telomerase reverse transcriptase 

(TERT)  
  Theranostic nanomedicine , 258–262, 270–271   
  Theranostics , 3–5, 161, 211, 258, 259, 

315–338, 353–358   
  TNF- a .    See  Tumor-necrosis factor alpha 

(TNF- a )  
  Topoisomerase I , 123   
  Transferrin (Tf) , 14, 37, 39   
  Triazine dendrimers , 86, 89, 92, 98   
  Trojan horse , 52–53, 74   
  T1, T2 , 67, 68, 158, 192, 212, 214, 247, 266, 

334–345   
  Tuftsin , 55, 59–61   
  Tumor associated macrophages (TAM) , 51, 

52, 74   
  Tumor-necrosis factor alpha (TNF- a ) , 48, 

51–53, 65, 70–73    

  U 
  Ultrasound , 11, 157, 206, 225, 260, 270, 271, 

329   
  U87MG human glioblastoma cancer , 260, 

284, 287   
  Unimolecular micelle , 323–325    

  V 
  Vaccines , 3, 39, 57, 58, 62–65, 241   
  Vascular endothelial growth factor (VEGF) , 

21, 37, 51, 237, 241, 281, 288, 
334–335   

  Vincristine , 13, 103, 110, 113   
  Visipaque  TM  320 , 279    

  W 
  Wortmannin , 111, 117, 146    

  Z 
  Zebrafi sh , 35–36, 351   
  Zeta potential , 63, 209           


	Multifunctional Nanoparticles for Drug Delivery Applications

	Contents
	Contributors

	Part I: Targeting and Drug Delivery

	Chapter 2: Nanoparticles for Targeted and Temporally Controlled Drug Delivery
	Chapter 3: Development and Application of Anticancer Nanomedicine
	Chapter 4: Macrophage-Targeted Nanoparticle Delivery Systems
	Chapter 5: Paclitaxel-Triazine Dendrimer Constructs: Efficacy, Toxicity, and Characterization
	Part II: Dual or Multiple Drug Delivery Combination Therapy

	Chapter 6: Versatile Fixed-Ratio Drug Combination Delivery Using Hydrophobic Prodrug Nanoparticles
	Part III: Targeting and Imaging

	Chapter 7: Polymeric Micelles for Multiple-Drug Delivery
	Chapter 8: Multifunctional Nanoparticles for Target-Specific Imaging and Therapy
	Chapter 9: Polymer-Modified Nanoparticles as Targeted MR Imaging Agents
	Part IV: Diagnostic and Therapy “Theranostics?

	Chapter 10: Injectable Multistage Nanovectors for Enhancing Imaging Contrast and Directed Therapy
	Chapter 11: Targeted, Multifunctional Hydrogel Nanoparticles for Imaging and Treatment of Cancer
	Chapter 12: Theranostic Polymeric Micelles for Cancer Imaging and Therapy
	Chapter 13: Multifunctional Nanoparticles for Personalized Medicine
	Chapter 14: Dendrimer-Based Nanoparticle Therapies: Can Uniform Multifunctional Therapeutics Be Made with Current Chemical Approaches?
	Chapter 15: Multivalent Dendritic Architectures for Theranostics
	Chapter 16: Design and Engineering of Multifunctional Quantum Dot-Based Nanoparticles for Simultaneous Therapeutic-Diagnostic Applications
	Index

