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  Pref ace   

 There is an increasing interest in the scientifi c international community to exploit 
nanodevices for the delivery of drugs. Indeed, it is now generally accepted that 
nanomedicine may signifi cantly improve the therapeutic index of many drugs by: 
(1) protecting the drug from the degradation/metabolization; (2) promoting drug 
transport through biological barriers (i.e., endothelia and epithelia); (3) increasing 
the intracellular diffusion of many drugs with poor intracellular penetration; (4) 
controlling the drug release; and (5) targeting the diseased area, therefore increasing 
the pharmacological activity and decreasing the drug’s side effects and toxicity. 

 Since the toxicological issue represents the major limitation of most of the anti-
cancer drugs, it is not surprising that many nanomedicines currently on the market 
are related to the oncology fi eld (i.e., Doxil ® , Abraxane ® , etc.). To deliver therapeu-
tic agents to tumor cells in vivo, one must overcome the problems of drug resistance 
at the tumor level because of physiological barriers (noncellular-based mecha-
nisms), drug resistance at the cellular level (cellular mechanisms), and distribution, 
biotransformation, and clearance of anticancer drugs in the body. The academic 
research has highlighted that some nanomedicine formulations may overcome 
various anticancer drug resistance mechanisms (i.e., multidrug resistance, inhibi-
tion of nucleoside transporters, etc.) which represent an important medical need. In 
this view, some nanodrugs have actually reached the phase III clinical trials, like 
Livatag ®  for treatment of the resistant hepatocarcinoma. Other approaches, albeit 
less advanced, include the development of multifunctional nanoparticles combining 
both therapeutic and imaging functionalities or even nanodevices containing two or 
more drugs oriented toward different cancer targets (i.e., tumor vasculature and 
cancer cells). The above considerations illustrate the important contribution of 
nanomedicines in oncology. 

  Nano-Oncologicals: New Targeting and Delivery Approaches , edited by 
Professor Maria José Alonso and Professor Marcos Garcia-Fuentes, represents an 
important and complete piece of information on the more advanced research and 
applications in the nano-oncological fi eld. Overcoming the biological barriers for 
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optimizing anticancer drug delivery in tumors is an important challenge that can be 
addressed by taking advantage of the enhanced permeability and retention (EPR) 
effect. But inside of the tumor tissue, nano-sized exosome vesicles that are capable 
of transferring intracellular proteins or nucleic acids contents to the tumoral micro-
environment may also represent a promising strategy to deliver antitumor agents to 
target cancer cells. This is explained in the    fi rst part of the book, “Biological Barriers 
in Cancer.” The second part answers the major question of how to effi ciently target 
the tumor tissue by using either polymer nanoparticles, liposomes or micelles, 
whereas a special chapter deals with the use of nanocarriers for photodynamic ther-
apy. Apart from the use of conventional chemotherapy, researchers have also stud-
ied new strategies to enhance the immune response against cancer, including 
antigen-pulsed dendritic cells, recombinant DNA and viral vaccines, and a number 
of novel immune adjuvants targeting immune competent cells. In this view, the 
application of nanotechnology to immunosuppression or immunomodulation also 
represents a powerful tool to improve cancer immunotherapy and is discussed in 
detail in the third part of this book. 

 The following part deals with the use of small interfering RNA (siRNA) or 
microRNA (miRNA) as a tumor suppressor, when deletions or mutations occur in 
diverse human malignancies. However, since the delivery of these small therapeutic 
nucleic acids remains a major challenge because of enzymatic degradation and poor 
intracellular penetration, the use of polymeric micelles, liposomes, or nanoparticles 
provides a decisive advantage over the administration of those biomacromolecules 
in an aqueous solution. The effi cient combination of a therapeutic agent with an 
imaging molecule in a single nanomedicine and the extreme versatility of the nano-
theranostic platform could contribute to the development of individualized treatment 
protocols offering the opportunity for personalized nanomedicine. This is nicely 
addressed in the fi fth part of the book, with a complete overview on the impressive 
progresses of nano-based approaches for diagnosis, imaging, and therapy of cancers 
with many illustrative examples arising from recent literature. Two other chapters 
are focused on more specifi c nanotheranostic systems made of multifunctional gold 
nanoparticles or microbubbles. The last part of the book discusses the conditions for 
the translation of anticancer nanomedicines into the clinic, including the toxicologi-
cal issues and other important regulatory aspects. Finally, a case study is given con-
cerning a new double-strand RNA–based nanocomplex with potent anticancer activity. 

 This book assembles the major aspects of nano-oncology. It represents an essen-
tial reference to a broad scientifi c community, including physico-chemists, pharma-
ceutical technologists, pharmacologists, oncologists, and biomedical scientists in 
general. I hope that this contribution to the drug delivery fi eld will give rise to positive 
discussions between all scientists, regardless of their age, position, or experience.  

  Villebon-sur-Yvette, France     Patrick     Couvreur      

Preface
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    Chapter 1 
   Passive vs. Active Targeting: An Update 
of the EPR Role in Drug Delivery to Tumors 

             Jaydev     R.     Upponi     and     Vladimir     P.     Torchilin    

1.1            Introduction 

 The enhanced permeability and retention (EPR) effect is a fundamental vascular 
phenomenon that has shaped nanotherapeutics and diagnostics of today. From the 
fi rst liposomes described in the 1960s till date, considerable progress has been made 
in the fi eld of nano-drug delivery. Due to the vast knowledge and understanding of 
tumor biology and various challenges and barriers, dramatic progress is being made 
with the number of nanopreparations under clinical investigation. It has also shaped 
the current understanding of the passive and active targeting of nanocarriers. 
Emerging new targets facilitate the development of new ligands for active transport 
and assist in further discovery of the molecular and subcellular mechanisms of 
tumor development and identifi cation of new and even better targets. 

 Targeting nanocarriers to tumor involves both, “passive targeting” and “active 
targeting”; and the concept of active targeting process is not separate from passive 
targeting since it only occurs after passive accumulation in tumor tissues. Specifi c 
tumor targeting of nanocarriers leads to better pharmacokinetics and pharmacody-
namics profi les, enables controlled and sustained release of drugs, improves speci-
fi city, increases intracellular delivery and, more importantly, results in lower 
systemic toxicity (Danhier et al.  2010 ). 

 In this chapter, we begin discussing the use of nanocarriers, such as liposomes 
and micelles, since majority of the active pharmaceutical ingredients (APIs) cur-
rently used for cancer treatment are largely cytotoxic, and when administered 
directly, they are generally distributed nonspecifi cally within the body resulting in 
substantial toxicity to normal tissues, hence limiting their clinical application. 

        J.  R.   Upponi    •    V.  P.   Torchilin      (*) 
  Center for Pharmaceutical Biotechnology and Nanomedicine ,  Northeastern University , 
  140 The Fenway, Room 214, 360 Huntington Avenue ,  Boston ,  MA   02115 ,  USA   
 e-mail: v.torchilin@neu.edu  

mailto:v.torchilin@neu.edu
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Following this, we discuss the hallmark EPR effect, on which the passive targeting 
is based, and describe certain factors that affect passive targeting. Later, we discuss 
active targeting of nanocarriers providing some fundamentals and factors that affect 
active targeting with some examples. Last, we briefl y describe the clinical perspec-
tive of actively and passively targeted liposomes and micelles.  

1.2     Pharmaceutical Nanocarriers: General Considerations 

 Currently, a variety of chemotherapeutic agents are available clinically to treat cancer. 
However, these chemotherapeutic agents pose potential disadvantages such as toxicity 
or side effects towards normal cells, premature drug degradation resulting in short 
in vivo half-life, poor bioavailability and thus, repeated administrations (Allen and 
Cullis  2004 ). To overcome these issues, it is important to increase the amount of thera-
peutic active entity at the site of action or in pathological area and to reduce the toxicity 
by embedding drugs into nontoxic biodegradable carriers (Duncan  2003 ). To achieve 
this goal, a variety of drug delivery systems such as synthetic polymers, microcapsules, 
ghost cells, lipoproteins, liposomes, micelles, and nanoparticles are currently applied 
or under development (Torchilin  2007 ) offering a wide range of advantages in delivery 
of chemotherapeutic agents. Various nanomaterials have also been employed in the 
development of contrast agents and radiopharmaceuticals intended for applications in 
the fi eld of imaging (Pauwels and Erba  2007 ). Of the widely available nanocarriers, 
polymeric micelles and liposomes are among the most actively investigated. 

 Micelles are self-assembling colloidal particles that consist of a hydrophobic 
core and hydrophilic corona (Torchilin  2007 ). Polymeric micelles belong to a group 
of amphiphilic colloids, which form spontaneously under certain conditions (con-
centration and temperature) from amphiphilic molecules. At low concentrations in 
the aqueous medium, these amphiphilic molecules exist as monomers. As the con-
centration is increased, these molecules begin to self-assemble into micelles at a 
concentration known as critical micelle concentration (CMC). The temperature 
below which amphiphilic molecules exist as unimers and above as aggregates is 
referred to as critical micelle temperature (CMT) (Torchilin  2001a ). The major driv-
ing force behind self-association of amphiphilic copolymers is the decrease in the 
free energy of the system due to removal of hydrophobic fragments from the aque-
ous surroundings, with the formation of micelle core stabilized with hydrophilic 
units exposed to water (Martin  1993 ). In addition, van der Waals interactions 
amongst the hydrophobic blocks forming the core of the micelles signifi cantly con-
tribute to the stability of polymeric micelles (Jones and Leroux  1999 ). The charac-
teristic size of polymeric micelles ranges from 5 to 50–100 nm (Torchilin  2002 ), 
which makes them ideal candidates for the delivery of therapeutic and contrast 
agents to the tumor tissue. Because of their small size, micelles are able to extrava-
sate into the interstitium of body compartments with leaky vasculature (tumors and 
infarcts) by the EPR effect, which will be discussed in the following section. 

 The other most commonly investigated nanocarrier is liposomes, which are 
closed artifi cial phospholipid vesicles with an aqueous phase inside and between the 
lipid bilayers (Torchilin  2005 ). Thermodynamics and kinetics of vesicle formation 

J.R. Upponi and V.P. Torchilin
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are well documented and reviewed (Guida  2010 ). The liposome size is determined 
by its composition and the technique of preparation. For instance, multilamellar 
vesicles have a size ranging from 500 to 5,000 nm and consist of numerous concen-
tric bilayers. Similarly the large unilamellar vesicles and small unilamellar vesicles 
range in size from 200 to 800 nm and 50 to 100 nm, respectively. Liposomes can be 
loaded with a variety of therapeutic agents. Some drugs are encapsulated in the 
bilayer of the liposome while some are in inner aqueous compartment, and this is 
depended on the different methods used to prepare liposomes and encapsulation 
techniques (Torchilin and Weissig  2003 ). The most commonly used techniques are 
ultrasonication, gel fi ltration, and dialysis. Since the application of liposomes is 
in vivo, stability is imparted by the addition of cholesterol (up to 50 % mol) into the 
liposomal membrane (Musacchio and Torchilin  2009 ). Liposomes offer several 
advantages such as biocompatibility, biodegradability, and low toxicity. Transport 
of these nanoparticles to the site of action or the tumor can be achieved either via 
passive targeting or active targeting (see Fig.  1.1 ). In both cases it is essential to 
understand the various factors that govern the effective delivery of therapeutic 
agents, some of which are enlisted in the following sections.

  Fig. 1.1    Schematic representation of passive and active targeting of nanoparticles. ( a ) Represents 
passive targeting: extravasation of nanoparticles, both with and without ligands through the gap 
junctions of the blood vessels, known as the enhanced permeability and retention effect. ( b ) 
Represents active targeting. Tumor cells exhibit overexpression of receptors as compared to nor-
mal cells. Following extravasation of the actively targeted nanoparticles into the tumor intersti-
tium, the nanoparticles interact with the surface receptors of the tumor cells. Active targeting 
nanoparticles show greater accumulation of nanoparticles in the tumor tissue due to the combined 
effect of  a  and  b        
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1.3        Passive Targeting of Nanocarriers 

 It was more than 30 years ago when Matsumura and Maeda fi rst reported the pref-
erential accumulation of macromolecules in tumors and described the EPR effect 
(Maeda and Matsumura  1989 ; Matsumura and Maeda  1986 ). The accumulation of 
large molecules and even small particles in the tumors is observed due to large pores 
in the blood vessels resulting in leaky vasculature and also because of compromised 
lymphatic drainage within the tumor tissue. Smancs or poly(styrene- co -maleic acid/
half- n -butyl ester) (SMA) conjugated with neocarzinostatin (NCS), a 16 kDa poly-
mer conjugate, was the fi rst ever reported antitumor agent to accumulate in the 
tumor (Matsumura and Maeda  1986 ). Upon further investigation Matsumura and 
Maeda reported that proteins less than 30 kDa do not exhibit the EPR effect 
(Matsumura and Maeda  1986 ). These early investigations led to advent of a new era 
of nanocarrier delivery to the tumor via passive targeting. It is important to under-
stand that the EPR effect entails a list of factors that can infl uence the extravasation 
and retention of nanocarriers into tumor tissue. Some of the factors that are men-
tioned in this section are physiological, related to the tumor and its microenviron-
ment itself, while the others are linked to the nanocarrier properties, such as size, 
surface charge, and ability to circulate in the blood for extended periods of time. 

1.3.1     Fundamentals of Passive Targeting: The EPR Effect 

 During the initial growth of solid tumors, there is a ready supply of nutrients and 
oxygen and they are dependent on blood supply for its growth. However, after 
reaching a certain size approximately 2 mm 3  or greater, the supply of nutrients and 
oxygen is compromised and the cells reach a state of hypoxia. During this stage, 
cellular hypoxia-inducible factor transcription is increased, thereby activating 
growth factors such as the vascular-endothelial growth factor (VEGF), the platelet- 
derived growth factor (PDGF), and the tumor necrosis factor-α (TNF-α) giving rise 
to new blood vessels, a process known as “angiogenesis” (Folkman  1995 ). 
Angiogenesis is well orchestrated in normal conditions, however in tumors irregular 
shaped,    tortuous blood vessels are formed. These blood vessels are disorderly 
branched, have irregular capillary bed, and are dilated with large interendothelial 
junctions with irregular basement membrane (Jain and Stylianopoulos  2010 ) with 
capillary pore size ranging from 200 to 2,000 nm (Hobbs et al.  1998 ). This contrib-
utes to the enhanced permeation of the EPR effect. The lymphatic function is 
responsible for draining interstitial fl uid from the tissue and returning it to the circu-
lation (Alexander-Bryant et al.  2013 ). In tumor tissues, the lymphatic vessels are 
compromised leading to ineffective or poor drainage of fl uid within the tumor inter-
stitium. This represents the enhanced retention aspect of the EPR effect. 

 This phenomenon of extravasation, passive accumulation, or targeting and reten-
tion is collectively described as the EPR effect (Matsumura and Maeda  1986 ; Maeda 
et al.  1979 ; Matsumura et al.  1987 ). When nanoparticles, macromolecules, or drug 
conjugates with the molecular size greater than 30–40 kDa are injected intravenously 
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in the abovementioned conditions, they extravasate into the tumor interstitium 
through large fenestrations, which indicates enhanced permeation. Numerous macro-
molecules and nanocarriers have shown to accumulate in tumor and infarct tissues 
via the passive targeting owing to the EPR effect (Hobbs et al.  1998 ; Torchilin  2011 ; 
Torchilin et al.  1992 ; Abra et al.  2002 ; Jain  1999 ). 

 For a successful delivery of nanocarriers within the tumor vasculature via the 
EPR effect, it is important to understand the various factors to be considered in the 
preparation of a suitable nanocarrier. In addition, factors affecting the tumor physi-
ology also need to be taken into consideration. For instance, following passive tar-
geting, liposomes localize in the tumor-residing macrophages within the interstitium 
surrounding tumor cells (Yuan et al.  1994 ; Huang et al.  1992 ). Due to impaired 
lymphatic drainage, certain types of tumors have high interstitial pressure and large 
interstitial space; as a result, nanocarriers can have limited distribution within the 
tumor interstitium (Jain  1989 ). Hence, it is important to consider the various factors 
that could affect the delivery of nanocarriers via passive targeting (see Fig.  1.2 ).

1.3.2        Factors Affecting Passive Targeting via the EPR Effect 

 Tumor biology plays a critical role in passive targeting. These include the tumor 
microenvironment and tumor vasculature. Additionally, the physicochemical prop-
erties of the nanocarrier that contribute to passive targeting will be discussed in 
this section. 

nm (Size)

Tumor cells and 
microenvironment

Physicochemical 
properties and 

different ligands

  Fig. 1.2    Schematic representation of various factors affecting passive and active targeting of 
nanoparticles. Figure represents the physicochemical, ligand factors of the nanocarrier and the 
tumor cellular and microenvironmental factors that affect passive and active targeting       

 

1 Passive vs. Active Targeting: An Update of the EPR Role in Drug Delivery to Tumors



8

1.3.2.1     Tumor Vasculature and Microenvironment 

 Abnormal vasculature plays an important role in the EPR effect and thus the deliv-
ery of nanocarriers via passive targeting. As discussed above, the fenestrations of 
blood vessels facilitate the extravasation of drugs and macromolecules depending 
on their size and molecular weight. Additionally, because of the tortuous nature of 
the blood vessels, blood fl ow is impaired and erratic, hence it is necessary for the 
nanocarriers to come in contact with the tumor tissue during circulation over 
extended period of time. The pH of tumor environment varies, and the average 
extracellular pH is slightly acidic between pH 6 and 7 (Danhier et al.  2010 ; Ding 
and Ma  2013 ). Hence, some nanocarriers have been designed in a manner that 
would make them stable in normal blood at pH 7.4 but would aid in drug release at 
acidifi ed pH. This has been established by using stimuli-sensitive polymers that are 
grafted on the surface of nanocarriers. pH-sensitive linkages include diorthoesters 
(Li et al.  2005 ; Guo and Szoka  2001 ), vinyl ethers (Boomer et al.  2009 ), and 
cysteine- cleavable lipopolymers (Zalipsky et al.  1999 ). Hydrazones have also been 
used that are stable at pH around 7.5 but hydrolyze at pH 6 and below. Micelles 
made of poly(ethylene glycol) (PEG)-poly(aspartate hydrazone adriamycin) release 
drug at lowered pH values facilitating drug delivery and toxicity against cancer cells 
(Bae et al.  2005 ). Similarly, pH-sensitive poly( L -histidine) micelles containing 
doxorubicin showed the release of the drug at pH 6.8 upon the uptake by human 
ovarian carcinoma (A2780) cells (Gao et al.  2005 ).  N -isopropylacrylamide also 
facilitates liposomal destabilization and drug release at decreased pH values 
(Deshpande et al.  2013 ). Such approaches have also been used while designing 
nanocarriers for active targeting to protect the targeting ligand during circulation.  

1.3.2.2     Vascular and Molecular Mediators 

 In addition to the inherent architecture of the tumor microenvironment, passive tar-
geting of nanocarriers is also affected at the molecular level. The infl uence of vas-
cular mediators, such as nitric oxide (NO), bradykinins, prostaglandins, matrix 
metalloproteinase (MMPs), such as collagenase, and other infl ammatory cytokines 
signifi cantly affect extravasation of nanocarriers within the tumor interstitium and 
have been thoroughly discussed (Maeda et al.  2013 ; Maeda  2012 ; Fang et al.  2011 ). 
The activation of MMPs in tumor cells causes the extracellular matrix to disinte-
grate and remodel, facilitating vascular permeability due to the degradation of 
matrix proteins, and as a result the blood vessels become more leaky (Wu et al. 
 2001 ). The MMPs can be activated using NO 2  or a derivative ONOO −  which can 
decompose to NO (Okamoto et al.  1997 ). Maeda and group demonstrated increase 
in the extravasation of Evans Blue following an intradermal injection of ONOO −  
(Wu et al.  2001 ). 

 NO is generated from  L -arginine by nitric oxide synthase (NOS) and is a vital 
signaling molecule. In tumor tissue, NO is responsible for tumor growth, oxygen 
supply, and nutrition. Administering nitro derivatives such as nitroglycerine along 
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with nanocarriers potentially increases the EPR effect by activation of the MMPs as 
described above (Seki et al.  2009 ). Chemosensitivity of drugs such as docetaxel, 
cisplatin, and carboplatin was increased in presence of nitroglycerine during the 
treatment of patients with non-small cell lung cancer (NSCLC) (Yasuda et al.  2006a ,  b ). 
Bradykinins and kininase inhibitors, such as the angiotensin-converting enzyme 
(ACE), also potentiate the permeability of the tumor vasculature and enhance the 
EPR effect (Maeda et al.  1988 ,  2013 ; Maeda and Yamamoto  1996 ; Matsumura et al. 
 1988 ,  1991 ). In addition, other molecular and vascular mediators include TNF-α, 
tumor growth factor,    interferon-α, and interleukins that signifi cantly contribute to 
the delivery of macromolecules via the EPR effect. For example, intravenous 
administration of TNF resulted in a three to sixfold increase in EL4 tumor uptake of 
Evans Blue/Albumin, adenovirus, and long-circulating polymer-coated adenovirus 
by activating the Rho A/Rho kinase pathway, which subsequently polymerizes the 
actin fi bers within the endothelial cells, thereby causing actin stress (Seki et al. 
 2011 ; Koss et al.  2006 ). Infl ammatory cytokines such as interleukin-1 and 
interferon-α can increase the endothelial-inducible NOS and prolong NO release 
upon stimulation of the bradykinin receptors (Ignjatovic et al.  2004 ). VEGF is 
involved in the upregulation of NO generation system which enhances the EPR 
effect as discussed above (Maeda et al.  2003 ).  

1.3.2.3     Physicochemical Properties of Nanocarriers 

 Apart from the inherent molecular and vascular factors that affect the passive accu-
mulation of nanocarriers, the different properties of the nanocarrier itself can infl u-
ence its accumulation. These include the size of the nanocarrier, its surface charge, 
and its ability to sustain prolonged circulation in the blood (Bertrand and Leroux 
 2012 ; Alexis et al.  2008 ). These individual parameters can affect the biodistribution, 
extravasation, and intratumoral diffusion and hence the overall pharmacokinetic 
behavior of the formulation. 

1.3.2.3.1    Size 

 The carriers have to possess an adequate size in order to extravasate through the 
leaky pores of the neovasculature and for its diffusion through the tumor intersti-
tium. The cutoff size of the permeabilized vasculature varies from case to case in 
rather broad limits from 200 to 800 nm (Hobbs et al.  1998 ; Torchilin  2011 ; Yuan 
et al.  1995 ), and, hence, it is essential to the control size of the nanocarrier for effec-
tive EPR-mediated drug delivery. In recent reports, it had been stated that the EPR 
effect is most effective for nanocarriers particle size from 10 to 500 nm (Torchilin 
 2011 ; Maeda et al.  2013 ; Fang et al.  2011 ). It has also been observed that smaller 
molecular weight macromolecules of 3 to 10 kDa and with the size 2 to 3 nm extrav-
asate faster as compared to 70 and 2,000 kDa molecules with diameters 7 and 
25 nm, respectively (Dreher et al.  2006 ). However, in such cases, it was reported 
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that molecules with smaller weight and particle size would diffuse out from the 
tumor interstitium. The EPR effect was observed in a variety of nanocarrier systems 
such as liposomes, micelles, polymer drug conjugates, DNA polyplexes, and immu-
noglobulins up to sizes of approximately 700 to 800 kDa and higher (Maeda et al. 
 1979 ; Fang et al.  2011 ; Seymour et al.  1995 ).  

1.3.2.3.2    Surface Charge 

 In addition to the size and molecular weight, the surface charge of nanocarriers 
signifi cantly infl uences the EPR effect (Bertrand and Leroux  2012 ; Alexis et al. 
 2008 ; Baselga  2006 ). Surface charge of the nanocarriers affects the penetration and 
cellular association within large tumors. It has been well documented that the blood 
vessels are negatively charged on the luminal surface due to the presence of carbox-
ylate sugars and sulfate groups (Maeda et al.  2009 ). On the other hand, highly posi-
tively charged nanocarriers can be opsonized and cleared from the circulation (Xiao 
et al.  2011 ; He et al.  2010 ; Levchenko et al.  2002 ; Chonn et al.  1991 ; Nishida et al. 
 1991 ; Scherphof and Kamps  2001 ; Salvador-Morales et al.  2009 ), whereas those 
with a negative surface charge can have variable effects depending on the overall 
charge (Arvizo et al.  2011 ; Roux et al.  2003 ; Yamamoto et al.  2001 ; Gabizon and 
Papahadjopoulos  1988 ; Peer and Margalit  2004a ). Hence, studies suggest a net pos-
itive charge demonstrates enhanced tumor accumulation (Hu-Lieskovan et al. 
 2005 ). Positive charge on the nanocarrier surface favors the interaction with the 
tumor blood vessels thereby inhibiting their entry back into the systemic circulation. 
Additionally, after endocytosis the nanocarrier could escape from the endosomes 
and enter a cell’s cytoplasm through disruptive interaction of the cationic lipid with 
endosomal membranes (Ding and Ma  2013 ; Hafez et al.  2001 ). 

 For example, positively charged liposomes containing the lipid 1,2-diacyl- 
trimethylammonium propane (DOTAP) have shown high tumor accumulation com-
pared to neutral or negative liposomes (Campbell et al.  2002 ; Schmitt-Sody et al. 
 2003 ; Krasnici et al.  2003 ). Similar effect was observed with positively charged 
sterically stabilized colloidal macromolecules (Ho et al.  2010 ; Meng et al.  2011 ). In 
a different study, positively charged liposomes showed lower accumulation in spleen 
and higher association with tumor blood vessels when compared with negatively 
charged liposomes in vivo (Campbell et al.  2002 ). In addition, high antitumor effect 
was observed with neutral PEGylated doxorubicin-loaded liposomes as compared to 
cationic liposomes (Zhao et al.  2011 ). Phosphatidylcholine (PC)/cholesterol (Chol) 
liposomes containing 6 % mol of a charged lipids [stearylamine (SA) or phospha-
tidic acid (PA) or phosphatidyl serine (PS)] were prepared with varying amounts of 
poly(ethylene glycol)–phosphatidylethanolamine (PEG–PE) (700 and 500). The 
clearance of positively charged SA-liposomes was inhibited by both PEG–PE 750 
and PEG–PE 5000, whereas the clearance of negatively charged PA-liposomes 
was inhibited by PEG–PE 5000 alone (Levchenko et al.  2002 ). Recently, it has 
been reported that the surface charges represented by zwitterionic materials 
also infl uence nonspecifi c interactions with endothelial cells (Han et al.  2013 ). 
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Although the molecular size and surface properties of a nanocarrier might be 
critical, they alone are not suffi cient for the best accumulation. Longevity in the 
circulation is an important factor affecting the EPR effect.  

1.3.2.3.3    Longevity 

 Longevity is essential to maintain a required level of the nanocarrier in the circula-
tion for an extended period of time. In addition to passive accumulation, increased 
circulation can also help achieve better active targeting due to the large number of 
passages made through the target (Torchilin  1996 ,  2010 ). The clearance by circulat-
ing blood components, such as the macrophages, and subsequently the reticuloen-
dothelial system (RES) contributes to fast removal of the nanocarrier. In order to 
protect these nanocarriers from the capture and clearance, a steric protection is 
required (Napper  1983 ; Needham et al.  1992 ). 

 This is achieved by using various polymers, grafted on the surface of the nano-
carriers that provide steric protection against opsonins in the biological environment 
and reduce the clearance by the RES (Torchilin  2001b ; Weissig et al.  1998 ). The 
most popular polymer is PEG–lipid conjugates [e.g., methoxy polyethylene glycol 
(mPEG)–distearoylphosphatidylethanolamine (DSPE)], which have been shown to 
signifi cantly prolong the blood circulation of the nanocarriers (Torchilin  2011 ). 
The mechanism includes shielding the surface charges, increased hydrophilicity, 
and formation of a polymeric layer around the carrier surface, which enhances the 
repulsion between the blood components and the nanocarriers (Gabizon and 
Papahadjopoulos  1992 ). 

 Molecular weight of the PEG and the amount of the PEG used to sterically sta-
bilize the nanocarrier infl uence the blood circulation time (Lasic et al.  1991 ). Thus, 
higher molecular weight    PEG, such as PEG-1900 and PEG-5000, imparted higher 
circulation to nanocarriers than low molecular weight PEG, such as PEG-750 and 
PEG-120 (Allen et al.  1991 ). A variety of long-circulating nanocarriers are pre-
pared by encapsulating different drugs such as cisplatin, adriamycin, and vincris-
tine (Huang et al.  1994 ; Kim et al.  2001 ). PEGylated liposomal doxorubicin 
(Doxil ® ) reported a sixfold increase in the circulation time compared to free doxo-
rubicin (Bogner and Goebel  1995 ; Gabizon et al.  1995 ; Siegal et al.  1995 ; Safra 
et al.  2000 ; Gabizon  2001 ). When polymeric micelles were functionalized with 
PEG–PE, their circulation half-life was also signifi cantly increased in mice, rats, 
and rabbits (Lukyanov et al.  2002 ). However, PEG–PE micelles have a shorter cir-
culation time as compared to PEG-coated liposomes because of their small size 
(facilitation extravasation) and dissociation in the blood (Klibanov et al.  1990 ). 
Although PEG remains a gold standard for surface modifi cation and protection, it 
has been reported to induce activation of complement system (Moein Moghimi 
et al.  2006 ). Alternatively, other grafting molecules such as polyvinyl alcohol 
(Takeuchi et al.  2001 ),  L -amino acid-based biodegradable polymer–lipid conjugates 
(Metselaar et al.  2003 ), poly[ N -(2-hydroxypropyl)methacrylamide] (Whiteman 
et al.  2001 ), and poly- N -vinylpyrrolidones (Torchilin et al.  2001a ) have been 
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reported for steric protection and longevity. Additionally, hyaluronic acid (HA) was 
reported to provide resistance to protein adsorption when coated on poly( D , L -lac-
tic- co -glycolic acid) (PLGA) surfaces (Lord et al.  2009 ; Croll et al.  2006 ) and pro-
longed circulation times in vivo, when surface modifi ed over liposomes loaded with 
mitomycin C (MMC) (Peer and Margalit  2004b ).These formulations showed 7–70-
fold longer circulation times than liposomes without HA or free MMC in three 
tumor models: C57BL/6 bearing metastatic clone cells (B16F10.9), BALB/c bear-
ing colon adenocarcinoma (C-26 solid tumors), and metastatic Lewis lung carci-
noma (D122) cells. Other nanocarriers such as chitosan/triphosphate nanoparticles 
have also been reported that use HA as a coating agent (Almalik et al.  2013 ). In 
addition to the abovementioned nanocarriers, some proteins and small molecules 
were also delivered via passive targeting.  L -asparaginase modifi ed with PEG 
showed an increased circulation time of 5.7 days as compared to 1.2 days for the 
non-modifi ed enzyme (Asselin  1999 ).    

1.3.3     Nanocarriers for Passive Targeting 

 In addition to the inherent “EPR effect” exploited for passive targeting, we can now 
appreciate the various physicochemical factors that affect the EPR-based passive 
targeting. It has repeatedly shown that long-circulating pharmaceutical liposomes 
and micelles, and other polymeric nanoparticles, can accumulate in various patho-
logical areas with affected vasculature via the EPR effect and have been used for 
delivery of drugs into tumors via passive accumulation. One of the most widely 
used chemotherapeutic agents, paclitaxel, has been shown to accumulate in tumors 
much better than its commercial formulation Taxol ® , when loaded into micelles 
made of PEG- b -poly(4-phenyl-1-butanoate)- L -aspartamide conjugates (Hamaguchi 
et al.  2005 ). This study reported approximately a 100-fold increase in the plasma 
area under the curve (AUC) resulting in a 25-fold improved drug accumulation and 
increase in antitumor activity in mice bearing C-26 tumors. Additionally, many 
similar reports have been shown to improve the delivery of chemotherapeutic agents 
using polymeric micelles (Torchilin  2010 ). However, the problems with drug deliv-
ery using polymeric micelles for EPR-mediated passive targeting are usually associ-
ated with rapid drug release from the micelles and challenges with respect to 
intracellular delivery of the drug (Torchilin  2011 ; Aliabadi and Lavasanifar  2006 ). 
This can be overcome by chemically conjugating the drug with hydrophobic blocks 
of micelle-forming material (Kang et al.  2005 ; Yuan et al.  2005 ; Shuai et al.  2004 ; 
Lavasanifar et al.  2002 ). Another widely studied chemotherapeutic agent, doxorubi-
cin, is incorporated into long-circulating PEG-coated liposomes for highly effective 
EPR-based tumor therapy. For instance, Doxil ®  and Caelyx ®  are used for the treat-
ment of solid tumors in patients with breast carcinoma metastases, ovarian cancer, 
and have shown subsequent survival improvement (Perez et al.  2002 ). 

 Additionally, PEGylated interferon, hematopoietic growth factors, lymphokines, 
and cytokine inhibitors act as the EPR-based agents (Abuchowski et al.  1984 ; 
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Bukowski et al.  2002 ; Eliason  2006 ). Drug complexes with hydroxypropylmethac-
rylate (HPMA) polymer are also delivered to tumors via the EPR effect (Kopecek 
et al.  2000 ; Peterson et al.  2003 ). Although there are many macromolecules and 
nanocarriers delivered via passive targeting (Maeda et al.  2009 ; Upadhyay et al. 
 2009 ; Greish  2007 ; Modi et al.  2006 ; Iyer et al.  2006 ; Luo and Prestwich  2002 ; 
Kopecek et al.  2001 ), it suffers from several disadvantages. Primarily, since the 
accumulation of nanocarriers is dependent on the cutoff size of the fenestrations 
within the neovasculature, these cutoff sizes can vary with the variations in tumor 
type and stage (Hobbs et al.  1998 ; Bae  2009 ). Additionally, the diffusion within the 
tumor interstitium can be hindered by the high interstitial fl uid pressure (Jain  1994 ), 
which can inhibit the distribution of the nanocarrier within the tumor tissue. It is 
important to mention, however, that in many pathological situations the integrity of 
vascular endothelium remains unaffected, and there is no opportunity for EPR 
(Torchilin  2010 ). To circumvent these challenges and make the nanocarriers accu-
mulate more effectively in the tumor, systems combining passive targeting and 
active targeting can be engineered.   

1.4     Active Targeting of Nanocarriers 

 In addition to passive targeting, successful delivery of nanocarriers to the site of 
action can be achieved using active targeting. A concept once known as magic bullet 
by the visionary Paul Ehrlich (Strebhardt and Ullrich  2008 ), active targeting utilizes 
ligands such as antibodies, peptides, etc., on the surface of the nanoparticles, which 
facilitates their uptake by a specifi c diseased or cancerous cell. The homogenous 
overexpression of certain proteins and molecules on the surface of the cancer cells, 
or in and around the tumor interstitium also known as receptors, acts as an anchor 
for interaction with or attachment to the ligands that are functionalized on the sur-
face of the nanocarrier (Peer et al.  2007 ; Kamaly et al.  2012 ; Shi et al.  2011 ; Cheng 
et al.  2012 ; Koshkaryev et al.  2013 ). The two most common strategies of targeted 
drug delivery are (1) the engineering of stimuli-sensitive nanosystems that will 
respond to the tumor or disease microenvironment and the changes in the pathologi-
cal area in a way that would trigger release of the drug and (2) the classic receptor- 
mediated targeting where the nanoparticle is decorated with ligands that bind 
specifi c receptors of interest. 

 The targeted nanocarrier should be in close proximity with the receptor to achieve 
optimal benefi t of this approach. Hence, it is important to understand the fundamen-
tals and various factors involved in the interaction of the targeted nanocarrier with 
the receptor of interest without affecting the overall pharmacokinetics of the formu-
lation (Alexis et al.  2008 ; Byrne et al.  2008 ). The recognition of the target can occur 
on various levels, such as on a whole organ, or on a cellular level, or on a level of 
individual cellular components. The most universal form of target recognition is at 
the molecular level, based on the identifi cation of organ or tissue compounds or 
antigens that are specifi c to the organ of interest (Torchilin  2000 ). 
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 In addition to the size, surface, and longevity, which are discussed earlier, the 
choice of the targeting ligand plays a critical role in the development of targeted nano-
carriers (Bertrand and Leroux  2012 ; Monopoli et al.  2012 ; Gu et al.  2008 ; Jiang et al. 
 2008 ; Valencia et al.  2011 ). The design of the nanoparticle, the conjugation chemistry 
used in ligand binding, and the various types of ligands used all contribute to a suc-
cessful targeted therapy. In this section, the fundamentals of active targeting, factors, 
and various strategies of targeted nanocarrier delivery systems are discussed. 

1.4.1     Fundamentals and Concepts 

 The most important element in producing a pharmacological effect when using 
active drug targeting is the ability of the ligand to identify or recognize the receptor 
of interest. These receptors belong to various categories of molecular entities, which 
are overexpressed by tumor cells or tumor vasculature compared to the normal cells 
(Yu et al.  2010 ; des Rieux et al.  2013 ). Likewise, different ligands are available, 
such as antibodies, proteins, peptides, sugars, and nucleic acids, which specifi cally 
bind their respective receptors. It is essential to have a suffi cient number of ligand 
molecules on the surface of the nanocarrier for effective interaction, ensuring an 
increased avidity of the nanocarrier to the receptor site (Wang et al.  2010 ). In addi-
tion, the biodistribution of the targeted nanocarrier will also contribute to the inter-
action of the ligand with the receptor target (Kamaly et al.  2012 ; Wu and Chu  2013 ). 

 Another fundamental aspect for achieving effective drug delivery is the ability of 
the nanocarrier with ligand to be in close vicinity of the recognition molecule 
(receptor) (Florence  2012 ). Additionally, tumor penetration could be hindered 
because of the “binding-site barrier” (Danhier et al.  2010 ), i.e., accumulation of the 
targeted nanocarriers on the periphery of the tumor, which can be challenging to 
achieve active targeting into the tumor mass. Hence, careful consideration must be 
given to the design of the nanocarrier. 

 Similar to passive targeting, the targeted nanoparticles also accumulate owing to 
the EPR effect (Lammers et al.  2012 ; Taurin et al.  2012 ). In addition, targeting nano-
carriers to the receptors located in the extravascular space of the tumor (Bertrand 
et al.  2014 ) can overcome some of the abovementioned challenges. However, the 
nanocarriers have to be carefully optimized and engineered for prolonged circula-
tion (Koshkaryev et al.  2013 ). One has to also keep in mind that unwanted immune 
response could be generated with the use of certain protein/antibody ligands (Park 
et al.  2001 ; Harding et al.  1997 ; Benhar et al.  1994 ). In such cases, replacing large 
immunoglobulin (IgG) molecules with small peptides or antibody fragments offer a 
better alternative since they are less immunogenic than a complete IgG molecule 
(Torchilin  2009 ; Zeng et al.  2013 ). Following successful targeting, it is essential for 
the nanocarrier to release the drug intracellularly (Bartlett et al.  2007 ; Farokhzad 
et al.  2006a ; Kirpotin et al.  2006 ). This is achieved through vesicular transport- or 
receptor-mediated endocytosis or other pathways that have been extensively 
reviewed and documented (Biswas and Torchilin  2014 ; Wang et al.  2012 ; Zhao and 
Rodriguez  2013 ; Perche and Torchilin  2013 ; Sawant and Torchilin  2012a ).  
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1.4.2     Factors Affecting Active Targeting 

 Since active targeting employs nanoparticles used for passive targeting with the 
exception of surface modifi cation with ligands, the factors affecting passive target-
ing also apply to actively targeted nanocarriers. More so, the surface properties of 
the nanocarriers are drastically affected in terms of zeta potential, size, and the pres-
ence of ligands (Campbell et al.  2002 ). Additionally, the choice of nanoparticle used 
affects the accumulation of the nanocarrier at the site of action, for example, micelles 
versus liposomes. However the most important governing factor for targeted deliv-
ery of nanoparticles is the ligand/receptor density and the preparation of the targeted 
nanocarrier. 

1.4.2.1     Different Chemistry of the Ligand Attachment to Nanocarriers 

 Methods of functionalizing ligands on the nanocarriers can greatly infl uence the 
yield, the density and thus, the overall treatability of the nanocarrier. One of the 
chemical conjugation strategies often used is a simple one-step method of attaching 
the distal terminus of the PEG block with any ligand containing amino groups via 
 p -nitrophenylcarbonyl ( p NP) (Torchilin et al.  2001b ,  c ). The distal end of the PEG–
lipid can be functionalized using different chemistries depending on the ligand and 
application of the nanocarrier. This technique was successfully used for conjugating 
various monoclonal antibodies such as anti-nucleosome 2C5 antibody (Torchilin 
et al.  2003 ; Gao et al.  2003 ). The ligand–PEG conjugate can be mixed with different 
liposome-forming materials, and the concentration of the required ligand can be 
varied depending on the yield. 

 Alternatively, “post-insertion technique” can be used to prepare ligand–nanocar-
rier conjugates (Ishida et al.  1999 ). In this technique, the ligand–PEG–PE conju-
gates are co-incubated with plain or PEGylated nanocarrier ensuring positioning of 
the ligands on the outer surface of the nanocarrier with high yields (Sawant and 
Torchilin  2012b ). In a study reported, post-insertion of DSPE-PEG-2000 in 
irinotecan- loaded liposomes showed higher plasma concentration and slower drug 
release in rats, when compared to pre-insertion technique (Yoshino et al.  2012 ; 
Nakamura et al.  2012 ). In some cases, the combination of the above two chemistries 
has also been reported. For example, post-insertion technique was used to prepare 
immuno-Doxil which was modifi ed with ( p NP)–PEG–PE-modifi ed anticancer 2C5 
monoclonal antibody (Torchilin et al.  2001c ).  

1.4.2.2     Receptor and Ligand Density 

 Apart from the ligand chemistry, the ligand density on the nanocarrier and the recep-
tor density play an important role in active targeting. Ideally, a high receptor density 
with high specifi city at the target site would be ideal. However, overexpressed recep-
tors density may vary depending on the disease condition, hence it is much more 
favorable to rely on designing nanocarriers with optimum ligand density to interact 
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with even sparsely expressed receptor binding sites.    For example, PLGA nanopar-
ticles were prepared by controlling the ligand cyclic peptide, cLABL, to optimize 
binding with the target, intercellular cell adhesion molecule-1 (ICAM-1), in human 
alveolar basal epithelial cells (A549) (Fakhari et al.  2011 ). Additional studies have 
reported that increase in the number of ligands or ligand density increased cell 
uptake of the nanocarriers in vitro (Gao et al.  2013 ; Stefanick et al.  2013 ). 

 However, this is not always the case. It has been observed that increasing the 
ligand density has negative effects on cellular uptake and binding (Elias et al.  2013 ). 
This can be due to the presence of ligands in close proximity with one another 
resulting in a competition of the ligands for a particular receptor, impeding their 
interaction, and leading to poor or no pharmacological response (Stefanick et al. 
 2013 ). Additionally, oversaturating the nanocarrier with ligands could result in poor 
design of nanocarrier due to improper ligand orientation rendering it less effective. 
The distribution of ligand is largely dependent on the number of ligand grafting 
sites, the conjugation effi ciency, and the type of ligand used (Elias et al.  2013 ; 
Hakem et al.  2010 ). For example, high-effi ciency yields are reported while using 
click conjugation technique (Hein et al.  2008 ). In some case, high ligand density has 
shown to increase uptake by the macrophages. For instance, PLGA-PEG-RGD 
nanoparticles composed of 74 % PLGA-PEG-Folate showed an 8.5-fold increase in 
phagocytosis by the macrophages in vitro (Valencia et al.  2011 ). The high uptake 
can also be attributed to the low hydrophilicity of folate, thereby inducing opsoniza-
tion and presence of folate receptors on the surface of the macrophages (Jiang et al. 
 2008 ; Ghandehari et al.  2001 ). Additionally, the use of other hydrophobic ligands 
may result in an increased uptake by the macrophages (Valencia et al.  2011 ). 

 Since antibodies are one of the most widely used ligands for active targeting, it 
has been shown that increasing the concentration of antibody moieties increases the 
interaction with the receptor sites (Hakem et al.  2010 ). When poly(ethylene glycol)-
based nanoparticles were conjugated with transferrin receptor antibody (NP-OKT9), 
the targeting effi ciency was dependent on ligand density (Wang et al.  2010 ). This 
phenomenon is observed until a saturation point when no further increase in the 
number of ligands has any signifi cant effect (Liu et al.  2010a ; Zhou et al.  2007 ), 
owing to the differences in the binding affi nities (Orlova et al.  2006 ; Park et al. 
 2000 ; Dixon et al.  1992 ). In addition to the ligand density, active targeting can be 
greatly affected by the diffusion across the tumor interstitium (Thurber and 
Weissleder  2011 ; Rudnick and Adams  2009 ; Fujimori et al.  1989 ) when using high- 
affi nity ligands (Juweid et al.  1992 ; Weinstein and van Osdol  1992 ; van Osdol et al. 
 1991 ; Fujimori et al.  1990 ). 

 Another factor that signifi cantly affects the active targeting of nanocarriers is the 
receptor itself. In some instances, it has been observed that although receptor bind-
ing sites are overexpressed, they exist as receptor clusters (Elias et al.  2013 ). HER2/
neu receptor is a good example of such receptors, which exists in clusters of various 
sizes (Kaufmann et al.  2011 ). Similar effects have also been observed with transfer-
rin receptors (Smart et al.  1996 ), folate receptors (Liu et al.  2010b ), ICAM-1 
(Fakhari et al.  2011 ), and integrins such as the    α 4 β 3  (Cluzel et al.  2005 ). Each ligand 
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has a unique behavior with regard to its binding to specifi c receptor sites. We will 
take a closer look at the different receptors and ligands used for active targeting in 
the following section.   

1.4.3     Ligands Used for Active Targeting 

 A plethora of ligands are available for active targeting of nanocarriers. These depend 
on the choice of target and the nanoparticle used. Factors, such as stability, ease of 
preparation, and to some extent cost, are considered in the choice of ligands. 
Summarized are few of the commonly used ligands in active targeting. 

1.4.3.1     Antibodies and Their Fragments 

 Antibodies are large molecules with an average molecular weight of 150 kDa and 
with a hydrodynamic radius ranging from 15 to 20 nm. They are glycoproteins and 
are highly known for their specifi city and high binding affi nity to the receptor sites. 
The F(ab′)2 portion of the antibody, also known as the active site, is responsible in 
eliciting any antibody reaction or to carry out any functions of the antibody. Either 
the entire antibody molecule or just the F(ab′)2 fragments are used for active target-
ing. Fully humanized chimeric antibodies with minimum immunogenicity have led 
to the development of monoclonal antibody-targeted therapies, such as bevaci-
zumab, trastuzumab, cetuximab, and rituximab (Kamaly et al.  2012 ; Leserman et al. 
 1980 ; Heath et al.  1980 ; Warenius et al.  1981 ).    A variety of nanocarriers such as 
micelles and liposomes are prepared using antibody ligands for active targeting 
(Kirpotin et al.  2006 ; Torchilin et al.  2003 ; Gao et al.  2003 ; Sawant and Torchilin 
 2012b ; Skidan et al.  2008 ; Sawant et al.  2008 ; Elbayoumi et al.  2007 ; Roby et al. 
 2006 ; Yamada et al.  2008 ; Mamot et al.  2005 ).  

1.4.3.2     Peptides 

 Peptides are sequences of amino acids (typically below 50), which exist either in a 
linear or a cyclic form. Depending on the length of the amino acid sequence they vary 
in their molecular size and stability. For example, small chain sequence and simple 
structure contribute to their stability (Bertrand et al.  2014 ). This greatly infl uences the 
conjugation technique during the preparation of the nanocarrier. Due to the advance-
ment in the phage display techniques (Needels et al.  1993 ; Lam et al.  1991 ) a variety 
of peptides have been developed to target new cell-specifi c domain as targeting moi-
eties (Pasqualini and Ruoslahti  1996 ; McGuire et al.  2009 ). The α v β 3  integrin recep-
tors are highly expressed on the surface of osteoclasts, angiogenic endothelial cells, 
and some solid tumors (Millard et al.  2011 ). They have been extensively studied using 
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the RGD (arginine–glycine–aspartic acid) peptide, which shows high specifi city 
(Kamaly et al.  2012 ; Shi et al.  2011 ). Other peptides, such as the cell-penetrating 
peptides, have also been used in active intracellular targeting of nanocarriers for 
organelle targeting (Deshpande et al.  2013 ; Biswas and Torchilin  2014 ).  

1.4.3.3     Sugars 

 Numerous cancer cells express lectins on the cell surface that can be actively tar-
geted using sugar molecules. Lactose, mannose, and galactose are commonly used 
targeting ligands (Zubieta et al.  2006 ; Ohannesian et al.  1995 ). For instance, hepa-
tocytes in liver cancer overexpress asialoglycoprotein receptors that can be targeted 
using galactose (Zubieta et al.  2006 ). Following slight chemical modifi cation, sugar 
moieties can be attached to the surface of the nanocarrier. Galactosamine was con-
jugated with  N -(2-hydroxypropyl) methacrylamide copolymer for treatment of liver 
cancer (Davis et al.  2008 ). Additionally, 6-ascorbate-PEG-1,2-distearoyl- sn - 
glycero -3-phosphoethanolamine (6-ascorbate-PEG-PE) was used to target glioma 
cells in vitro (Salmaso et al.  2009 ). However, when using a sugar moiety as a ligand, 
a challenge could be faced due to the low binding affi nity of carbohydrates, which 
can be overcome by increasing ligand density and conjugating multiple ligands on 
the nanocarrier to achieve multivalent interactions (Managit et al.  2003 ).  

1.4.3.4     Aptamers 

 Aptamers are a class of nucleic acids that include single-stranded oligonucleotides 
like DNA, RNA or xeno-nucleic acids (Xiao and Farokhzad  2012 ). They interact 
with target receptors with high affi nity by hydrophobic, electrostatic interactions 
and hydrogen bonding (Lapointe et al.  2006 ; Zhu et al.  2011 ). Compared to antibod-
ies, aptamers are smaller in size, which allows for better tissue penetration 
(Farokhzad et al.  2006b ). Due to the advancement in the technology and the system-
atic evolution of ligands by exponential enrichment (SELEX), a wide library of 
aptamers specifi cally recognizing targets have been developed (Fang and Tan  2010 ). 
In addition to their specifi city, they are relatively easy to synthesize and modify as 
compared to antibodies. In the case of targets that are poorly immunogenic (Edwards 
et al.  2010 ; Kang et al.  2010 ), aptamers offer even greater specifi city than antibod-
ies. They have been used for the targeting of receptors such as VEGF (Shangguan 
et al.  2006 ; Daniels et al.  2003 ) and prostrate-specifi c aptamers receptor. For exam-
ple, biocompatible and biodegradable poly( D , L -lactic- co -glycolic acid)- block - 
poly (ethylene glycol) (PLGA- b -PEG) nanoparticles encapsulating docetaxel were 
surface functionalized with the A10 2′-fl uoropyrimidine RNA aptamers (Farokhzad 
et al.  2004 ,  2006a ). The use of the aptamer-targeted nanomedicines resulted in 
100 % survival of prostate epithelial (LNCaP) cancer xenograft nude mice versus 
57 % survival using the nontargeted preparation,   
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1.4.4     Target Receptors Involved in Active Targeting 

 From the previous section it can be concluded that many receptors are available to 
target cancer cells. Still, there are two main approaches to active targeting: (1) to 
target the overexpressed proteins on the surface of the cells and (2) to target the 
tumor microenvironment. In the former case, ligands, such as antibodies, are com-
monly used to target the cell surface antigens (Allen  2002 ). Both approaches are 
employed to achieve signifi cant payload at the target site (Byrne et al.  2008 ). In this 
section, various receptors overexpressed either on the cell surface, tumor endothe-
lium, or microenvironment are discussed. 

1.4.4.1     The Epidermal Growth Factor Receptor 

 Epidermal growth factor receptor (EGFR) belongs to the family of ErbB-tyrosine 
kinase receptors. Activation of EGFR stimulates important processes such as growth 
and progression of tumor including angiogenesis, cell proliferation, invasion, and 
metastasis. EGFR is overexpressed in a variety of cancer types (Lurje and Lenz 
 2009 ) of which the human epidermal receptor-2 is reported to be overexpressed in 
14–19 % of patients with breast cancer (Acharya et al.  2009 ; Scaltriti and Baselga 
 2006 ; Baselga et al.  1996 ; Slamon et al.  1987 ,  1989 ).  

1.4.4.2    Folate Receptor 

 Folate receptor binds the vitamin folic acid that is essential for nucleotide base syn-
thesis and cell survival. Additionally, it is also required in carbon metabolism. These 
receptors are overexpressed particularly on ovarian cancer cells along with other 
cancer types.    Two isoforms of folate receptors are observed, namely folate 
receptor—α which is overexpressed on more than 40 % of human cancers, and 
folate receptor—β which is expressed on malignant cells of hematopoietic origin 
and activated macrophages (Low and Kularatne  2009 ).  

1.4.4.3    Transferrin Receptor 

 Transferrin is a serum glycoprotein and plays a vital role in regulation of cell growth. 
Additionally, it is a key component in iron homeostasis where transferrin transports 
iron across the cell membrane via the receptor-mediated endocytosis. Cancer cells 
express transferrin receptors to a higher extent than normal cells. Due to their extra-
cellular surface accessibility, they are attractive targets for active cancer therapy 
(Pourbaghi-Masouleh and Hosseini  2013 ; Kim et al.  2010 ; Cho et al.  2008 ; Sahoo 
et al.  2004 ). In addition, they are overexpressed by many tumors in response to their 
increased metabolic demand (Deshpande et al.  2013 ; Liechty and Peppas  2012 ).  
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1.4.4.4    Glycoproteins 

 Carbohydrates that are attached to glycoproteins expressed on the cell surface make 
an attractive receptor for binding with lectins. The carbohydrate–lectin interaction 
is very specifi c and was utilized for targeting colon cancer using nanocarriers cou-
pled with lectins (Minko  2004 ).  

1.4.4.5    The VEGF Receptors 

 VEGF plays an important role in tumor angiogenesis and neovascularization 
(Danhier et al.  2010 ). It is a highly specifi c mitogen for endothelial cells. It binds to 
the two VEGF receptors, VEGF receptor-1 and VEGF receptor-2 that are expressed 
on vascular endothelial cells (Matsumura et al.  1988 ,  1991 ). Signal transduction 
involves binding to tyrosine kinase receptors and results in endothelial cell prolif-
eration, migration, and new vessel formation (Hoeben et al.  2004 ). The driving 
force for the upregulation of VEGF is the tumor hypoxia and oncogene expression. 
VEGF and other growth factors interact with receptors result in enhanced angiogen-
esis. Various approaches targeting VEGF inhibit neovascularization, resulting in 
tumor cell death due to lack of oxygen and nutrients. To achieve angiogenesis, two 
approaches are carried out (a) targeting VEGF to inhibit ligand binding to VEGFR 
and (b) targeting VEGFR to decrease VEGF binding to its receptor (Byrne et al. 
 2008 ; Veikkola et al.  2000 ; Carmeliet  2005 ). Nanocarriers targeted using with anti-
VEGFR- 2 showed delay in tumor growth (Chen et al.  2006 ).  

1.4.4.6    The Vascular Cell Adhesion Molecule-1 

 Vascular cell adhesion molecule-1 (VCAM-1) is a transmembrane glycoprotein that 
is expressed on the surface of the endothelial tumor cells and is responsible for cell-
to- cell adhesion, which is crucial during the process during angiogenesis. VCAM-1 
is overexpressed    on the surface of a variety of cancers, such as leukemia, melanoma, 
nephroblastoma, and renal, gastric, lung, and breast cancer, and is targeted using 
anti-VCAM antibody (Dienst et al.  2005 ).  

1.4.4.7    Integrins 

 Integrins are glycoproteins that play a key role in binding with extracellular matrix 
by interacting with proteins, such as osteopontin, thrombospondin, vibronectin, 
fi bronectin, and fi brinogen (Desgrosellier and Cheresh  2010 ). The α 4 β 3  integrin 
receptor is a heterodimer containing the α- and β-subunits. The α 4 β 3  integrin recep-
tors are overexpressed on the endothelial cells of many tumors but poorly expressed 
in endothelial cells of normal organs (Byrne et al.  2008 ).   
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1.4.5     Nanocarriers for Active Transport 

 Various nanocarriers have been employed for active targeting of drugs to the tumor 
tissue and, as discussed above, a library of ligands are available to target specifi c 
receptor sites. Among the various ligands, antibodies are the most diverse and 
broadly used ligands for active transport. PEG–PE micelles have also been modifi ed 
with a variety of tumor-specifi c monoclonal antibodies (Torchilin et al.  2003 ; Skidan 
et al.  2008 ; Sawant et al.  2008 ; Elbayoumi et al.  2007 ; Roby et al.  2006 ). For 
instance, 2C5 antibody-modifi ed mixed immunomicelles showed effective binding 
to MCF-7 (breast adenocarcinoma), LLC (Lewis lung carcinoma), EL4 (T lym-
phoma), and BT-20 cells when compared to antibody-free micelles (Gao et al. 
 2003 ). Similar results were observed when mixed immunomicelles containing vita-
min E were used in various cell lines (Gao et al.  2003 ; Sawant et al.  2008 ; Mu et al. 
 2005 ). Unfortunately, there have been some disadvantages to the use of antibody as 
targeting ligand. Antibody-tagged liposome molecules are reported to have been 
opsonized by circulating or liver macrophages via the Fc receptors. Additionally, 
use of whole antibody molecule has been shown to elicit antibody-dependent or 
complement-mediated cellular cytotoxicity. To overcome these challenges, Fab′ 
antibody fragments are used. Fab′ fragment of monoclonal antibody HER2 when 
surface immobilized on doxorubicin-loaded PEG–liposomes demonstrated 
increased antitumor effect in breast cancer xenograft models compared to nontar-
geted PEGylated liposomes (Park et al.  2001 ,  2002 ; Mamot et al.  2005 ; Carter et al. 
 1992 ). Other nanocarriers have also been prepared specifi cally to target the tumor 
interstitium. The accumulation of anti-VCAM-1 and Fab′-coupled liposomes 
loaded with celecoxib was greatly increased by HUVECs when activated using 
TNF-α which showed induced expression of VCAM-1 (Kang et al.  2011 ). 

 In a different study, EGFR-conjugated micelles prepared from diblock co- 
polymers of methoxy poly(ethylene glycol)- block -poly(δ-valerolactone) with a 
fl uorescent dye showed intracellular uptake in MDA-MB-468 breast cancer which 
overexpressed EGF receptors (Zeng et al.  2006 ). Other ligands, such as folic acid, 
have been conjugated to the surface of nanocarriers (Liang et al.  2009 ; Esmaeili 
et al.  2008 ; Kim et al.  2005 ; Stella et al.  2000 ). Thus, folic acid-polyethylene glycol- 
polyethyleneiminepoly(caprolactone) (FA-PEG-PEI-PCL) was used for the deliv-
ery of siRNA (Zou et al.  2012 ). Folic acid–coated anionic liposomes containing 
doxorubicin demonstrated increased cellular uptake and higher toxicity in human 
nasopharyngeal carcinoma KB cells that overexpressed folate receptor, compared to 
their nontargeted liposome (Watanabe et al.  2012 ). In a recent study, a thermosensi-
tive and folate-functionalized poly(ethylene oxide)- b -poly(propylene oxide)- b - 
poly (ethylene oxide)-poly( N -isopropylacrylamide- co -hydroxyethyl methacrylate) 
(FA-Pluronic-PNH) pluronic micelles loaded with doxorubicin demonstrated 
increased cellular uptake in human cervical cancer (HeLa) and human lung cancer 
(A549) cell lines (Yang et al.  2013 ). Similarly, other folate-conjugated nanocarriers 
have also been reported (Nair et al.  2013 ; Zhang et al.  2013 ; Yu et al.  2013 ; Chen 
et al.  2013 ; Zhu et al.  2013 ). Another alternative to targeted therapy is the use of 
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RGD ligands to target the α 4 β 3  integrins. Cationic nanoparticles that were surface 
modifi ed with RGD ligands selectively delivered genes to angiogenic blood vessels 
which led to apoptosis and consequently regression of primary and metastatic tumor 
(Hood et al.  2002 ). RGD was also attached to polymeric micelles for targeted deliv-
ery of doxorubicin (Nasongkla et al.  2004 ). Cyclic RGD peptide-modifi ed liposo-
mal system showed higher cellular uptake of doxorubicin in human glioblastoma 
(U87MG) cell line when compared to unmodifi ed liposomes (Chen et al.  2012 ). 
RGD peptide-mediated chitosan-based polymeric micelles showed enhance cyto-
toxicity against human hepatocellular carcinoma (BEL-7402) cell line in the pres-
ence of doxorubicin and compared to nontargeted micelles (Cai et al.  2011 ). Other 
micellar formulations were prepared using block copolymers such as poly(ethylene 
glycol)- block -polycation carrying ethylenediamine units which were conjugated 
with peptide (cRGD), and used in vivo for gene delivery in rat carotid artery (Kagaya 
et al.  2012 ). Other tumor-targeted delivery systems using RGD ligands are dis-
cussed (Knudsen et al.  2012 ; Du et al.  2011 ; Garg et al.  2009 ).   

1.5     Passively and Actively Targeted Nanocarriers: 
Clinical Progress 

 Signifi cant progress has been made in the area of nanocarrier delivery systems using 
passive and active targeting. This has led to the emergence of certain nanocarrier 
candidates that have been approved to be used in the clinic or are under clinical 
investigation. In this section we discuss the preclinical and clinical status of pas-
sively and actively tumor-targeted nanoformulations. 

1.5.1     Passively Targeted Liposomes and Micelles 

 Various nanocarrier platforms for drug delivery via active and passive transport are 
undergoing clinical studies or approved to be used for various kinds of cancer dis-
eases. Mentioned here (see Table  1.1 ) are various passively targeted nanocarriers 
lacking of targeting ligands, wherein their pharmacokinetic and biodistribution 
parameters are purely based on their physicochemical properties and their prolonged 
blood circulation and interaction with the site of action (van der Meel et al.  2013 ). 
Although a plethora of nanocarriers are under clinical investigation, our analysis here 
is focused specifi cally on the use of liposomes and micelles. Among the most popular 
nanomedicines is the PEGylated liposomal doxorubicin or Doxil ®  that received the 
US Food and Drug Administration (FDA) approval in 1995 to treat Kaposi sarcoma. 
This formulation contained a lipid bilayer membrane in a “liquid- ordered” phase 
composed of phosphatidylcholine and cholesterol (Barenholz  2012 ). Similarly, 
Caelyx ®  was approved in 1997 to be used in Europe. Some years later, Doxil/Caelyx 
were also approved for the treatment of ovarian cancer, multiple myeloma, and metastatic 
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breast cancer. Myocet ® , a PEGylated liposomal doxorubicin formulation, was 
approved in Europe and used to treat breast cancer in combination with cyclophos-
phamide (Danhier et al.  2010 ). Doxil ®  formulation was designed to increase blood 
circulation time. The half-life time of free doxorubicin was increased from 0.2 h to 
2.5 h and 55 h for Myocet ®  and Doxil ®,  respectively (Hofheinz et al.  2005 ). 
Additionally, Doxil ®  has shown lower cardiotoxicity compared to free doxorubicin 
(Safra et al.  2000 ; Anders et al.  2013 ; Lao et al.  2013 ; O’Brien et al.  2004 ; Moreira 
da Silva and Moreira da Silva  1975 ). In addition to Myocet ® , the FDA approved 
other non-PEGylated liposomal formulations of daunorubicin (DaunoXome ® ) and 
vincristine (Onco-TCS ® ) for the treatment of Kaposi sarcoma and aggressive non-
Hodgkin lymphoma, respectively (Zhang et al.  2008 ; Lammers et al.  2008 ). 
DepoCyt ® , a non-PEGylated, sustained-release liposomal formulation of cytarabine, 
was approved for lymphomatous meningitis in 1999 (Kripp and Hofheinz  2008 ; 
Gaviani et al.  2013 ; Benesch and Urban  2008 ).

   In addition to the abovementioned marketed formulations, various other liposomal 
preparations are under clinical trials or undergoing extensive preclinical investiga-
tion. Thus, Thermodox ® , a temperature-sensitive liposomal formulation of doxorubi-
cin, is being tested in phase III trials for the treatment of hepatocellular carcinoma 
and its recurrence (Svenson  2012 ). At temperatures of 42 °C, the formulation becomes 
leaky due to the presence of lysolipids and releases the drug. An Irinotecan-containing 
nanoliposome formulation, NL CPT-11, is being tested for recurring high-grade glio-
mas in phase I trials. Additionally, liposomal formulation of Irinotecan HCl in com-
bination with fl oxuridine (CPX-1) completed phase II clinical trials against advanced 
colorectal carcinoma (Batist et al.  2009 ; Bayne et al.  2009 ; Tardi et al.  2007 ,  2009 ; 
Mayer et al.  2006 ). MM-398, a liposomal formulation of irinotecan, is undergoing 
phase III clinical investigation in patients with metastatic pancreatic cancer and phase 
I study in pediatric solid tumors along with cyclophosphamide (Svenson  2012 ). 
Preclinically, many liposomal nanocarriers are being evaluated for the treatment of 
metastatic pancreatic cancer, and their EPR-mediated passive targeting capacity has 
been assessed using various imaging techniques (Tagami et al.  2011a ,  b ; Negussie 
et al.  2011 ; de Smet et al.  2011 ; Deckers and Moonen  2010 ). 

 Similarly, a large number of micellar nanocarrier platforms have been evaluated 
clinically. Genexol-PM ® , a cremophor-free polymeric micelle of paclitaxel prepared 
using PEGylated poly( D , L -lactide) copolymer, obtained approval in 2007 to be used 
in Korea for the treatment of breast cancer and NSCLC (Wacker  2013 ; Chen et al. 
 2011 ). Genexol-PM ®  increased the maximum tolerated dose (MTD) of paclitaxel up 
to 300 mg/m 2  when administered every 3 weeks in patients with breast cancer 
(Montana et al.  2011 ). In the USA, Genexol-PM ®  is undergoing phase III clinical 
trials for safety evaluation compared to Genexol ®  with Cremophor ®  EL in patients 
with metastatic or recurrent breast cancer (Svenson  2012 ; Lee et al.  2008 ). NK911, 
a polymeric micelle formulation containing doxorubicin conjugated to methoxy-
PEG-poly(aspartic acid) block copolymer, has undergone phase I study in patients 
with solid tumors (Matsumura et al.  2004a ). Using similar block copolymer, NK105 
was prepared using paclitaxel and is being investigated in Phase III trial on 
patients with metastatic breast cancer (Hamaguchi et al.  2005 ; Matsumura  2011 ). 
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NC-6004, a micelle formulation of cisplatin/gemcitabine loaded into methoxy-
PEG-poly(glutamic acid) micelles, is used for advanced or metastatic pancreatic 
cancer, and a similar formulation, NC-4016 containing oxaliplatin, is now in phase 
I clinical trials for advanced cancers and lymphoma (Uchino et al.  2005 ). Additionally, 
Paclical ® , a novel nanoparticle formulation composed of patented excipient XR-17 
Paclitaxel (Cremophor ®  EL), was studied in a phase III study in patients with recur-
rent epithelial cancer, primary peritoneal cancer, or fallopian tube cancer.  

1.5.2     Actively Targeted Liposomes and Micelles 

 All the nanocarriers described above are intended to passively target to the tumor 
site via the EPR effect by taking advantage of the leaky vasculature and poor or 
reduced lymphatic drainage. Many nanocarriers that can actively target the tumor by 
using various ligands are also under clinical investigation (Table  1.2 ); however, there 
are no commercially available targeted nanocarriers. Doxil ® /Caelyx ®  liposomes 
surface-functionalized    with cetuximab, an EGFR antagonist has completed phase I 
clinical studies in patients with advance solid tumors (Mamot et al.  2012 ). MM-302, 
a HER2-targeted (trastuzumab) PEGylated liposomal doxorubicin formulation in 
combination with cyclophosphamide, is undergoing phase I safety evaluation study 
in patients with human epidermal growth factor receptor (HER2) + advanced breast 
cancer (ABC) (Wickham and Futch  2012 ). Anti- transferrin receptor (TfR) linked to 
a liposomal complex (SG-T53) was developed to restore the normal human tumor 
suppressor gene (p53) and is undergoing phase I clinical trials in patients with 
advanced solid tumors (Senzer et al.  2013 ). Similarly, MBP-426, a Tf-conjugated 
liposomal formulation of oxaliplatin, completed phase I clinical trials in patients 
with gastric, gastroesophageal, or esophageal adenocarcinoma (Senzer et al.  2009 ). 
MCC-465, a liposomal doxorubicin functionalized with human monoclonal GAH 
antibodies that specifi cally target to GAH overexpressed stomach cancer tissues, has 
completed phase I studies in patients with metastatic or recurrent stomach cancer 
(Hosokawa et al.  2003 ; Matsumura et al.  2004b ). In addition to the abovementioned 
targeted liposomes under clinical trials, a large number of actively targeted micelles 
and liposomes are undergoing preclinical studies using various chemotherapeutic 
agents and targeting ligands (Kirpotin et al.  2006 ; Park et al.  2002 ; Ying et al.  2010 ; 
Danhier et al.  2009 ; Murphy et al.  2008 ; Yoo and Park  2004 ; Gabizon et al.  2003 ; 
Cheng et al.  2008 ; Hu et al.  2008 ; Hatakeyama et al.  2007 ; Xiong et al.  2005 ; Li 
et al.  2004 ; Kondo et al.  2004 ; Pastorino et al.  2003 ). For example, polymeric 
micelles prepared from self-assembled diblock copolymer of PLGA and PEG 
encapsulating doxorubicin were functionalized with ligands towards folate receptor 
and showed increased accumulation of doxorubicin in tumor tissue in human squa-
mous cell carcinoma (KB cells) xenografted nude mouse model (Yoo and Park 
 2004 ). In addition to therapy, nanocarriers are also being investigated for diagnostic 
purposes. Especially, the application of magnetic nanoparticles is of great potential 
for the use in magnetic resonance imaging (Cheng et al.  2013 ; Hilger and Kaiser 
 2012 ; Goodwill et al.  2012 ; Tu and Louie  2012 ; Yigit et al.  2012 ).
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   From liposomal Doxil ®  to micellar Genexol-PM, the above examples clearly 
indicate the signifi cant progress made in the fi eld of nanomedicine, and these 
advancements are expected to continue. Many of the approved formulations are 
used in combination with the existing treatment modalities such as radiation therapy 
or conventional chemotherapy, such as in combined modality anticancer therapy. 
Several other polymer–drug conjugates, nanoparticles and antibody–drug conju-
gates micelles, liposomes, etc. have been evaluated clinically. Oncaspar, a PEGylated 
protein, has already been approved for the treatment of leukemia. Polymer thera-
peutics, such as and Opaxio, are in or will be in late-stage clinical trials. 

 While many of the formulations are in clinical trials today, most of them fail to 
make past the FDA and/or EMA approval either due to the overinterpretation and/
or the misunderstanding of their tumor-targeted drug delivery. Additionally, lack of 
image-guided studies to evaluate the personalized nanomedicine-based therapeutic 
effects, extensive emphasis on preclinical animal studies, might be a hindrance of 
nanomedicines to the clinics (Lammers et al.  2012 ).   

1.6     Conclusion and Future Perspective 

 Many of the chemotherapeutic anticancer agents that are routinely used are hydro-
phobic, have a large volume of distribution, and are toxic towards healthy tissues. 
They show poor accumulation in tumor tissue and in tumor cells because of high 
interstitial fl uid pressure, presence of drug effl ux pumps, etc. To overcome these 
barriers and for a successful antitumor effect, nanocarriers are used to ferry the 
anticancer agents more selectively to pathological sites (“site-specifi c drug deliv-
ery”) and/or by guiding them away from potentially endangered healthy tissues 
(“site-avoidance drug delivery”); nanomedicine formulations aim to improve the 
balance between the effi cacy and the toxicity of systemic (chemo-)therapeutic inter-
ventions (Lammers et al.  2012 ). 

 Amongst the many nanocarriers described in this chapter, we have mainly 
focused on liposomes and micelles. A wide variety of polymers such as PEG–PE 
have been extensively used to encapsulate the chemotherapeutic agents into the 
micelle core, similarly, PEG–liposomes that are prepared with cholesterol are used 
as a different drug-carrier platform. Nanocarriers offer many    advantages such as 
protecting the chemotherapeutic anticancer agents from premature degradation; 
preventing drugs from prematurely interacting with the biological environment; 
enhancing absorption of the drugs into a selected tissue (e.g., solid tumor), control-
ling the biodistribution, pharmacokinetic parameters of the drug; and improving 
intracellular penetration (Peer et al.  2007 ). 

 Upon intravenous administration of the nanocarriers, they predominantly accu-
mulate at the site of action via passive targeting or active targeting that is described 
in this chapter. By exploiting the pathophysiology of the tumor tissue, due to the 
tortuous vasculature with fenestrations and poor lymphatic drainage, the nanocarri-
ers of certain cutoff size are able to extravasate into the tumor mass via the EPR 
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effect, which is arguably the most important strategy for improving the delivery of 
low-molecular-weight chemotherapeutic agents to tumors, and it is generally referred 
to as “passive drug targeting” (Lammers et al.  2012 ). On the contrary, “active drug 
targeting” uses targeting ligands, such as antibodies and peptides, which is specifi c 
to the receptors that are overexpressed at the target site. Examples of various lipo-
somes and micelles that deliver drugs via passive and active targeting are discussed. 

 Although the primary mode of tumor accumulation relies on the EPR-mediated 
passive extravasation, active drug targeting is implemented to improve target cell 
recognition and target cell uptake, and not to improve overall tumor accumulation. 
Following extravasation, the nanocarrier has to reach the cancer cells, bind to it, and 
get internalized in order to elicit a therapeutic response, hence, active targeting is 
essential component. However, if the tumor vasculature is not leaky, the tumor cells 
are covered with smooth muscle cells or pericytes, the tumor matrix is dense, and if 
the interstitial fl uid pressure is high, it is likely that active targeting to cancer cells 
will not at all lead to any benefi t over passive targeting (Lammers et al.  2012 ). 
Nevertheless, in nanocarriers that possess a targeting moiety and are actively tar-
geted, their cell uptake is more effi cient as compared to passively targeted nanocar-
riers. For example, liposomes targeted with HER2 showed 20 times more effi cient 
uptake than untargeted liposomes (Kirpotin et al.  2006 ). Additionally, taking advan-
tage of the tumor microenvironment, many stimuli-responsive nanocarriers are used 
to mediated drug targeting to tumors. The active targeting moiety is either pH sensi-
tive or temperature sensitive. For example, Thermodox® is a temperature-sensitive 
PEGylated liposome containing doxorubicin. The challenges of such complex 
stimuli- sensitive nanocarriers are that it can be diffi cult to formulate to obtain very 
specifi c response with regard to their stimuli and thereby release the drug. This can 
be overcome by using an external stimuli which will enable a more effective and 
selective delivery of chemotherapeutic agent to the site of action. The external stim-
uli can be of a mechanical origin such as fi ber-optic catheters, for light-exposure in 
deep-seated tumors (Lammers et al.  2012 ). 

 Since cancer represents a heterogeneous population of various diseases, choice 
of an appropriate nanocarrier or a targeting ligand is not obvious. There is a lot of 
intra- and inter-tumor- and intra- and interpatient-variability that needs to be 
accounted for. Formulation and targeting strategies are determined experimentally 
on a case-by-case basis, which is laborious, time consuming, and not cost effec-
tive. Hence, by combining various treatment strategies together with imaging 
modalities a more personalized form of treatment can be offered. For instance, in 
addition to using a chemotherapeutic agent, and using a targeting moiety towards 
the overexpressed receptor, it might be necessary to target the tumor vasculature or 
the extracellular matrix surrounding the tumor microenvironment; such can be 
applied to a variety of solid tumors. Additionally, image-guided insights can help 
prescreen patients and assign them to receive, e.g., liposome- and polymer-based 
nanomedicine treatments, in order to identify which tumors are amenable to pas-
sive and active drug targeting and which are not and to thereby predict which 
patients are likely to respond to such targeted therapeutic interventions and which 
are not (Peer et al.  2007 ). 
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 Culmination of passive targeting, active targeting, and personalized form of 
medicine could lead to oral anticancer chemotherapy. Considering it has always 
been and will continue to be the most important administration route. It may change 
the current treatment regimen of chemotherapy in terms of its sustained plasma drug 
concentration, convenient and fl exible administration, low cost, and improved 
patient compliance (Peer et al.  2007 ). While this vision seems distant, moving for-
ward a step closer, personalized and theranostic nanomedicine together with nonin-
vasive imaging techniques can contribute signifi cantly to realizing the potential of 
nanomedicine.        
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    Chapter 2 
   The “EX” and the “SOMA”: 
How They Communicate 

                Pinar     Kanlikilicer    ,     Mohammed     Helmy     Rashed    ,     Bulent     Ozpolat    , 
    Cristian     Rodriguez-Aguayo    ,     Anil     K.     Sood    ,     George     A.     Calin    , 
and     Gabriel     Lopez-Berestein    

2.1            Introduction 

 Exosomes were fi rst thought to function as removers of intracellular debris. Over 
the past few years, accumulating evidence has shown that these small vesicles 
(30–100 nm in diameter) are capable of transferring internal cellular material such 
as RNAs, microRNAs (miRNAs), and proteins to the outside of the cell and 
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may function as an intercellular communication system (Valadi et al.  2007 ). 
The cup-shaped exosome structures are formed within the cell and participate in 
endocytic pathways before being taken up into a multivesicular body. The multive-
sicular body fuses with the plasma membrane, releasing its cargo of exosomes into 
the extracellular space. Microvesicles and exosomes differ in many aspects, such as 
morphology, biogenesis, and release (Table  2.1 ). Crescitelli et al. ( 2013 ) showed 
that apoptotic bodies and multivesicles to be more diverse in their morphology than 
exosomes. Exosomes are uniform in structure, size, and endocytic origin, whereas 
microvesicles range from 200 nm to greater than 1 μm in diameter and originate 
from many different cell types.

   The protein content of exosomes is located mainly in the cytosol, the membrane 
of the endocytic compartments, or the plasma membrane. These proteins comprise 
cytosolic proteins such as annexin and Rab, signal transduction enzymes such as 
tyrosine kinases, heat shock proteins, and large amounts of tetraspin molecules such 
as CD9, CD81, CD82, CD83, and CD63. Exosomes also include antigen-presenting 
proteins such as MHC class I and MHC class II, integrins, immunoglobulin family 
members, and cell surface peptidases (Thery et al.  2002 ). Recently, RNA content of 
exosomes was analyzed by next generation sequencing in two different breast can-
cer cells in vitro (Jenjaroenpun et al.  2013 ). Exosomes were found to be enriched in 
fragmented ribosomal RNA (rRNA) and other non-coding RNAs. In this study, they 
also found out that mRNA content of exosomes refl ects the mRNA content of the 
host breast cancer cells. An miRNA array study revealed 121 miRNAs present in 
exosomes (Valadi et al.  2007 ). 

 Exosomes are secreted by many cell types, including immune cells, neurons, 
tumor cells, and stem cells (Fruehbeis et al.  2013 ; Raposo et al.  1996 ; Hegmans 
et al.  2004 ; Arslan et al.  2013 ). Individual cell types may produce different amount 
of exosomes. For instance, SKOV-3 ovarian cancer cells released 2.7-fold more 
exosomes compared to OVCAR-3 ovarian cancer cells (Kobayashi et al.  2014 ). In 
an in vivo setting, Takahashi et al. visualize the localization of exosomes in mice 
using bioluminescent imaging. They showed that exosomes were removed from the 
blood circulation in a few minutes after administration. They detected little lucifer-
ase activity in serum after 4 h. Liver and lung were the fi rst two organs showing 
exosome-derived signals (Takahashi et al.  2013 ). 

 Since exosomes can be released by cancer cells into the microenvironment and 
the body fl uids, they most likely participate in extracellular communications; 
 however, the underlying mechanisms of this participation are not well understood.  

   Table 2.1    Size distribution of different extracellular vesicles a    

 Extracellular 
vesicle  Size  Morphology  Cell surface markers 

 Centrifugal 
force to collect 

 Apoptotic bodies     800–5 μm  Round shaped  TSP, C3b  2,000 g  
 Microvesicles  200–800 nm  Diverse in shape  ARF6, VCAMP3  12,200 g  
 Exosome  40–100 nm  Cup-shaped  CD63, CD9  120,000 g  

   a Modifi ed from Crescitelli et al. ( 2013 ) and Akers et al. ( 2013 )  
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2.2     Exosome Communication 

 Various communication mechanisms have been proposed in the literature for 
eukaryotic cells. One of these mechanisms is based on fusion, whereby exosomes 
fuse with the plasma membrane (Parolini et al.  2009 ). Exosomal lipid content and 
structure most likely enhances its capacity for fusing with other membranes. 

 When the multivesicular body fuses directly with the plasma membrane, its 
intraluminal vesicles are released into the extracellular environment as exosomes. 
The formation of intraluminal vesicles is initiated in early endosomes. Endosomes 
are classifi ed as early, late, and recycling stages. It involves the transport of endo-
cytic materials. Each group of endosomes has different protein and nucleic acid 
contents. Endosomes are capable of docking and fusing with the membrane with the 
help of some membrane traffi cking and coordinating proteins such as clathrin, 
adaptor protein complexes, actin cytoskeletons, SNAREs (soluble  N -ethylmaleimide- 
sensitive  factor attachment protein receptors), and Rabs. The clathrin-mediated 
endocytosis pathway, together with the action of the early enzyme adaptor proteins, 
governs the best-characterized cargo-carrying mechanism. Actin provides the force 
necessary for vesicle uptake into the cells in this model of communication. AP1, 
AP2, AP3, and Golgi-localized gamma-adaptin ear–containing ARF-binding pro-
teins (GGA) are the adaptor proteins that have major roles in the formation of 
clathrin- coated vesicles (Traub  2003 ; Robinson  2004 ). The localization of adaptor 
proteins varies. AP1 is localized on the trans-Golgi network and endosomes, 
whereas AP2 is found at the plasma membrane. AP3 homolog protein is also mostly 
localized on endosomes (Robinson  2004 ). GGA is structurally very different than 
the other major adaptor proteins. 

 The distribution of the adaptor proteins was suggested to play a role in cargo 
selectivity (Robinson  2004 ). Another adaptor protein, clathrin assembly lymphoid 
myeloid leukemia (CALM), was shown to bind directly to the arginine-contributing 
soluble  N -ethylmaleimide-sensitive factor (NSF) attachment protein (SNAP) recep-
tor proteins (R-SNAREs) such as VAMP8, VAMP3, and VAMP2 in HeLa-M cells 
and HEK293 cells (Miller et al.  2011 ; Koo et al.  2011 ). Mutation of CALM:SNARE 
interface residues resulted in inhibition of R-SNARE binding and endocytosis 
(Miller et al.  2011 ). Exosome uptake via clathrin-mediated endocytosis has been 
demonstrated previously in many cell lines, such as ovarian tumor cells and den-
dritic cells (Morelli et al.  2004 ; Escrevente et al.  2011 ). 

 Fusion of exosomes with the plasma membrane takes place at the fi nal step of 
exosome secretion. Membrane fusion is crucial for exocytic and endocytic traffi ck-
ing of signaling molecules. SNARE protein complexes have been suggested to be 
the key molecules in membrane fusion (Palfreyman and Jorgensen  2008 ). The 
SNARE proteins can be grouped into several small protein families (Fasshauer et al. 
 1998 ), synaptobrevin (R-SNARE), syntaxin (vesicle SNARE or v-SNARE), and 
SNAP-25 are the individual SNARE motifs that come together to form a four-helix 
bundle during membrane fusion. Basically, the function of SNARE proteins is to 
bring the vesicle membrane and the cell membrane into close proximity so that the 
fusion can take place (Fig.  2.1 ).
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   SNAREs have been thought to encode for specifi city of membrane fusion, since 
it is thought that each intracellular fusion is mediated by a specifi c set of SNARE 
proteins (Table  2.2 ). There are more than 35 SNARE proteins. Differences in local-
ization of each SNARE sub-family in the cell compartments have been suggested to 
drive the fusion selectivity. Scales et al. analyzed whether vesicle traffi cking is 
determined by the specifi c pairing of the SNARE proteins. They demonstrated that 
inhibition or rescue of exocytosis of norepinephrine occurs only with a specifi c 
SNARE complex (Scales et al.  2000 ). McNew et al. tested in yeast the compartmen-
tal specifi city of the plasma membrane, vacuolar, and endoplasmic reticulum (ER)–
Golgi target SNARE (t-SNARE) complexes fused with possible combinations of 
non-syntaxin v-SNAREs, which were reconstituted into liposomes. They identifi ed 
the pairs of v-SNAREs and t-SNAREs that are able to fuse signifi cantly in a specifi c 
cellular compartment (Table  2.2 ; McNew et al.  2000 ). Moreover, they also identi-
fi ed four non-syntaxin v-SNAREs (Snc1, Snc2, Bet1, and Nyv1) that are able to 
promote fusion by binding a t-SNARE located in a different compartment.

   These fi ndings suggest that the specifi city of exosome target cell communication 
may be a molecular level, rather than a system level, phenomenon. 

  Fig. 2.1    Schematic representation of exosomal fusion in the cell. SNARE protein complexes 
(t-SNARE, v-SNARE, and SNAP-25) are involved in the fusion of the exosomal cargo       
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 Graff et al. examined the existence of SNARE proteins in endocrine tumors 
because these proteins are widely present in endocrine cells (Capella et al.  1995 ; 
Graff et al.  2001 ). SNAP-25 and syntaxin1 in high-grade malignant small cell lung 
carcinomas (SCLCs), large cell carcinomas, adenocarcinomas, and squamous cell 
carcinomas of the lung were analyzed in a study evaluating SNAREs as differentia-
tion markers for tumor identifi cation. They found that SCLCs consistently expressed 
two of the major SNAREs; at the transcriptional level, however, the presence of 
mRNAs encoding for SNAP-25 and syntaxin1 was shown in the SCLC cell lines but 
not in the adenocarcinoma cell line (Graff et al.  2001 ). 

 Rab GTPases and their regulators have important roles in membrane traffi cking. 
Rab5 and Rab7 were shown to be required for transport of cargo from the late endo-
somes to lysosomes for degradation (Stenmark  2009 ). Different populations of Rab 
proteins were abundant in different type of endosomes. The Rab5, Rab4 and Rab5, 
and Rab4 and Rab11 protein populations were abundant in early endosomes, 
whereas late endosomes were enriched with Rab7 and Rab9 proteins (Stenmark 
 2009 ). Likewise, exosome release is regulated by different Rab proteins in different 
cell populations. Exosome secretion was shown to be regulated by Rab35 in the 
central nervous system (Hsu et al.  2010 ), whereas Rab27a and Rab27b were shown 
to control exosome release in HeLa cells (Ostrowski et al.  2010 ). The presence of 

    Table 2.2    Membrane compartmental organization of SNARE proteins within the cell a    

 Mammal 

 Localization  t-SNARE b   R-SNARE  SNAP 

 Plasma membrane  Syn1,2  Vamp 2,8  SNAP-23,25 
 Early endosomes  Syn7,13  Vamp 3,8  Syn8 
 Late endosomes  Syn7  Vamp 7,8  Syn8,VTI1b 
 Endoplasmic reticulum–Golgi  Syn5  Sec22b  GS27,BET1 
 Trans-Golgi network  Syn 13,16  Vamp4  VTI1a,Syn6 

 Yeast 

 Localization  t-SNARE  Candidate v-SNAREs 

 Golgi  t-Sed5/Bos1,Sec22  Sft1 
 Gos1 

 Vacuole  t-Vam3/Vam7,Vit1  v-Nyv-1 
 Plasma membrane  t-Sso1/Sec9c 
 Endoplasmic reticulum–Golgi  v-Bet 

 Bos1 
 Ykt6 
 Sec22 

 Golgi/PM  v-Snc1 
 v-Snc2 

 Golgi/endosome  Tlg1 
 Vac/Golgi/endosome  Vti1 

   a Modifi ed from Scheller ( 2013 ), Scales et al. ( 2000 ), and McNew et al. ( 2000 ) 
  b  t-SNARE  target SNARE,  v-SNARE  vesicle SNARE,  PM  plasma membrane,  Vac  vacuole  
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CD63-positive, endosomal compartments in Rab27A-depleted cells, and perinuclear 
localization of CD63 in Rab27B-depleted cells suggest that Rab27A plays a role in 
MVE fusion with the plasma membrane, whereas Rab27B participate in the traffi ck-
ing of MVEs and effl ux proteins. 

 Cell–cell communication by exosomes leads to the acquisition of some other 
proteins within the cells. Exosomes were found to be rich in glycoproteins6 
(Escrevente et al.  2011 ) and to contain high concentrations of ceramide (Trajkovic 
et al.  2008 ). Vallhov et al. ( 2011 ) found that glycoprotein glycol protein 350 medi-
ates the specifi c binding of exosomes to B cells. Sphingolipid ceramide transfers 
exosome-associated domains into the endosomal lumens. Heparan sulfate proteo-
glycans was shown to be the key mediator for internalization of exosomes and their 
functional activity (Christianson et al.  2013 ). 

2.2.1     Exosomes and Plasticity 

 Exosome-mediated intercellular communication may be a comprehensive phenom-
enon that includes plasticity. The way exosomes communicate with the target cells 
may depend on the experience-dependent properties present in cells. In neurons, exo-
some release was shown to be regulated in an activity-dependent manner by glutama-
tergic synaptic activity in brain (Lachenal et al.  2011 ). The synaptic plasticity–disrupting 
activity of Aβ in the brains of Alzheimer disease patients was also shown to be 
 neutralized by exosomes, indicating their role in synaptic plasticity (An et al.  2013 ). 

 Savina et al. ( 2003 ) demonstrated that monensin regulates exosome release in 
K562 cells in a calcium-dependent manner. Monensin, which acts on acidic intra-
cellular organelles such as endosomes and lysosomes, exchanges Na +  ions with H +  
ions and thus alters the intracellular Ca 2+  fl ux. Many intracellular traffi cking reac-
tions, such as membrane fusion (Mayer  1999 ), exocytosis (Erxleben et al.  1997 ), 
and ER-to-Golgi transport (Beckers and Balch  1989 ), depend on Ca 2+  ions. 
Membrane fusion is initiated by the action of SNARE proteins, which are regulated 
in a Ca 2+ -dependent manner (Di Giovanni et al.  2010 ). Therefore, since exosomes 
fuse with the plasma membrane to communicate with other cells, either the Ca 2 + 
fl ux of the cell or a complex of SNARE proteins might be the rate limiting step in 
the communication process of exosomes. 

 Parolini et al. ( 2009 ) suggested that exosome-to-cell fusion is a more frequent 
event in tumor tissues than in normal tissues. The transformation of a normal cell 
into a cancer cell is also associated with change of Ca 2+  fl ux within the cell (Capiod 
et al.  2007 ). Hence, Ca 2+ -dependent plasticity might determine the exosome-to-cell 
fusion characteristics of a cancer cell. Moreover, Gross et al. ( 2012 ) demonstrated 
that Wnt proteins, which are involved in many vital cell functions such as cell 
 proliferation, survival, and migration, are located on the surface of exosomes. 
They also demonstrated that Wnt transport to endosomal compartments on the 
 surface of exosomes requires the R-SNARE protein Ykt6. Hence, the regulation of 
Wnt signaling, one of the most important signaling pathways for cancer (Anastas 
and Moon  2013 ), might also be affected by Ca 2+ -dependent plasticity of exosomes.   
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2.3     Exosomes and Cancer 

 The role of exosomes in cancer is not fully understood. While, there is evidence 
indicating that exosomes stimulate antitumor response by presenting tumor antigens 
to dendritic cells, they also modulate immunosuppressive functions, thus contribut-
ing to cancer pathogenesis. Exosomes secreted from cancer cells have been sug-
gested to play important roles in angiogenesis, invasion, and metastasis, thus 
promoting tumor development (Christianson et al.  2013 ; Skog et al.  2008 ). Lung 
cancer microvesicles and glioblastoma-derived microvesicles in brain endothelial 
cells were shown to play roles in angiogenesis (Janowska-Wieczorek et al.  2005 ; 
Skog et al.  2008 ). Exosomes were shown to promote tumor invasiveness via the 
stimulation of matrix metalloproteinase 1 (MMP1) in patients with gastrointestinal 
stromal tumor (Atay et al.  2014 ). The promotion of metastases by exosomes has 
been previously demonstrated in melanoma (Peinado et al.  2012 ). They pointed out 
the premetastatic niche formation by showing the endothelial permeability caused 
by B16-F10 metastatic melanoma cells in the lung. Exosomes increased the meta-
static behavior of primary melanoma tumors through the up-regulation of receptor 
tyrosine kinase MET. In breast cancer, fi broblast-secreted exosomes were demon-
strated to promote breast cancer cell motility via Wnt induced signaling (Luga et al. 
 2012 ). Luga et al. also showed that coinjection of breast cancer cells with CD81 
positive fi broblasts stimulates metastasis in orthotopic mouse models of breast can-
cer. Exosomes have been shown to target and modulate non-transformed cells in 
premetastatic organs in metastatic rat adenocarcinoma in vivo (Rana et al.  2013 ). 
Another study demonstrated that melanoma exosomes travel to sentinel lymph nodes 
(Hood et al.  2011 ). Thus, many studies indicate that cancer cells may benefi t from 
exosomal homing mechanisms to communicate signals to distant cells and tissues. 

 Exosome secretion has also been linked to chemoresistance (Corcoran et al. 
 2012 ). Doxorubicin and other small molecules such as cisplatin were shown to 
accumulate in vesicles, resulting in exosome shedding (Shedden et al.  2003 ; Chen 
et al.  2006 ). Once cisplatin enters the exosomal pathway, cisplatin-resistant cells 
exclude it (Safaei et al.  2005 ). Corcoran et al. ( 2012 ) found a signifi cant increase in 
resistance to docetaxel in docetaxel-sensitive parent cells that were exposed to exo-
somes isolated from docetaxel-resistant cancer cells. Survivin, which was shown to 
be released from cancer cells via exosomes, was suggested to suppress the effi cacy 
of protein irradiation (Khan et al.  2011 ). 

 Tumor-released exosomes elicit antitumor immune responses by promoting 
antigen- presenting cells. The differentiation of circulating monocytes into func-
tional dendritic cells was shown to be deteriorated by tumor exosomes; moreover, 
exosomes mediate myeloid suppressive activity on T-cell functions, such as prolif-
eration (Valenti et al.  2006 ). Some tumor-released exosomes cause apoptosis in acti-
vated T cells by expressing tumor necrosis factor-related apoptosis-inducing ligand 
FasL (Kim et al.  2005 ). 

 Exosomes may interfere with many vital signaling pathways through the phos-
phorylation of proteins. One of the biological processes affected in this way is the 
mesenchymal stem cells (MSCs) transition to carcinoma-associated fi broblasts 
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(CAFs). MSCs to CAFs transition is known to promote tumor growth (Quante et al. 
 2011 ). Gu et al. ( 2012 ) showed the presence of TGF-β in gastric cancer derived 
exosomes and suggested that exosomes promote MSCs to CAFs transition by the 
stimulation of the phosphorylation of Smad-2/3 through the TGF-β signaling path-
way. In another study investigating the mechanism of exosome uptake revealed that 
non-clathrin-dependent, lipid raft-mediated endocytosis mediates the exosome 
uptake (Svensson et al.  2013 ). Exosome treatment results in 2–4.5-fold induction of 
many lipid raft associated proteins such as p-FAK, the heat-shock protein p-HSP27, 
and p-ERK1/2 and its downstream target p-MSK1/2 (Svensson et al.  2013 ). 

 Many factors such as infl ammation, hypoxia, and other microenvironmental con-
ditions contribute to tumor growth and proliferation through exosome interaction. 
Microenvironment is one of the key factors in tumor malignancy (Luciani et al. 
 2004 ; Webb et al.  1999 ). Parolini et al. ( 2009 ) demonstrated that acidic conditions 
promote membrane fusion. Fusion between buffered exosomes and buffered cells 
was shown to be less than that between acidic exosomes and an acidic microenvi-
ronment. Metastatic melanoma cells were shown to be signifi cantly more acidic 
than samples derived from primary melanoma cells (Lugini et al.  2006 ). Hypoxia, 
which promotes tumor progression, was demonstrated to enhance the release of 
exosomes in breast cancer cell lines (King et al.  2012 ). Ovarian tumor-derived exo-
somes were shown to induce pro-infl ammatory cytokines in macrophages (Atay 
et al.  2013 ). The study suggested that fi bronectins expressed by tumor exosomes 
account for the pro-infl ammatory microenvironment observed in cancer, whereas 
thermal and oxidative stress was found to enhance the release of immunosuppres-
sive exosomes in leukemia/lymphoma cells (Hedlund et al.  2011 ). 

 Some proteins secreted from exosomes are responsible for antitumor responses. 
Heat shock protein (Hsp) is one of the major proteins fi guring in exosome-related 
antitumor response. In human hepatocellular carcinoma cells, resistance to anticancer 
drugs was shown to enhance the release of exosomes by Hsp (Lv et al.  2012 ). p53, 
which is mutated or lost in most tumors, promotes exosome production. p53 activa-
tion after DNA damage led to an increase in the amount of proteins that are secreted 
into the medium via exosomes (Yu et al.  2006 ). PTEN gene, which is usually local-
ized in the cytoplasm and nucleus, was found to be secreted in exosomes (Putz et al. 
 2012 ). In recipient fi broblasts, PTEN hinders pAkt signaling, which leads to inhibi-
tion of cell proliferation. Thus, tumor suppressor genes can be used to target tumor 
bearing cancer cells, and induce immune responses by  exosome- mediated delivery.  

2.4     Exosome-Mediated Drug Delivery 

 Having the capacity to carry genetic material, exosomes are promising tools for drug 
delivery. Drugs delivered by an exosomal delivery vehicle are more stable and more 
highly concentrated in the blood than drugs delivered by other such carriers (Sun 
et al.  2010 ). Exosomes have been studied as drug carriers for many pathological con-
ditions such as cancer and infl ammatory diseases (Sun et al.  2010 ; Ohno et al.  2013 ). 
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Exosomes provide target specifi city, directing the drug only to abnormal cells, 
and thus decreasing the drug’s toxicity. Most of the cancer chemotherapeutic agents 
act on tumor cells by inducing DNA damage. While normal cells can escape 
from these agents by inducing cell cycle arrest as a response to DNA damage, treat-
ments that are too aggressive or prolonged can damage normal cells. Therefore, 
innovative treatments for cancer must have substantially less toxicity than current 
therapeutic agents. 

 Exosomes generated from monocyte-derived dendritic cells, which contain 
MHC-I and MHC-II antigens, were shown to be potent activators of T cells through 
antigen presentation (Hsu et al.  2003 ). Exosomal delivery was shown to enhance the 
anti-infl ammatory activity of curcumin in a mouse model of lipopolysaccharide- 
induced septic shock (Sun et al.  2010 ). In this study, in order to incorporate cur-
cumin into exosomes, curcumin–EL-4-derived exosome mixture was prepared at 
22 °C and then, sucrose gradient centrifugation was applied. The fraction corre-
sponding to a yellowish band was designated as the exosomal curcumin. This study 
demonstrated that curcumin delivered by exosomes is more stable and achieves 
higher concentrations in the blood than curcumin administered by other means. By 
targeting the infl ammatory cells only, undesired off-target effects are eliminated. 

 Exosomes have been used successfully for in vivo and in vitro delivery of small- 
interfering RNA (siRNA) (El-Andaloussi et al.  2012 ). siRNA delivery was achieved 
in the brains of mice by using neuron-specifi c RVG peptide3-targeted exosomes 
through loading of exogenous siRNA into exosomal membrane protein Lamb2 
(Alvarez-Erviti et al.  2011 ). They performed exosome loading using 12 μg exo-
somes and either 400 nmol or 12 μg of siRNA for cell culture and in vivo injections. 
The exosome–siRNA mixtures were electroporated in a cuvette. For the in vivo 
experiments, 150 μg exosomes-encapsulated siRNA resuspended in 80 μl of 5 % 
glucose was injected i.v to the C57BL/6 male 8- to 10-week-old mice. 

 In vitro exosome-mediated siRNA delivery was demonstrated by knockdown of 
the RAD51 transcript in both HeLa and HT1080 cells. The exosomes caused selec-
tive silencing of the RAD51 gene in the target cancer cells, resulting in cell death 
(Shtam et al.  2013 ). In this study, siRNAs were loaded into exosomes by two 
approaches: chemical treatment and electroporation. For the chemical treatment, 
2 μmol/ml siRNA was fi rst mixed with Lipofectamine and incubated for 10 min at 
room temperature. Then, the resulting mixture was mixed and incubated with 300 μl 
of exosome suspension for an additional 30 min at room temperature. The resulting 
exosome–siRNA mixture was purifi ed by fi ltration. For electroporation, 300 μl of 
exosomes either derived from HeLa, HT1080, or ascitic fl uids was diluted in cyto-
mix transfection buffer and then mixed with siRNAs against RAD51 or RAD52. 
The mixtures were transferred into ice cold 0.4-cm cuvettes and electroporated. 
Exosome-mediated delivery of siRNA was also demonstrated in human mononu-
clear blood cells (Wahlgren et al.  2012 ). In that study, siRNA was introduced into 
human exosomes by electroporation, and these exosomes caused selective silencing 
of the MAPK1 gene in monocytes and lymphocytes. In another study, nanoparticles 
were used to deliver siRNA in conjunction with exosomes (van den Boorn et al. 
 2011 ). Exosomes have also been used to effi ciently deliver antitumor miRNA to 
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cancer cells. Ohno et al. ( 2013 ) intravenously injected exosomes targeting EGFR to 
epidermal growth factor receptor (EGFR)-expressing breast cancer cells. Let-7a 
loaded GE11-positive exosomes effi ciently delivered their cargo to EGFR- 
expressing tumors. However, there are a number of challenges that need to be over-
come. So far, the incorporation effi ciencies of functional proteins or nucleic acids 
into exosomes are low. Incorporation of multiple proteins is a complicated process. 
In addition, exosomal components that are required for the assembly of functional 
drug delivery systems have not been identifi ed. 

 A novel study used an exosome mimetic to deliver chemotherapeutics for the 
treatment of malignant tumors (Jang et al.  2013 ). These authors showed that 
exosome- mimetic nanovesicles that targeted endothelial cells were produced from 
either macrophages or monocytes. They also found that the exosome-mimetic 
nanovesicles loaded with doxorubicin reduced tumor growth to the same extent as 
20-fold higher doses of free drug and were similarly effective in treating tumors 
in vivo as exosomes loaded with doxorubicin.  

2.5     Exosomes as Biomarkers 

 Extensive miRNA profi ling of circulating tumor exosomes has been undertaken. 
Samples taken from body fl uids, either urine or plasma, revealed many exosomal 
proteins or miRNAs involved in pathological conditions such as breast cancer, pros-
tate cancer, ovarian cancer, and liver disease due to high alcohol consumption 
(Wittmann and Jaeck  2010 ; Corcoran et al.  2011 ; Li et al.  2009 ; Bala et al.  2012 ). 

 Quantitative reverse-transcriptase polymerase chain reaction (RT-PCR) studies 
that compared miRNA expression in tumor and normal tissues revealed many circu-
lating miRNAs in the serum that can be used as diagnostic markers for various 
cancer types. miRNA profi les for several types of cancers also have been analyzed. 
For instance, altered levels of miR-155 were found in the plasma of patients with 
B-cell lymphoma, breast, ovarian, or pancreatic cancer (Lawrie et al.  2008 ; Zhu 
et al.  2009 ; Wang et al.  2009 ; Resnick et al.  2009 ). miR-21 is also not only highly 
abundant in patients with B-cell lymphoma (Chen  2005 ) but also is elevated in the 
plasma of patients with pancreatic, gastric, or ovarian cancer (Resnick et al.  2009 ; 
Wang et al.  2009 ; Tsujiura et al.  2010 ). However, the abundance of miRNAs in 
exosomes may not always correlate with the amount of miRNAs of the cells from 
which the exosomes originate. In ovarian cancer cells, the let-7 miRNAs were found 
to be more abundant in OVCAR-3 cell than SKOV-3 cells, whereas let-7 family 
miRNAs were found to be more abundant in exosomes from SKOV-3 than OVCAR-3 
cells. miR-200 was only identifi ed in OVCAR-3 cells and corresponding exosomes 
from this cell line (Kobayashi et al.  2014 ). 

 Some exosome-based diagnostic assays are commercially available for clinical 
use; these include ExoTEST (HansaBioMed, Estonia) and EXO50-60-70 (Exosome 
Diagnostics Inc., New York, NY, USA) for use in plasma, serum, and cerebrospinal 
fl uid (CSF) specimens. ExoTEST is a sandwich ELISA developed to capture and 
quantify exosomes in human plasma and other body fl uids, as well as in cell culture 
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supernatants. This method couples an exosomal protein (such as tetraspin molecule 
CDC63) with a tumor-specifi c marker (Logozzi et al.  2009 ). EXO50 enables the 
extraction of RNA from microvesicles in plasma/serum (Exo50), CSF (Exo60), 
and urine (Exo70).  

2.6     Isolation of Exosomes 

 Exosomes are isolated from body fl uids such as plasma, serum, or ascites, mainly 
by one of the three approaches: (1) ultracentrifugation, (2) size exclusion chroma-
tography, and (3) antibody-coupled magnetic beads (DynaBeads). These methods 
isolate exosomes for downstream processing such as identifi cation of specifi c RNA 
populations by quantitative RT-PCR profi ling or identifi cation and analysis of spe-
cifi c marker proteins by microarray profi ling. A fourth method, ExoQuick precipita-
tion, is performed with a commercial kit. ExoQuick precipitation was found to yield 
greater quantity and purity of exosomal RNA and proteins than the other three 
methods (Taylor and Gercel-Taylor  2008 ). 

 The ultracentrifugation method, as the name implies, is based on centrifugation 
of exosomes at high speeds such as 100,000 g  for 1 h. After the fi rst centrifugation, 
the pellet is resuspended with appropriate buffer and then subjected to centrifuga-
tion again at 100,000 g  for an additional hour. The resulting pellet contains exo-
somes. For size exclusion chromatography, aliquots of body fl uid samples are 
applied to a 2 % agarose-based gel column. The column is eluted with phosphate- 
buffered saline solution at a certain fl ow rate and monitored at 280 nm, and fractions 
are collected. The void volume fractions are pooled and subjected to centrifugation 
at 100,000 g  for 1 h (Taylor and Gercel-Taylor  2008 ). The DynaBeads method is 
based on coupling of magnetic microbeads with anti-epithelial cell adhesion mole-
cule (EpCAM). Exosomes from epithelial tumors express EpCAM on their surface. 
Therefore, tumor-derived exosomes can be specifi cally isolated by modifi ed mag-
netic activated cell sorting (MACS) using EpCAM. For this method, serum samples 
are incubated with anti-EpCAM coupled to magnetic microbeads. An LD micro- 
column is placed in the magnetic fi eld of a MACS separator and the column is 
rinsed. The magnetic immune complex is applied onto the column and then washed. 
The specifi cally selected exosomes can be recovered by removing the column from 
the separator. The magnetically labeled exosomes are obtained by applying the 
plunger. The isolated exosomes/microbeads are subjected to centrifugation to sepa-
rate the microbeads from the exosomes. The exosomes (supernatant) are then sub-
jected to centrifugation at a high speed.  

2.7     Conclusion 

 The underlying mechanisms of exosome interaction with the body environment are 
not well understood. Plasticity might be involved, in conjunction with the known 
communication mechanisms to explain intracellular cell traffi cking. Whether the 

2 The “EX” and the “SOMA”: How They Communicate



58

specifi city of exosomes is determined at the system level or molecular level is still 
being interrogated. Specifi city may be determined at the biogenesis of the vesicle, 
when the vesicle coat is formed by the interaction of clathrin and its corresponding 
effector protein; these proteins are present in various subunits and are localized to 
different compartments of the cell. Rab localization in the cell may also bring speci-
fi city to exosome release. Moreover, SNARE proteins, which were shown to be 
functional only if assembled with the correct subunits (Scales et al.  2000 ), may 
provide a model for understanding this specifi city. Calcium ions, which regulate 
membrane fusion, might be the key regulator of exosome–cell communication. 

 The potential use of exosomal miRNA (exRNA) may open a new era of cancer 
therapeutics. As we improve our understanding of cell–exosome–cell communica-
tion and the role of exRNA in cellular and body functions, this may become a real-
ity. Nevertheless, the success for both diagnosis and treatment of the cancer needs 
more understanding of the interactions of nucleic acid or protein contents in tumor 
microenvironment and the mechanisms explaining how they migrate to distant cells. 
Thus, this young area of research needs to mature as more exosomal diagnostic and 
therapeutic approaches go into applications. How exosomes communicate within 
the microenvironmental structures and distant sites is a challenge at present. 
Elucidation of such mechanisms will lead to a better understanding of cellular com-
munication and the potential of using exosomes as delivery systems.     
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    Chapter 3 
   Polymeric Nanocarriers for Cancer Therapy 

             Peng     Mi      and     Nobuhiro     Nishiyama   

3.1            Introduction 

 Cancer has become one of the top threats to people’s health with a rapid disease rate 
and a huge number of lethal worldwide; thus, the control of cancer has become an 
urgent mission but still quite challenging. Many efforts have been made for cancer 
treatments, including surgical treatment, radiotherapy, and chemotherapy. 
Chemotherapy is a common method for cancer treatment accompanying with other 
cancer treatment methods, but is limited by unfavorable pharmacokinetics of small 
molecular therapeutic compounds. Conventional anticancer drugs exhibit fast clear-
ance in circulation and systemically disperse in the body, resulting limitation in 
their effi cacy and considerable toxicity to normal organs. Therefore, it is desirable 
to develop “dream drugs” targeting only the disease sites. Loading therapeutic com-
pounds to nanocarriers has emerged as one approach to overcome the limitations of 
conventional therapeutic compounds, expecting reduced side effects, enhanced 
therapeutic effi cacy, and improved dosing compliance (i.e., decrease the frequency 
and dose of administration) (Langer  1998 ). 

 In the recent 20 years, with the advance in nanotechnology, nanoscaled drug 
vehicles were designed and developed to deliver therapeutic compounds to tumor 
sites in a cancer-selective manner, demonstrating their promises in clinical applica-
tion (Ferrari  2005 ; Davis et al.  2008 ; Peppas  2013 ; Peer et al.  2007 ; Kataoka et al. 
 2001 ; Cho et al.  2008 ; Matsumura and Kataoka  2009 ). Generally, polymeric 
nanoparticles with a size around 100 nm, which are formed from natural or syn-
thetic polymers, have been considered as a platform to transport drugs for cancer 
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targeting (Duncan  2006 ). Polymeric nanoparticles with a payload of imaging 
probes, low-molecular-weight drugs or emerging biomedicines, for instance, pro-
teins (antibodies) and small interfering RNA (siRNA) could signifi cantly optimize 
the results of cancer diagnosis and therapy (Cabral et al.  2011a ; Ferrari  2005 ). The 
therapeutic compounds are incorporated into the core of polymeric nanoparticles, 
protecting the drugs from metabolism by enzymes and avoiding interaction with 
healthy tissue and organs (Brewer et al.  2011 ). Polymeric nanoparticles can improve 
drug circulation half-life to maintain a therapeutic drug level as a result of decreased 
renal secretion and hindered uptake by the reticuloendothelial system (RES). The 
surface coating a poly(ethylene glycol) (PEG) shell to protect from interaction with 
plasma proteins is important for avoiding their recognition by the RES (Kaul and 
Amiji  2002 ; Jokerst et al.  2011 ; Li and Huang  2009 ; Otsuka et al.  2012 ). Polymeric 
nanoparticles could passively accumulate and retain in the malignant tissues char-
acterized by the leaky vasculature and impaired lymphatic drainage, which is known 
as the enhanced permeability and retention (EPR) effect (Matsumura and Maeda 
 1986 ; Chauhan and Jain  2013 ). In the tumor microenvironment, polymeric nanopar-
ticles could actively target tumor cells by decorating targeting ligands on their sur-
face, which could specifi cally bind with various receptors overexpressed on each 
type of tumor cells (Davis et al.  2008 ; Byrne et al.  2008 ; Kamaly et al.  2012 ). Until 
polymeric nanoparticles access to the cancer sites, the encapsulated therapeutic 
compounds can be released from vehicles in a sustained manner within a therapeu-
tic window or in response to internal or external stimulus unique to the target sites. 
The constituent polymers of nanoparticle are generally degraded and gradually dis-
appear after the delivery, which might make polymeric nanoparticles as an attractive 
carrier for drug delivery (Jeong et al.  1999 ; Soppimath et al.  2001 ). Thus, polymeric 
nanoparticles have been attracting great interests from both academic and industry, 
so that several polymeric nanoparticle-based anticancer drugs are under the clinical 
study or have already been approved for clinical use (Table  3.1 ).

   In this chapter, we will focus on the design and development of polymeric 
nanoparticles incorporating therapeutic compounds for cancer therapy. The way of 
design and preparation of polymeric nanoparticles for drug delivery and how those 
nanoparticles overcome multiple biological barriers are highlighted. Finally, the 
strategies of applying polymeric nanoparticle-based drug delivery system for cancer 
therapy are summarized.  

3.2     Design and Preparation of Polymeric Nanoparticles 
for Cancer Therapy 

3.2.1     Design and Structure of Polymeric Nanoparticles 

 Polymeric nanoparticles, mostly with a size arrange from 10 to 100 nm, as a plat-
form for drug delivery system should satisfy several requirements. Thus, from the 
initial design of nanoparticles, many factors need to be considered, such as safety, 
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biocompatibility, stability, and even the loading effi cacy (Fig.  3.1 ) (Elsabahy and 
Wooley  2012 ). A myriad of polymeric blocks with different biochemical properties 
are designed and synthesized for building nanoparticles, and some of those poly-
mers have been already approved by the US Food and Drug Administration (FDA) 
for clinical applications, such as PEG (Otsuka et al.  2012 ) and poly( D , L -lactide- co - 
glycolide ) acid (PLGA) (Danhier et al.  2012 ) due to their biodegradability and bio-
compatibility, and some other polymers are under preclinical testing or in clinical 
trial. Therapeutic compounds are generally incorporated in the core of polymeric 
nanoparticles and shielded with protecting polymers. Hydrophobic, cationic, or 
environment-responsive polymeric blocks are usually used to form the core of poly-
meric nanoparticles loaded with delivering cargoes. The incorporated therapeutic 
compounds could be released from the core of nanoparticles at specifi c sites, being 
triggered by external or internal stimulus such as pH, temperature, redox potential, 
enzymatic or oxidative reactions, and so on. The shield polymer layer of nanopar-
ticles is generally constructed with neutral, hydrophilic, and fl exible polymer blocks 
such as PEG, which can avoid the interaction with enzymes and proteins in blood-
stream and the recognition by RES in several organs, showing the prolonged blood 
circulation (stealth property). In order to achieve specifi c and enhanced therapeutic 

Cleavable linkers
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Poly(acrylic acid)
pH-responsive

Poly(carboxybetaine
methacrylate)

(a) Shell-forming
polymer:
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Bio-reductive
Hydrazone
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Thiopropionate
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(c) Targeting ligand:

Small molecules:
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growth factors, vitamins,
phenylboronic acid

Biomacromolecules:
antibodies, antibody fragment
aptamer, protein, peptide

(d) Core-forming polymer:
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Biodegradable hydrophobic
Approved by FDA

Poly(D,L-lactide)
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  Fig. 3.1    Various types of building polymeric blocks ( a ) and the composition of multifunctional 
nanoparticles ( b ) for drug delivery       
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effi cacy, targeting ligands are decorated on the outer shell of polymeric nanoparti-
cles, such as antibody and its fragments, peptide, and other molecules which specifi -
cally interact with tumor cells while sparing normal cells. Moreover, introduction of 
cleavable linkages for drug conjugation can improve the loading effi cacy and the 
stability of polymeric nanoparticles until arriving at the targets. Indeed, a wide 
range of therapeutic components including imaging contrast agents, anticancer 
drugs, nucleic acids, or antibodies could be simultaneously incorporated into single 
platform nanoparticles, achieving multifunctions such as diagnosis and therapy 
(Zhang et al.  2007 ; Saad et al.  2008 ; Kaida et al.  2010 ). But co-delivering of multi-
components in the same nanoparticles may make it diffi cult to control the dose of 
each component. Also, the synergistic effects on potential side effects should be 
considered in the co-delivery strategies.

3.2.2        Methods for Preparing Polymeric Nanoparticles 

 Polymers, which fulfi ll the requirements for biomedical applications and assemble 
to nanoparticles, are obtained from natural resources, including chitosan, alginate, 
albumin, and gelatin, and synthetic polymers such as PLA, PLGA and poly(epsilon- 
caprolactone) (PCL) homopolymers and PEG-PLA, and PEG-PLGA and PEG-PCL 
block copolymers. The therapeutic compounds are dissolved, entrapped, encapsu-
lated, or conjugated to the matrix of polymers described above, and depending on 
the method of preparation, nanoparticles, nanospheres, or nanocapsules can be 
obtained. A number of methods are applied to prepare size-controlled and well 
morphology- defi ned polymeric nanoparticles, including self-assembly, emulsifi ca-
tion, nanoprecipitation, and mechanical method (Soppimath et al.  2001 ; Vauthier 
and Bouchemal  2009 ; Zhang et al.  2011 ; Rao and Geckeler  2011 ). If defi ned with 
the start materials for preparation, there are two routes to obtain polymeric nanopar-
ticles: one route starts with polymers and drugs or drug-conjugated polymers to 
produce polymeric nanoparticles and the other route starts with monomers to 
polymerize by the interfacial or radical reaction during preparation procedures. 

 Self-assembly is a procedure of building various complex architectures in nature. 
Synthetic polymers from a wide range of monomers can also self-assemble and 
construct polymeric nanoparticles with variable size and shape (Simon  2013 ; 
Grzelczak et al.  2010 ). Amphiphilic block copolymers, which are composed of two 
distinct polymer chains with a large solubility difference, are widely used to form 
nanostructures in an aqueous medium (Kataoka et al.  2001 ). The self-assembly of 
polymeric nanoparticles is generally proceeded through the combination of inter-
molecular forces, including hydrophobic interaction, electrostatic interaction, metal 
complexation, and hydrogen bonding of constituent polymers. The hydrophilic 
polymeric blocks with a fl exible nature are forming the shell of polymeric nanopar-
ticles, and the highly dense shell could achieve effective steric stabilization propen-
sities. In this way, anticancer drugs (Kataoka et al.  2001 ; Uchino et al.  2005 ; 
Plummer et al.  2011 ; Nishiyama and Kataoka  2006 ; Nishiyama et al.  2003a ), 
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nucleic acid (Miyata et al.  2012 ; Kataoka and Harashima  2001 ; Nishiyama et al. 
 2005 ), antibodies (Lee et al.  2007 ,  2008 ,  2009 ,  2010 ; Lee and Kataoka  2009 ), pho-
tosensitizers (Nishiyama et al.  2003b ,  2005 ,  2006 ,  2007 ,  2009 ; Ideta et al.  2005 ; 
Jang et al.  2006 ; Zhang et al.  2003 ), and imaging agents (Cabral et al.  2011a ; Mi 
et al.  2013 ; Kaida et al.  2010 ) could be incorporated into polymeric nanoparticles 
through the self-assembly in aqueous media. Besides, polymers can form nanopar-
ticles by the layer-by-layer methods, in which polycationic and polyanionic poly-
mers are alternately self-assembled through the electrostatic interactions (Ai et al. 
 2003 ; Poon et al.  2011 ; Hammond  2012 ). Self-assembly could be used to prepare 
bulk amount of polymeric nanoparticles for drug delivery, and this procedure is eas-
ily applied for industry because of its spontaneous manufacturing procedure, easy 
size, and morphology control. Furthermore, self-assembly also exists in many prep-
aration methods including nanoprecipitation, emulsifi cation/solvent evaporation, 
salt-out method, etc., and has been found to be appropriate for several applications 
in nanotechnology, including detergents, paints, electronics, cosmetics, lubricants, 
tissue engineering, and drug delivery, according to the function of nanostructures. 

 Emulsifi cation is a traditional technique for pharmaceutical engineering of for-
mulation, and it also could be utilized for preparing polymeric nanoparticles (nano- 
emulsions) in the way of single emulsion (oil in water: O/W or water in oil: W/O) 
and double emulsion (W/O/W) (Fig.  3.2 ). Polymeric nanoparticles made by emulsi-
fi cation mainly depend on the conditions of polymer blocks, drugs, and the degree 
of miscibility of the oil phase with the water phase. In the single emulsion (O/W) 
method, the loading drugs can be dispersed in organic phase containing polymer or 
surfactant and mixed with aqueous phase containing stabilizer to make O/W emul-
sions. Polymeric nanoparticles could be obtained after solvent evaporation, and it 
could be disposed in aqueous solvent, for instance, PLA-PEG and PLGA-PEG 
nanoparticles are obtained by this method (Avgoustakis  2004 ). Different from single 
emulsion method, double emulsion (W/O/W) is generally used to encapsulate 

  Fig. 3.2    Structures of block copolypeptides and emulsifi cation procedures to make nanoparticles: 
( a ) K  x  ( rac -L)  y  , ( b ) K  x  L  y  , and ( c ) emulsifi cation procedure used to generate both simple and double 
emulsions. Step (i), ultrasonic or handheld homogenization; step (ii), microfl uidic homogeniza-
tion.  Yellow  represents the oil phase and  blue  the aqueous phase containing block copolypeptide–
surfactant (reprinted from Deming et al.  2008 )       
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 hydrophilic drugs. The fi rst step is to disperse drugs in aqueous phase and then mix 
with organic phase containing hydrophobic polymers and stabilizers in each phase to 
make W/O emulsion. Then   , the W/O emulsion is dispersed in water phase containing 
hydrophilic polymers and stabilizers to make W/O/W emulsion, and polymeric 
nanoparticles fi nally obtained by solvent evaporation, such as PLA nanoparticles 
incorporating BSA were obtained by this method (Wang and Uludag  2008 ). Recent 
research demonstrated that amphiphilic copolymers or single-component block 
copolypeptides can be utilized as stabilizer or surfactant to form nanoparticles with-
out conventional ingredients of stabilizer and surfactant (Deming et al.  2008 ). The 
emulsifi cation method requires individual two phases (organic phase and aqueous 
phase) containing polymers and drugs for nanoparticle preparation, involving addi-
tives of surfactants or stabilizers, which are important for controlling the size and 
morphology and enhancing the stability of obtained products. However, this method 
makes the purifi cation as an important procedure to remove the organic solvent, extra 
stabilizers and surfactants because some of those show potential toxicity.

   Nanoprecipitation is also called solvent displacement method, which is initialed 
by Fessi et al. ( 1989 ) for the preparation of indomethacin-encapsulated PLA nano-
capsules. In this method, hydrophobic drugs and polymers are generally dissolved in 
organic solvent and then dispersed into bulk mount of aqueous solution under stir-
ring. The rapid disperse of organic phase to aqueous phase results in the decrease of 
interfacial tension between the two phases, which form small organic drops contain-
ing polymers and drugs by precipitation and self-assembly in aqueous solvent. 
Nanoparticles or nanospheres could be obtained after removal of the organic solvent 
(Mishra et al.  2010 ), such as cisplatin- and docetaxel-co-loaded PLGA and PLA 
polymeric nanoparticles are prepared by nanoprecipitation for co-delivering antican-
cer drugs to prostate cancer cells with synergistic cytotoxicity (Kolishetti et al.  2010 ). 

 Particle replication in non-wetting templates (PRINT) is a mechanical approach 
capable of producing monodisperse nanoparticles incorporating drugs with well- 
defi ned size, shape, and modulus (Fig.  3.3 ) (Perry et al.  2011 ). In this method, fi rstly 
cast solution containing polymers and drugs on a polyethylene terephthalate (PET) 
substrate using a Mayer rod to help disperse and remove the solvent by heat. Then, 
the obtained drug and polymer layer are covered with a perfl uoropolyether elasto-
meric mold with different size and shape of cavities on it, and nanoparticles are 
fabricated by passing through a heated nip and split. Finally, nanoparticles are har-
vested by contacting with a high-energy fi lm and passing through the heated nip 
without splitting, cool down. This method also could be used to prepare layer-by- 
layer functionalized nanoparticles (Morton et al.  2013 ). PRINT method for prepar-
ing polymeric nanoparticles with high throughput continues producing high-yield 
and well-morphology control, but this method may have higher requirements of 
equipment and templates used during manufacturing procedures.

   Microfl uidics is another mechanical method used for preparing nanoparticles, 
which could prepare nanoparticles by single emulsion or double emulsion from 
aqueous phase and organic phase in microfl uidic devices (Capretto et al.  2013 ; Rhee 
et al.  2011 ; Karnik et al.  2008 ). The size and morphology could be defi ned by han-
dling the fl ow parameters of microfl uidic devices, and double emulsion could be 
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obtained by the linking of multistage microfl uidic devices (Utada et al.  2007 ). 
Higher drug encapsulation could be achieved by this method without increasing the 
size of nanoparticles, and this method offers an easy way to control the manufactur-
ing procedures, which may fi nally control the size or shape of obtained polymeric 
nanoparticles. Recent progresses in microfl uidics are expected to improve the prep-
aration techniques of polymeric nanoparticles and accelerate their transition to clin-
ical test. Although    many of these microfl uidic systems are still under design and 
development, they have the potential to become widely applied, as they are eco-
nomical and reproducible, have modifi cations available, and can be integrated with 
other technologies (Valencia et al.  2012 ).   

3.3     Polymeric Nanoparticles Targeting Cancer 

3.3.1     Polymeric Nanoparticles for Passive Cancer Targeting 

 After systemic administration, polymeric nanoparticles incorporating therapeutic 
compounds can gradually enter the tumor sites from the leaky tumor vessels and 
retain there due to the aforementioned EPR effect, of which the procedure is called 
the passive targeting. Conventional free therapeutic compounds such as cisplatin, 
doxorubicin, and nucleic acids rapidly disperse to the whole body and cannot accu-
mulate in the tumor tissue effectively. Passive targeting is a general way for the 
tumor targeting using nanoparticles, and the fi rst passively targetable nanocarriers 
reached clinical trial in the 1980s and were commercialized in the middle of 1990s 
(Peer et al.  2007 ). Later, a myriad of nanocarriers based on this strategy have been 
applied for cancer-targeted therapy and diagnosis. Many efforts have been made to 
improve the targeting abilities of nanoparticles to malignant tumors. 

  Fig. 3.3    Schematic illustration of the PRINT process to produce polymeric nanoparticles ( a ) and 
obtain polymeric nanoparticles ( b ), such as 80 × 320 nm cylinders ( a ), 200 × 200 nm cylinders ( b ), 
1 μm sphere ( c ), 2 μm cubes with ridges ( d ), 200 × 600 nm cylinders ( e ), and 3 μm particles with 
center fenestrations ( f ) (reprinted from Perry et al.  2011 )       
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 In the passive targeting, several factors such as size, morphology, and surface 
properties should be important for the design and development of polymeric 
nanoparticles. Many researches revealed how these factors could infl uence on the 
tumor target ability of the nanoparticles, and “golden rules” from those researches 
pave the way of developing “ideal” polymeric nanoparticles and translating from 
bench to bedside. 

 The size of polymeric nanoparticles is a dominant parameter that can affect the 
cellular uptake rate, thereby directly affecting the blood circulation and tumor accu-
mulation of the nanoparticles. There are two major endocytic procedures by which 
particles enter cancer cells, i.e., phagocytosis and pinocytosis (Conner and Schmid 
 2003 ). Particles with a large size (>1 μm) are generally internalized by phagocyto-
sis, which is a specifi c process to typical phagocytic cells, such as macrophages, 
neutrophils, or dendritic cells. Polymeric nanoparticles enter cells mainly through 
pinocytosis, which can occur either via the adsorptive pinocytosis induced by non-
specifi c adsorption of nanoparticles to the cell membrane or via the receptor- 
mediated endocytosis of nanoparticles based on the interaction of the ligand-installed 
nanoparticles with the receptors on the cell surface. Recent research revealed that 
nanoparticles could control the cellular functions, and potentially kill cancer cells, 
by virtue of their size alone even without drugs (Ferrari  2008 ; Jiang et al.  2008 ). 
They found that nanoparticles with a size range of 40–50 nm exhibit the most effec-
tive interactions with breast cancer cells, while nanoparticles with a size of 200 and 
10 nm cannot be effectively taken up by breast cancer cells. Moreover, nanoparti-
cles decorated with Herceptin, a drug binding to ErbB2 receptors on breast cancer 
cells, showed higher cellular uptake than those without surface modifi cation. 

 Regarding the size of nanoparticles for the passive targeting, the upper size 
 limitation for extravasation into solid tumors has been suggested to be approximately 
400 nm, and it is generally observed that nanoparticles with a size smaller than 
200 nm can accumulate effectively within tumor tissues (Torchilin  2007 ). Recently, 
Kataoka et al. demonstrated that nanoparticles with the size smaller than 100 nm are 
suitable for the passive targeting of hypopermeable cancers such as pancreatic can-
cers. They studied the accumulation and therapeutic effects of the anticancer drug 
(1,2-diaminocyclohexane) platinum (II) (DACHPt) incorporating polymeric 
nanoparticles (DACHPt/m) with varying sizes such as 30, 50, 70, and 100 nm against 
two types of tumor models with different permeability, hyperpermeable murine 
colon adenocarcinoma 26 (C26) model and hypopermeable pancreatic adenocarci-
noma BxPC3 model (Fig.  3.4 ) (Cabral et al.  2011b ). The DACHPt/m with different 
sizes were obtained by self-assembly of DACHPt with the carboxylic groups of 
poly(glutamic acid) (P(Glu)) in PEG– b -P(Glu) and P(Glu), and the drug could be 
released in chloride ion-rich environments by ligand exchange (Fig.  3.4a ). 
Consequently, all DACHPt-loaded micelles showed penetrability and signifi cant 
antitumor activity against C26 tumors in vivo, but only the 30 nm-sized micelles 
showed deep penetration and signifi cant antitumor activity against BxPC3 pancre-
atic tumors. Other researches also revealed that nanoparticles with a smaller size could 
penetrate into deeper positions of tumor tissues (Fig.  3.4b, c ) (Popovic et al.  2010 ).

   In the past decades, the sophisticated polymer design has provided the possibility 
to constitute polymeric nanoparticles with various morphologies via self-assembly, 
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  Fig. 3.4    ( a ) Schematic showing DACHPt/m formed through the interaction between DACHPt 
and the carboxylic groups of poly(glutamic acid) ( green ) in PEG– b -P(Glu) and P(Glu). In aqueous 
media containing chloride ions, DACHPt ( yellow circles ) is released from the micelles through 
ligand exchange. ( b ) Microdistribution of fl uorescently labeled DACHPt/m ( red color ) of varying 
sizes in tumors; the blood vessels were marked with PECAM-1 to indicate the extensive distribu-
tion of blood vessels in C26 tumors and Alexa 488 secondary antibody ( green ). ( c ) Antitumor 
activities of DACHPt/m with different size against C26 and BxPC3 tumors (reprinted from Cabral 
et al.  2011b )       
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even though the majority of nanoparticles in drug delivery display spherical mor-
phology. Recent study reported that morphology of polymeric nanoparticles, also 
noted as shape and dimensions, is another factor that could impact the behaviors as 
drug vehicles (Venkataraman et al.  2011 ). Besides, spherical nanoparticles and 
other morphologies such as cylindrical or vesicular architectures are obtained by 
designing the polymer structure and their preparation procedure. It is generally 
found that spherical nanoparticles enter cells to a greater extent than do elongated 
cylindrical ones. And, the nonspherical shape of nanoparticles has been identifi ed 
as one of the key factors that affect biological behaviors of anticancer drugs such as 
cellular uptake and biodistribution. For example, Geng et al. ( 2007 ) constructed 
fi lamentous micelles (fi lomicelles) from the biodegradable PEG- b -PCL and the 
nonbiodegradable PEG- b -polyethylethylene and compared their biological proper-
ties with spherical micelles of similar chemistry (Fig.  3.6 ). Inert fi lomicelles, with 
a length of 18 μm and a cylinder diameter of 20–60 nm, persisted in the circulation 
for a prominently long time, up to 1 week after intravenous injection, which is 
about ten times longer than their spherical counterparts, due to the reduced rate of 
phagocytosis and clearance by the phagocytic system. The clearance of fi lomicelles 
also shows a strong dependence on the micellar length. For  L  o  up to 8 μm, longer 
fi lomicelles exhibit longer half-life of circulation after intravenous injection. In a 
fl uidic fl ow environment, smaller micelles and vesicles are captured more by cells 
than long fi lomicelles, which fl ow pass the cells easily only with occasionally 
uptake of a fragment. Interestingly, fi lomicelles have a higher accumulation in 
tumor sites via the EPR effect due to its long circulation property and it has better 
performance for deep penetration through tumor tissues. Finally, fi lomicelles incor-
porating paclitaxel demonstrated much better antitumor effi cacy than control, and 
longer size of fi lomicelles exhibited better antitumor activity than shorter ones. 
   Other researchers such as Wooley et al. (Zhang et al.  2008 ) and DeSimone et al. 
(Gratton et al.  2008 ) discovered similar phenomena that the morphology of poly-
meric nanoparticles has high infl uence on the cell uptake, i.e., smaller spherical 
nanoparticles were internalized by the cells more rapidly than longer cylindrical 
nanoparticles, and nanoparticles with the shape but with different ratio between 
height and diameter showed different cellular uptake. However, “stick” polymeric 
nanoparticles with extended circulation half-life require enough fl exibility or 
deformability and maintain the length of one dimension less than 200 nm to avoid 
blocking in the spleen or other tissues. 

 Polymeric nanoparticles with long circulation property could achieve high accu-
mulation in tumor sites by the EPR effect, and, therefore, the surface characteriza-
tion of nanoparticles is important for this besides the cellular bioavailability of 
cancer cells (Verma and Stellacci  2010 ). The charge property of nanoparticles can 
greatly affect the availability of nanoparticles at many aspects, including physical 
stability, interactions with extracellular matrix, stability during circulation, cellular 
uptake, and endocytosis (Verma and Stellacci  2010 ). Charged nanoparticles are 
easy to aggregate or interact with components of the extracellular matrix, resulting 
in their cell uptake ratio. After systemic administration, the charged nanoparticles 
are easy to undergo opsonization and aggregation with proteins in blood vessels, 
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leading to fast clearance from circulation. Therefore, nanoparticles with a hydro-
philic, neutral shell are generally acceptable for designing drug delivery system to 
achieve longer half-life by avoiding recognition by the RES. PEG is a neutrally 
charged polymer with biocompatible properties, thus providing suitable material for 
drug delivery (Otsuka et al.  2012 ; Jokerst et al.  2011 ). Drugs or drug-loaded poly-
meric matrix core is generally in the shield of PEG layer in polymeric nanoparticles, 
but the density of PEG on the particle surface is important (Fig.  3.5 ) (Owens and 
Peppas  2006 ). Low PEG density on the surface of nanoparticles sometimes failed to 
cover the entire core, and PEG chains are located closer to the particle surface, mak-
ing the shell thinner. High-PEG-density surface using longer PEG chains (generally 
the molecular weight of PEG is larger than 2,000) can make the shell thicker, allow-
ing long circulation of polymeric nanoparticles, because most of PEG chains 
“stand” on the surface of nanoparticles.

3.3.2        Polymeric Nanoparticles for Active Cancer Targeting 

 Although nanoparticles can access to tumor sites in a passive way of extravasation 
from the leaky tumor vasculatures, the cellular uptake of nanoparticles depends on 
tumor cells. In this regard, considerable efforts have been devoted to develop poly-
meric nanoparticles that could selectively and even specifi cally target cancer cells, 
of which procedure is called active targeting. A common approach of designing 
active targeting nanoparticles is to functionalize targeting ligands on the surface of 
nanoparticles. Nanoparticles presenting ligands on the surfaces have been designed 
to enhance their selective binding to specifi c receptors overexpressed on the target 
cells. This approach is benefi cial in terms of enhancing the possibility of cancer cell 
uptake of nanoparticles. 

 There are two ways of decorating ligands on the surface of nanoparticles. One 
way is to prepare polymeric nanoparticles directly from targeting ligand-conjugated 
polymers (Gu et al.  2008 ; Deshayes et al.  2013 ; Vachutinsky et al.  2011 ; Oba et al. 
 2007 ; Bae et al.  2005 ,  2007 ). The fi nal amount of ligands on the surface of polymeric 

  Fig. 3.5    Schematic diagram of PEG confi gurations on the upper hemisphere of a polymeric 
nanoparticle. ( a ) Low surface coverage of PEG chains leads to the “mushroom” confi guration 
where most of the chains are located closer to the particle surface. ( b ) High surface coverage and 
lack of mobility of the PEG chains lead to the “brush” confi guration where most of the chains are 
extended away from the surface (reprinted from Owens and Peppas  2006 )       
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nanoparticles can be managed by mixing different ratios of polymers with ligands 
and those without ligands during fabrication procedures. In this way, it needs to 
ensure that almost all of the ligands have fi nally appeared on the outer surface of 
nanoparticles, and it is not suitable for ligands with hydrophobicity or ligands that 
could easily interact with drugs or the core matrixes. Another choice is to decorate 
ligands on the surface of preformed nanoparticles and fi nally achieve different ratio 
of ligands by controlling the reactions (Kolishetti et al.  2010 ; Miura et al.  2013 ). 
This method could avoid side interactions of ligands during preparation procedures, 
and it is a promising way to decorate all of the ligands on the outer surface of drug 
delivery vehicles. 

 The amount of targeting ligands on the surface of nanoparticles is a key param-
eter for their cellular uptake, as the surface density of the receptor is low on normal 
cell and much higher on cancer cells; therefore, nanoparticles with multi-ligands on 
the surface have a higher affi nity to cancer cells than normal cells by ligand–recep-
tor interaction (Fig.  3.6 ) (Davis et al.  2008 ). The fi nal ligands ratio on the shell 
could be controlled by proper method as described above. For instance, aptamers 
(Apts)-conjugated PLGA- b -PEG polymers were fi rstly synthesized, and then mixed 
with different ratio of PLGA- b -PEG polymers to prepare docetaxel-incorporated 
nanoparticles, which were used for targeting prostate cancer (PCa) cells by binding 
to prostate-specifi c membrane antigen (PSMA) (Gu et al.  2008 ). The PSMA- 
targeting nanoparticles exhibited increased cellular uptake with higher amount of 
Apts density on the surface of nanoparticles when exposing to PCa cells that express 
the PSMA (LNCaP), while there was quite low cellular uptake of control cells lacking 

  Fig. 3.6    Nanoparticles with numerous targeting ligands can provide multivalent binding to the 
surface of cancer cells with high receptor density (reprinted from Davis et al.  2008 )       
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PSMA (e.g., PC3 cells). It is generally known that higher binding affi nity increases 
targeting effi cacy. However, it is worth noting that excessive decorating of ligands 
can reduce the targeting capabilities, and could decrease the ability of the nanopar-
ticles to bind to a fi nite number of receptors on cells (Ghosh et al.  2012 ). For in vivo 
testing on solid tumors, some researches revealed that high binding affi nity also can 
decrease the penetration of nanoparticles due to a “binding-site barrier,” where the 
nanoparticles bind to its target so strongly that penetration into deeper tumor tissue 
is prevented (Allen  2002 ).

   The targeting moieties generally used for active targeting can be separated to 
small molecules, proteins including antibody and their fragments, and nucleic acids. 
Antibody was fi rstly introduced for cancer targeting, and many kinds of antibodies 
and their fragments are available for clinical (Peer et al.  2007 ). In this regard, anti-
bodies with short length might be suitable for designing actively targetable drug 
vehicles because of relatively low immunogenicity, high stability, and easiness to 
conjugate to the shell of nanoparticles. Some peptides can selectively bind to spe-
cifi c receptors expressed on cancer cells such as cyclic arginine–glycine–aspartic 
acid (cRGD) sequence could bind to α ν  β  3  integrin receptor expressed on the surface 
of some cancer cells, and nanoparticles coated with cRGD could actively target 
solid tumors for chemotherapy (Miura et al.  2013 ) and gene therapy (Oba et al. 
 2007 ; Vachutinsky et al.  2011 ). Other peptides like LyP-1- and iRGD-modifi ed 
nanoparticles also have high affi nity to tumor cells and penetration in tumors, dem-
onstrating promising active targeting ability for cancer therapy (Park et al.  2010 ; 
Agemy et al.  2011 ). 

 Apts, single-strand of DNA or RNA oligonucleotides, holding the properties of 
small size, low immunity, and reproducible for synthesis, are used as targeting 
ligands for active targeting as shown in Fig.  3.9  and discussed above. Despite the 
diffi culty to produce antibodies at large quantities, Apts could be obtained in a 
   high- throughput way. However, as oligonucleotides, Apts might lack the thermal 
stability and degrade with exonuclease or endonuclease, which may affect their 
targeting effi cacy. 

 In addition to biomacromolecules such as antibodies and Apts, some small mol-
ecules are also useful as targeting ligands for active targeting, such as folic acid 
(folate), carbohydrate, growth factors, vitamins, and phenylboronic acid (PBA). 
Carbohydrates, which are displayed more frequently than protein oncogene markers 
in all tumor cells due to aberrant glycosylation, provide an exceptional target for 
active targeting. Sialic acid (SA) is one type of carbohydrates, which are overex-
pressed on cancer cells and closely related to cancer progression and metastasis. 
Recent study has demonstrated the active-targeting ability of PBA for selective rec-
ognition of SA overexpressed on the surface of cancer cells (Fig.  3.7 ) (Matsumoto 
et al.  2010 ; Deshayes et al.  2013 ). PBA-installed polymeric micelles incorporating 
the anticancer drugs DACHPt (PBA-DACHPt/m) exhibited higher cellular uptake 
by B16F10 murine melanoma cells. Further in vivo study revealed that PBA- 
DACHPt/m had higher retention in tumor tissues at 48 h post-intravenous injection 
and signifi cant antitumor activity against both of orthotopic and lung metastasis 
models of melanoma. Other small molecules, such as folate, also demonstrated 
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enhanced tumor targeting for effective cancer therapy (Werner et al.  2011 ; Bae et al. 
 2005 ,  2007 ).

   The benefi ts of using small molecules as targeting moieties are due to the easily 
accessible synthetic route, facile coupling to drug delivery systems, and a wide 
range of candidates available. However, the targeting selectivity or specifi city may 
not be an issue compared to antibodies. For example, SA is also present on red 
blood cells and the luminal surfaces of vascular endothelium, which may decrease 
the targeting effi cacy of polymeric nanoparticles with ligands for SA targeting. 

 Considering the insuffi cient targeting ability by utilizing one type of targeting 
ligands, nanoparticles with two or more kinds of ligands for recognizing different 
receptors on cancer cells were introduced as a new targeting strategy, which are also 
recognized as multi-targeting systems (TMS). Targeting ligands of TMS could inter-
act with multi-types of receptors overexpressed on the surface of one type of cancer 
cells or multi-types of cancer cells. This strategy would enhance the cellular recog-
nition and internalization. For instance, the combination of transferrin and antibody 
on polymeric nanoparticles can improve their in vitro targeting effi ciency and cyto-
toxicity, achieving higher tumor accumulation and enhanced therapeutic effi cacy 
compared to single ligand-targeted ones (Sawant et al.  2013 ; Saul et al.  2006 ).  

  Fig. 3.7    ( a ) Preparation of PBA-installed DACHPt-loaded micelles (PBA-DACHPt/m), ( b ) 
plasma clearance, ( c ) tumor accumulation and ( d ) antitumor activity against orthotopic B16F10 
tumors with oxaliplatin, DACHPt/m, and PBA-DACHPt/m (reprinted from Deshayes et al.  2013 )          
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3.3.3     Functional Design of Polymeric Nanoparticles 
for Tumor Targeting 

 Polymeric nanoparticles are also designed to control their dissociation and release 
of encapsulated payloads at specifi c sites or time intervals. The release of therapeu-
tic compounds could be remote controlled mainly responding to internal triggers 
(endogenous triggers) such as pH, redox, or enzyme, and external stimulus such as 
temperature, light, or ultrasound (Fig.  3.8 ) (Cheng et al.  2013 ).

   Solid tumors produce the weakly acidic environments (pH ~6.8) compared with 
solid tumors. The pH of endo-/lysosomal compartments of cells is different from 
physiological pH (pH ~7.4). Such decreased pH can provide a potential trigger to 
release drugs from the polymeric nanoparticles (Maxfi eld and McGraw  2004 ). The 
pH-responsive polymeric nanoparticles were prepared by conjugating drugs to poly-
mer matrix using acidic cleavable bonds. A variety of polymeric nanoparticles have 
been explored for achieving pH-responsive release. For instance, the pH- cleavable 
linkage (e.g., hydrazone) is used to conjugate doxorubicin with the PEG   -b   - P(Asp) 

  Fig. 3.8    Scheme of polymeric nanoparticles as emerging controlled drug release systems 
(reprinted from Cheng et al.  2013 )       
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copolymer, allowing the release of doxorubicin in the endo-/lysosomes (Bae et al. 
 2005 ). Moreover, the pH-responsive nanoparticles coated with the folate ligand 
could achieve dual functions for drug delivery, i.e., folate ligands can enhance the 
cellular uptake, and pH-responsive function could release doxorubicin selectively in 
the cancer cells (Bae et al.  2007 ). 

 Besides pH-responsive strategy, polymeric nanoparticles responding to other 
triggers were developed as well. For instance, redox-responsive polymeric nanopar-
ticles were prepared by disulfi de cross-linking of micellar core incorporating pack-
aged plasmid DNA (pDNA), and this system can dissociate to release pDNA in 
response to intracellular reductive condition (Miyata et al.  2004 ). Disulfi de cross- 
linked micelles achieved ~100-fold higher gene transfection effi cacy compared to 
non-cross-linked ones which were not stable at physiological ionic strength. 
Moreover, recently, the approach of PBA-assisted polyplex micelles is reported, 
where siRNAs serve as cross-linker via reversible complex formation between PBA 
and 1,2- or 1,3- cis -diols on a ribose ring. The polyplex micelles can be tailored to 
exhibit dramatic structural disruption, accompanying with the release of siRNAs in 
response to a change of ATP concentration (Fig.  3.9 ) (Naito et al.  2012 ). Nanoparticles 
also can release drugs with the stimuli of light, mainly due to the light irradiation 
that changed the properties of light-responsive agents incorporated inside nanopar-
ticles (Tong et al.  2012 ; Yan et al.  2011 ; Zhao  2012 ).

3.4         Strategies for Cancer Therapy Using Polymeric 
Nanoparticles 

3.4.1     Primary Cancer 

 Polymeric nanoparticles were initially designed and developed to treat primary 
tumors through the EPR effect. Polymeric nanoparticles are generally tested on sub-
cutaneous tumor models to verify its targeting ability and antitumor activities. 
Subcutaneous tumor models could be prepared by inoculating different kinds of 

  Fig. 3.9    Schematic illustration of the phenylboronic acid-modifi ed block copolymers for ATP- 
responsive siRNA delivery (reprinted from Naito et al.  2012 )       
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cancer cells subcutaneously on mice. It is a simple way to characterize the toxicity, 
blood circulation, tumor accumulation, and therapeutic effects of polymeric 
nanoparticles (Kwon and Kataoka  1995 ). Nanoparticles, with passive targeting 
(Jang et al.  2006 ) or active targeting functions (Vachutinsky et al.  2011 ; Miura et al. 
 2013 ; Deshayes et al.  2013 ), incorporating various therapeutic compounds such as 
siRNA (Kataoka and Harashima  2001 ) or anticancer drugs (Kataoka et al.  2001 ; 
Kaida et al.  2010 ), could be tested in a simple way using subcutaneous tumor mod-
els. For instance, cisplatin-incorporated polymeric micelle was tested on C26 sub-
cutaneous tumor models on CDF1 mice, demonstrating signifi cant antitumor 
effi cacy (Nishiyama et al.  2003a ). Another research based on HT29 or drug- resistant 
HT29 subcutaneous tumor models revealed that DACHPt/m nanoparticles can 
deliver drugs to the nearby nucleus of cancer cells, exhibiting higher antitumor 
activity even against drug-resistant tumors (Murakami et al.  2011 ). Some other 
researches tested on subcutaneous tumor models also revealed that actively targe-
table drug delivery systems showed higher antitumor activities than passive drug 
delivery systems (Vachutinsky et al.  2011 ; Deshayes et al.  2013 ; Miura et al.  2013 ). 

 Polymeric nanoparticles are also tested on orthotopic tumor models, wherever 
tumor grows in the organs usually happened in clinical, such as liver cancer, lung 
cancer, stomach cancer, etc. Therefore, most of those tumor models are inside the 
body, which are not suitable for investigation. Recently, imaging function was 
 introduced to nanoparticles for visible drug delivery and monitoring of the thera-
peutic procedures by imaging methods, which are termed “theranostics” (Cabral 
et al.  2011a ). For instance, MRI contrast agent diethylenetriaminepentaacetic acid 
gadolinium (III) (Gd-DTPA) and anticancer drug co-loaded polymeric nanoparti-
cles have been applied to treat orthotopic pancreatic tumor (BxPC3) (Kaida et al. 
 2010 ). The nanoparticles demonstrated signifi cant antitumor effects compared with 
free drugs, and the information of location and size of pancreatic tumor could be 
diagnosed by MRI. 

 Pancreatic tumors can spontaneously grow by utilizing transgenic mice, and this 
tumor models may be useful for preclinical evaluation of nanoparticles. According 
to recent study, DACHPt/m nanoparticles have enhanced the antitumor activity than 
oxaliplatin, and more importantly nanoparticles prolonged the survival of mice with 
spontaneous murine pancreatic tumors and prevented peritoneal metastasis in the 
body (Cabral et al.  2013 ).  

3.4.2     Metastatic Cancer 

 Metastatic cancer is a clinical description for the spread of cancer cells from the 
primary tumor sites to distant organs, establishing secondary tumor sites. Detachment 
of cancer cells from primary tumor sites and their circulation in the blood allow the 
cells to be arrested in organs such as lungs, liver, lymph nodes, kidneys, brain, 
colon, skin, and bones, where they can extravasate and proliferate (Chambers et al. 
 2002 ; Chiang and Massague  2008 ; Fidler  2003 ). Despite advances in the 
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understanding of the pathway of cancer cells to initiate metastasis and progress in 
early diagnosis, surgical treatments, new drugs for chemotherapy, and irradiation 
technologies, metastasis is responsible for as much as 90 % of cancer-associated 
mortality (Chaffer and Weinberg  2011 ). The treatment of metastasis is one of the 
greatest challenges in the decades, because it is limited by many factors, such as 
diffi culty to fi nd out all the metastatic tumor sites and remove all cancer cells by 
surgery and drug resistance to chemotherapy. Even worse, for many patients, by the 
time cancer is found, metastasis has already occurred, for example, over 80 % of 
patients diagnosed with lung cancer associated with metastatic cancer. Therefore, 
improved therapy of metastatic cancer is strongly demanded. Currently, chemo-
therapy, hormonal therapy, and radiation serve palliative purposes in the metastatic 
treatments, and some of them offer a modest but statistically signifi cant extension of 
survival (Steeg  2006 ). Recent achievements in nanotechnology especially in poly-
meric nanoparticles, for instance, early detection of metastasis, targeting small dis-
seminated malignant cells, and effective particle traffi cking to cancer cells, highlight 
new approaches to treat metastatic cancers (Schroeder et al.  2012 ). 

 In these decades, more and more researches in the fi eld of nanomedicine are 
focusing on developing nanoparticles for diagnosis and chemotherapy of metastatic 
cancers. For metastatic cancer treatment and therapy, diagnosis is essentially impor-
tant to fi nd metastatic lesions by some imaging methods and provide critical 
 information about locations and stages of metastasis. Those information is impor-
tant for some treatments, such as directed radiotherapy, require precise tumor loca-
tion, and the treatment plan depends on the stage of metastasis. Nanoparticles also 
were developed for cancer diagnosis to provide more precise diagnostic results of 
metastasis for further clinical treatments. Ultrasmall superparamagnetic iron oxide 
nanoparticles (USPIOs), such as Combidex, could help in the successful detection 
of lymph node metastases in patients with prostate cancer by magnetic resonance 
imaging (MRI) in clinical (Harisinghani et al.  2003 ). Iron oxide nanoparticles deco-
rated with some tumor cell-specifi c ligands, for instance, cRGD peptide, could tar-
get α ν  β  3  integrin expressed on the surface of some kinds of cancer cells for 
noninvasive diagnosis of primary tumor and liver metastasis (Peiris et al.  2012 ). 
Other inorganic nanoparticles, for instance, quantum dots (QDs) and silica nanopar-
ticles, also demonstrated high reliability for metastatic cancer detection (Voura 
et al.  2004 ; Tang et al.  2012 ), such as aptamer-functionalized, 25 nm silica nanopar-
ticles loading fl uorescence dye and radionuclide (e.g.,  64 Cu) for dual near-infrared 
(NIR) and positron emission tomography (PET) imaging of lymph node metastasis. 
Identifi cation of normal and cancer cells on its nature of different cell surfaces is a 
general strategy, and different cell types, such as normal, cancerous, and metastatic 
cells, could be distinguished in a rapid and effective way (Bajaj et al.  2009 ). 

 The properties of polymeric nanoparticles, such as size and surface charge, have 
major infl uence on its target ability to specifi c organs with metastasis, which is 
illustrated in Table  3.2 . The size of nanoparticle affects its ability to target specifi c 
organs, while surface properties of nanoparticles, especially with specifi c ligand 
conjugation, enhance the targeting effi cacy to tumor cells. Several studies revealed 
how those factors affect nanoparticles’ biodistribution and targeting effi cacy. For 
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example, 20 nm particles could access to lymph node metastasis, while 200 nm 
particles failed to target lymph node metastasis (Tang et al.  2012 ). Polymeric 
nanoparticles with a size of 30 nm, incorporating DACHPt, also demonstrated sig-
nifi cant antitumor activity against primary gastric cancer and its lymph node metas-
tasis (Rafi  et al.  2012 ). Lymph nodes play an important role in the immune response, 
thus metastasis is easily initiated in lymph nodes by the spread of cancer cells 
through the lymph network, causing further metastatic spread and poor patient sur-
vival (Moore et al.  1998 ). Therefore, the targeting lymph node should be primarily 
important to prevent metastasis and extend survival period.

   Chemotherapy of brain metastatic cancer has been limited by a lack of effective 
method to deliver therapeutic compounds to the lesions inside the brain due to the 
barriers of BBB, blood–cerebrospinal fl uid barrier, and blood–tumor barrier, further 
limiting effective chemotherapy (Lesniak and Brem  2004 ). Lipid nanoparticles 
could passively target the brain with their lipophilic features by the procedures of 
endocytosis (Kaur et al.  2008 ; Andrieux and Couvreur  2009 ). In most of the cases, 
polymeric nanoparticle surface decorated with peptide ligand could deliver chemo-
therapeutic agents to the brain after administration, for instance, cyclic RGD-linked 
polymeric micelles can deliver platinum anticancer drugs specifi cally to glioblastoma 

   Table 3.2    Properties of polymeric nanoparticles for targeting specifi c organs   

 Target organs  Size of nanoparticle  Surface property 
 Mechanical 
properties  References 

 Brain  5–100 nm, smaller 
size leads to higher 
uptake effi ciency 

 Lipophilic surface 
or lipid surface, 
ligand decorate, 
neutral charge 

 Leukocytes 
uptake 
nanoparticles 
and transport 
to brain 
metastasis sites 

 Miura et al. 
( 2013 ) 

 Lung  100 nm or above 
makes nanoparticles 
to be arrested in lung 
capillaries 

 Positive surface 
charge, surface 
with ligand 
decorate 

 Inhaled 
particles with 
low density 
(<0.4 g/cm 3 ) 
and large size 
(>2.5 mm) are 
also retained in 
the lung 

 Xu et al. ( 2012 ) 

 Liver  Around 100 nm or 
smaller 
nanoparticles target 
hepatocytes, above 
100 nm will uptake 
by Kupffer cells 

 Ligand decorating 
on the surface of 
nanoparticles 

 Nanoparticles 
are easily 
entrapped by 
macrophages 
in the liver 

 Peiris et al. 
( 2012 ) 

 Lymph node  3–40 nm, iv 
administration or 
local administration 

 Non-cationic, 
sugar-based 
nanoparticles 

 Nanoparticles 
can be taken 
up by 
macrophage or 
leukocytes and 
traffi cked to 
lymph nodes 

 Harisinghani 
et al. ( 2003 ) 
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through the BBB by intravenous injection (Miura et al.  2013 ). Moreover, glycopeptide-
installed polymeric nanoparticles could reach the target also after intraperitoneal, 
intranasal, and even oral administrations (Tosi et al.  2013 ). Polysorbate-80-coated 
poly(butylcyanoacrylate) (PBCA) nanoparticles could pass the BBB by receptor-
mediated endocytosis of the brain endothelial cells and deliver doxorubicin to brain 
tumors (Koo et al.  2006 ). The targeting peptide-coated polymeric nanoparticles 
loading imaging compounds such as MRI probe or dyes also could pass through 
BBB for diagnosis of brain metastasis (Veiseh et al.  2009 ; Qiao et al.  2012 ). 
Therefore, the receptor-mediated transport of drugs across the BBB will greatly 
enhance the therapy effi cacy of brain metastasis in the near future. 

 Polymeric nanoparticles are also applied to target other kinds of metastasis, such 
as lung metastasis and liver metastasis. Liver is a common organ with metastasis, as 
vascular is widely dispersed in liver tissue with low shear rates and accessible capil-
laries, which provide friendly “soil” for migrating cancer cells to “seed” (Fidler 
 2003 ). In spite of most of systemically administrated polymeric nanoparticles exhibit 
high uptake by the liver, generally it is captured in macrophages (Kupffer cells) that 
reside within and near vascular. Regarding this mechanism, some polymeric nanopar-
ticles deliver doxorubicin to generate gradient drug concentrations for a massive and 
prolonged diffusion of drugs towards the neoplastic tissue (Chiannilkulchai et al. 
 1990 ). Besides anticancer drugs, polymeric nanoparticles comprised of a core of 
high-molecular-weight linear polyethylenimine (LPEI) complexed with DNA and 
surrounded by a shell of PEG demonstrated effective gene therapy of malignant dis-
ease with liver and lung metastasis (Yang et al.  2013 ). The active targeting through 
the endothelial fenestrations to the liver metastasis has been facilitated via integra-
tion of ligand to the surface of nanoparticles for diagnosis and chemotherapy (Peiris 
et al.  2012 ; Zhao et al.  2013 ). Some polymeric nanoparticles have been further devel-
oped from beach to bedside, and recently FDA approved for paclitaxel albumin-sta-
bilized nanoparticle formulation, Abraxane ® , to treat metastatic pancreatic cancer 
and its liver metastasis. Like the liver, lung metastasis can be accessed by passive and 
target delivery of therapeutic agents with polymeric nanoparticles. PLGA nanopar-
ticles have been utilized to co-deliver paclitaxel and Stat3 siRNA to overcome cel-
lular resistance in lung cancer cells (Su et al.  2012 ). Delivering hedgehog pathway 
inhibitor    HPI-1 with polymeric nanoparticles can inhibit systemic metastasis includ-
ing lung metastasis in an orthotopic model of human hepatocellular carcinoma (Xu 
et al.  2012 ). Polymeric nanoparticles existing affi nity ligands outside such as PBA 
(Deshayes et al.  2013 ) and peptide (Sarfati et al.  2011 ; Wang et al.  2013 ) demonstrate 
effective therapy effect against lung metastasis or prohibit lung metastasis.   

3.5     Challenges and Future Perspectives 

 In these decades, polymeric nanoparticles with different types and targeting abilities 
have been designed and developed for delivering therapeutic compounds to malig-
nant tumor or metastatic tumors, and some of these formulations have been tested 
in preclinical, clinical, or approved for clinical applications. Great efforts on 
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polymeric nanoparticle-based drug delivery systems have improved pharmacoki-
netics, restrained side effects, increased targeting ability, enhanced cellular uptake, 
and fi nally signifi cantly promoted the anticancer activities surpassing free therapeu-
tic compounds. The exploration of polymeric nanocarriers has acquired the achieve-
ments including synthesized several materials for the application of drug delivery, 
designed many approaches for nanoparticle preparation, developed nanoparticles 
with different physicochemical properties and targeting abilities, revealed several 
impact factors of nanocarriers for drug delivery, found transporting mechanisms of 
nanocarriers in tumors tissues or cancer cells, and translated polymeric nanoparti-
cles from bench to clinical for cancer therapy. 

 Respecting progresses on polymeric nanoparticle-based nanomedicines has 
shown hopeful light on cancer therapy; there are still some practical limitations that 
may infl uence their fi nal applications, which need to be considered during the devel-
opment of novel drug delivery systems. The    limitations are varying from: (1) lack 
of proper safe, biodegradable, and biocompatible polymeric materials for drug 
delivery, and only several kinds of polymers are available in clinical until now; (2) 
advanced techniques for particle design and preparation are required for production 
in a large scale, including facile preparation and purifi cation; (3) demanding to 
screen more cancer cells or tumor microenvironments specifi c ligands for active 
drug delivery; (4) optimization of the biophysicochemical properties of polymeric 
nanoparticles to meet problems of low loading effi cacy, unreliable stability, short 
half-life, weak targeting effi cacy to tumors, diffi cult uptake by cancer cells specifi -
cally, poor penetrability in tumor tissues, and controlled release; (5) polymeric 
nanoparticles should be designed to avoid drug resistance, which was found to be a 
common phenomenon of most anticancer drugs; (6) effi cient gene delivery systems 
are required to deliver nucleic acids for gene therapy; and (7) translating more 
developed nanoparticle from bench to clinical for cancer therapy, as until now there 
are only tens of polymeric nanoparticles in clinical trial, regarding hundreds of pat-
ents issued and thousands of scientifi c papers published yearly. 

 We have the confi dence that more powerful and wonderful polymeric nanoparticle- 
based drug delivery systems will be designed and developed in the near future with 
the rapid scientifi c and technological advancements in the fi elds ranging from chem-
istry, materials, physics, biology to oncology. We are optimistically viewing that more 
and more nanocarriers will be translated from bench to clinical trial and will be fi nally 
approved for clinical applications to treat patients with cancer, to control cancer from 
progressing and metastasis, to extend their survival periods, or even to recover their 
health. Furthermore, nanoparticles could be further broadened its applications to treat 
other medical problems, such as cardiovascular disease and vaccines.     
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  MDR    Multidrug resistance   
  MLV    Multilamellar large vesicle   
  MMPs    Matrix metalloproteinases   
  MPS    Mononuclear phagocyte system   
  PEG- b -PDLA    Poly(ethylene glycol)- b -poly( D -lactic acid)   
  PEG- b -PLLA    Poly(ethylene glycol)- b -poly( L -lactic acid)   
  PEG-DSPE     Poly(ethyl glycol)-1,2-distearoyl- sn -glycero-3-phosphoethanolamine   
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  PFP    Perfl uoropentane   
  pHLIP    Low pH inserting peptide   
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  PNIPPAm    Poly( N -isopropylacrylamide)   
  RES    Reticuloendothelial system   
  REV    Reverse-phase evaporation vesicle   
  sPLA 2     Secretory phospholipase A 2    
  SUV    Small unilamellar vesicle   
  TEM    Transmission electron microscopy   
  TfR    Transferrin receptor   
  uPA    Urokinase plasminogen activator   
  uPAR    Urokinase plasminogen activator receptor   
  VEGFR    Vascular endothelial growth factor receptor   

4.1          Introduction 

 In recent years, the medical application of nanotechnologies, usually termed nano-
medicine, has given a crucial impulse to the development of drug discovery and 
delivery. In particular, nanomedicine plays a pivotal role in the treatments of cancer 
owing to the presence of numerous oncologic characteristics, e.g., enhanced perme-
ability and retention (EPR) effect in solid tumors (Lindner et al.  2004 ), and overex-
pression of receptors or antigens on tumor cells. Nanomedicine also expands the 
application of antineoplastics by elevating solubility of hydrophobic payloads, stabi-
lizing the degradable agents (such as proteins, peptides, and genetic materials), and 
enhancing intracellular drug delivery effi ciency. Among the numerous classes of 
materials employed for cancer therapy, self-assembly systems such as liposomes and 
polymeric micelles have attracted extensive attention because of the fl exibility of 
drug loading and ease of functionalization, among many others. In this chapter, we 
emphasize on the targeted liposomes and polymeric micelles for cancer therapy. 

 Liposomes, which were fi rst described by Alec Bangham in 1961 (Bangham and 
Horne  1964 ), are artifi cially prepared vesicles composed of lipid bilayer. Liposomes 
can be classifi ed according to their lamellarity, where unilamellar vesicles comprise 
one lipid bilayer and contain large aqueous internal phase, and multilamellar vesi-
cles consist of several concentric lipid bilayer with micron size. Liposomes form 
spontaneously when certain lipids are hydrated in aqueous media. Biocompatibility 
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of lipids broadens the biomedical applications of liposomes. As drug carrier, 
 liposomes are ideal delivery systems for encapsulating different kinds of payload 
with high capacity. They can entrap hydrophilic (or amphiphilic) pharmaceutical 
agents in their internal aqueous compartment and hydrophobic (or amphiphilic) 
drugs into the lipid bilayer. Liposomes are not only drug carriers to assist delivery 
but also protecting barriers that prevent the pharmaceutical agents from inactivating 
effects. Liposomes can be taken up by cells through specifi c pathways, such as 
membrane fusion and endocytosis, providing unique opportunity to accomplish 
intracellular drug delivery (Torchilin  2005 ). During the past several decades, consid-
erable progress has been witnessed and some liposomal formulations have been in 
clinical use for cancer therapy (O’Brien et al.  2004 ; Boulikas  2009 ; Zhang et al. 
 2008 ; Gelmon et al.  1999 ; Guaglianone et al.  1994 ), and numerous liposome-based 
formulations are still on the way from bench to bedside. In contrast to the formation 
of lipid bilayer in liposomes, polymeric micelles form monolayer in selective sol-
vents from amphiphilic polymers that consist of hydrophilic and hydrophobic 
monomer units. They have typical core-shell architecture with size ranging from 5 
to 100 nm (Nicolas et al.  2013 ), restricting the uptake by mononuclear phagocyte 
system (MPS) (Kataoka et al.  2000 ). Polymeric micelles have been reported as drug 
carriers since the 1980s (Hubert et al.  1984 ) where the hydrophobic core serves as a 
reservoir of various drugs (such as chemotherapeutic agents) and the hydrophilic 
shell stabilizes the structure in aqueous media, making them appropriate candidates 
for systemic drug delivery. The core may consist of hydrophilic polymers with 
chemical conjugation of hydrophobic moieties (Kataoka et al.  2000 ; Yokoyama 
et al.  1998 ) or form through the association of two oppositely charged polyions 
(polyion complex micelles, PIC) (Oberoi et al.  2011 ; Oishi et al.  2005 ). Compared 
with the traditional surfactant micelles, polymeric micelles are generally more sta-
ble, registering a remarkably lower critical micellar concentration (CMC) and a 
slower dissociation rate (Kataoka et al.  2001 ). Above the CMC, polymers exist as 
micelles in equilibrium with a small population of single chains while below the 
CMC, they exist as unimer in solution. It has been demonstrated, however, micelles 
remain stable for extended periods of time below CMC due to the unique properties 
of the core-forming blocks (Mikhail and Allen  2009 ). CMC defi nes the thermody-
namic stability of micelles, a very important parameter in the drug delivery applica-
tion of polymeric micelles because of the extreme dilution by circulating blood after 
intravenous injection. Fortunately, the kinetic stability of polymeric micelles is rela-
tively high. Some micelles with “solid” core and the glass transition temperature 
above physiological temperature may survive for many hours and even days upon 
dilution below the CMC (Kwon and Okano  1999 ). In addition, numerous strategies 
have been developed to improve in vivo stability, including shell crosslinking 
(O’Reilly et al.  2006 ; Kim et al.  2010a ) and the design of unimolecular micelles (Zhu 
et al.  2011a ). Monodisperse stereocomplex block copolymer micelles, which were 
obtained through the self-assembly of equimolar mixtures of poly(ethylene glycol)-
 b -poly( L -lactic acid) (PEG- b -PLLA) and poly(ethylene glycol)- b -poly( D - lactic  acid) 
(PEG- b -PDLA), exhibited kinetic stability and redispersion properties superior to 
micelles prepared with isotactic or racemic polymers alone (Kang et al.  2005 ). 
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Liposomes emerge as versatile vehicles for loading a broad spectrum of drugs with 
high stability, while micelles are normally designed for the delivery of hydrophobic 
drugs and charged agents (PIC micelle). Liposomes have also been capable of pro-
viding    multimodal drug release kinetics and delivering drug combinations for boost-
ing anticancer effects. However, micelles are valuable candidates in comparison 
with liposome when designing small-size (smaller than 50 nm) nanocarriers for spe-
cifi c applications (such as for enhancing tumor penetration). 

 Cancer remains one of the most life-threatening diseases; however, substantial 
improvements have been achieved owing to better understanding of cancer biology 
and emerging diagnostic techniques (Carmeliet and Jain  2000 ; Peer et al.  2007 ). 
Current cancer treatments include surgical resection, radiotherapy, and chemother-
apy. Since chemotherapeutic agents are always toxic to healthy tissues and cause 
severe side effects to patients, it is extremely desirable to develop tumor targeting 
drug delivery systems that facilitate drug accumulation in tumor tissue to boost anti-
tumor effects and decrease drug distribution in healthy tissues to minimize side 
effects. The concept of “magic bullet” proposed by Paul Ehrlich in 1906 envisioned 
selectively delivery of active agents to the organs in question (Strebhardt and Ullrich 
 2008 ). Nanomedicines designed as reservoirs of chemotherapeutic agents have been 
extensively exploited to passively and/or actively target tumor and/or tumor-related 
tissues. In contrast to normal vessels, tumor vessels are structurally and functionally 
abnormal. They are highly disorganized and have numerous endothelial fenestrae 
and discontinuous or absent basement membrane, making them leaky and highly 
permeable. Whereas free drugs may non-specifi cally diffuse, nanocarriers can take 
advantage of vessel leakiness and extravasate into the tumor tissue, where poor lym-
phatic drainage is benefi cial for retaining the accumulated nanocarriers and facilitat-
ing drug release in the vicinity of tumor cells. One way to enhance tumor targeting 
effi ciency is to decorate on the surface of nanocarriers tumor homing ligand, which 
specifi cally binds the overexpressed tumor markers (antigens or receptors). 
The ligands bind to tumor cell surface after extravasation, tremendously expedit-
ing accumulation of chemotherapeutics in tumor. Multidrug resistance (MDR) 
occurs because of overexpression of protein transporters, e.g., drug effl ux pump 
(P-glycoprotein), on tumor cells. Active targeting may work as effective strategy to 
circumvent MDR by unique receptor-mediated endocytosis mechanism. Liposome- 
or micelle-based drug delivery systems that are easy to be functionalized have been 
extensively investigated to maximize the benefi t from active targeting strategy.  

4.2    Liposome and Micelle: Preparation and Functionalization 

4.2.1    Preparation Methods 

 Various methods have been employed for the preparation of different classes of lipo-
some. Among those, thin-fi lm hydration is an exceptionally simple method to pre-
pare multilamellar large vesicles (MLVs), one of the most widely used liposomes 
(Bangham et al.  1974 ). In brief, the mixture of lipids is dissolved in the organic 
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solvents and rotary evaporated to form a thin fi lm on the wall of a round- bottom fl ask 
under reduced pressure. After the removal of residual organic solvents, aqueous buf-
fer is added and the thin fi lm is hydrated at a temperature above the gel-liquid crystal 
transition temperature (Tc) of lipids or above the Tc of the highest melting compo-
nent in the mixture by shaking, rotating, or vortex (Olson et al.  1979 ). For the prepa-
ration of small unilamellar vesicles (SUVs), classical procedures include sonicating 
a dispersion of phospholipids with either a bath type sonicator or a probe sonicator 
immersed into liposome dispersion (Johnson et al.  1971 ; Huang  1969 ). Reverse-
phase evaporation vesicles (REVs) are capable of entrapping most of the water-sol-
uble substances (Szoka and Papahadjopoulos  1978 ). High aqueous space-to-lipid 
ratio of REVs also enables high encapsulation effi ciency of hydrophilic therapeutic 
agents. To prepare REVs, phospholipids are dissolved in organic solvents, such as 
diethylether, chloroform, or mixtures. The aqueous material is added directly to this 
phospholipid-solvent mixture. A homogeneous emulsion forms after sonication for 
a short period. The organic solvents are removed under reduced pressure, resulting 
in formation of a viscous gel-like intermediate phase. At a critical point, the gel col-
lapses and spontaneously forms liposomal dispersion when residual solvent is 
removed by continued rotary evaporation under reduced pressure. Detergent removal 
is another essentially mild method for the preparation of phospholipid vesicles 
encapsulating sensitive protein, which results in formation of unilamellar vesicles. 
The detergent is removed from mixed micelle solution formed by detergent and 
phospholipids using different methods such as dilution (Schurtenberger et al.  1984 ), 
dialysis (Milsmann et al.  1978 ), gel fi ltration (Brunner et al.  1976 ), and absorption. 
Brunner et al. ( 1976 ) reported that the treatment of EPC with sodium cholate in a 1:2 
molar ratio followed by gel fi ltration to remove detergent resulted in the formation 
of a homogeneous population of unilamellar vesicles with a mean diameter of 30 nm. 
Freeze-dried rehydration vesicles (FRVs) are formed from preformed vesicles to 
achieve extreme high entrapment effi ciencies, even for macromolecules. To prepare 
liposomes with high pressure homogenization, there are three different ways: (1) to 
homogenize well-prepared liposomes, (2) to transfer the phospholipids and buffer to 
SUV, and (3) to homogenize during injecting organic lipid solution into the aqueous 
phase (Mayhew et al.  1984 ; Brandl et al.  1990 ). 

 Depending on the physicochemical properties, polymeric micelles are mainly pre-
pared by two classes of procedure. The fi rst one is direct dissolution where copoly-
mers along with drugs are dissolved in aqueous solution. This method is mainly 
employed for copolymers with less hydrophobicity owing to the premise of water 
solubility. The Pluronic triblock copolymer, which consists of hydrophilic ethylene 
oxide and hydrophobic propylene oxide blocks, can self-assemble in aqueous media 
at the concentration above CMC and be used for drug delivery. Pluronic P85 has been 
selected to encapsulate carboplatin, an active chemotherapeutic agent compromised 
by side effects and drug resistance (Exner et al.  2005 ). The carboplatin- Pluronic P85 
micelles formed by dissolving 1 % polymer along with various concentrations of drug 
could robustly enhance antitumor effect of carboplatin against the DHB/K12/TRb rat 
colorectal carcinoma cell line. Direct dissolution is also used to prepare PIC micelle. 
Muir et al. have developed long-circulating, cyclic RGD peptide-conjugated poly-
meric micelles incorporating (1,2- diaminocyclohexane) platinum (II) (DACHPt), the 

4 Targeted Liposomes and Micelles as Carriers for Cancer Therapy



100

parent complex of the potent anticancer drug oxaliplatin, through the metal complex 
formation-driven self-assembly of poly(ethyl glycol)- b -poly( L -glutamic acid) and 
DACHPt in an aqueous solution. In another research, soluble poly( L -lysine) quantita-
tively grafted with 3-fl uoro-4- carboxyphenylboronic acid condensed siRNA in aque-
ous medium for ATP-triggered release (Naito et al.  2012 ). The second class of 
micellization procedure applies to amphiphilic copolymers that are not readily water 
soluble. In this case, an organic solvent or mixed organic solvent is usually needed to 
dissolve copolymer and drug, and micelle forms by the removal of organic solvent. 
For water-miscible organic solvents (such as methanol, ethanol, acetone, acetonitrile, 
DMF, and DMSO), the copolymer/drug mixture can be dialyzed against water, 
whereby the slow removal of organic solvent facilitates micellization and drug load-
ing. Alternatively, solvent- casting method enables the formation of thin fi lm of copo-
lymer/drug mixture, and rehydration with aqueous medium initiates micellization. 
PEG-PLA micelles have been widely used as drug delivery systems. When the PLA 
block is short, PEG-PLA copolymer can be dissolved in acetonitrile to form thin fi lm 
by vacuum evaporation, and rehydration with aqueous medium yields micelles with 
the size ranging from 20 to 50 nm (Zhan et al.  2010a ,  b ,  2011 ,  2012a ). However, 
rehydration of the thin fi lm results in aggregation when the PLA block is too long. 
Physical entrapment of hydrophobic drugs can be further achieved through oil-in-
water (O/W) emulsion process. Hu et al. ( 2009 ) reported the synthesis of PEG 3K -
PLA 50K  nanocarrier by using a water-in-oil-in-water (W/O/W) emulsion process. 
PEG-PLA and drug dissolved in dichloromethane were emulsifi ed in water by soni-
cation, and the formed O/W primary emulsion was further emulsifi ed in sodium cho-
late solution. The fi nal PEG-PLA micelle was obtained by diluting with sodium 
cholate solution and evaporating dichloromethane.  

4.2.2    Functionalization 

 Functionalization on the periphery of liposomes and micelles is needed to synthe-
size active tumor targeting drug delivery systems. Active ligands that specifi cally 
recognize the overexpressed receptors or antigens in tumor and/or tumor-related 
tissues can inspire the active targeting drug delivery toward tumors, thus boosting 
the antitumor effects with minimal side effects. On the premise of maintaining the 
bioactivity of ligand, various strategies, including conjugating chemistry (covalent 
or non-covalent) and modifi cation mode (prior to or after the preparation of nano-
carriers), have been employed for the functionalization. 

 As for liposomes, additional amphiphilic materials, such as poly(ethyl glycol)-
1,2-distearoyl- sn -glycero-3-phosphoethanolamine (PEG-DSPE) (Yan et al.  2011 , 
 2012a ), are needed for the conjugation of active ligands. The hydrophobic moiety, 
DSPE, is used to insert into the lipid bilayer, and the other distal of PEG is available 
for modifi cation. Lee and Low ( 1995 ) prepared folate modifi ed liposome for tumor 
targeting drug delivery.  N -succinyl DSPE was conjugated with folate-PEG-NH 2  in the 
presence of dicyclohexylcarbodiimide and pyridine. The purifi ed folate-PEG- DSPE 
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was then mixed with lipid to form liposome. Cholesterol, usually an indispensible 
composition of liposome, has also been used for liposome functionalization. Tang 
et al. ( 2013 ) designed a tumor-targeting liposome by co-modifi cation with transferrin 
and TAT peptide. The specifi c ligand transferrin and cationic cell penetrating peptide 
TAT were conjugated with cholesterol through a PEG spacer, and the obtained amphi-
philic conjugates were mixed with lipids to form liposomes. The targeting moieties 
are presented on the particle surface owing to the hydrophilicity of PEG spacer. 
Compared with liposome, micelle is much easy to be functionalized because the 
active ligands can be directly linked to the copolymer. 

 For the self-assembly systems, active ligands can be either modifi ed prior to the 
formation of nanocarriers, or directly on the surface of preformed nanocarriers in 
aqueous solution. The choice of synthetic route is usually governed by at least three 
factors: (1) Size of active ligand. If the active ligand is small molecule or small 
peptide, conjugation to copolymers may not affect the hydrophilic/hydrophobic bal-
ance. When the active ligand is polypeptide or antibody, the conjugation of such 
bulky ligand prior to the formation of nanocarriers would destroy the balance. In 
this case, ligands are usually modifi ed on the surface of formed liposomes and 
micelles. (2) Stability of the ligands. The use of organic solvent in formulating step 
may denature polypeptides and antibodies that possess three-dimensional confi rma-
tions, and therefore attenuate the bioactivity or even deactivate them. (3) Conjugating 
chemistry. The prepared nanocarriers are usually suspended in neutral aqueous 
solution. If organic solvent or acidic/basic condition is needed to conduct the conju-
gation, it will destroy the self-assembly system and lead to the leakiness of pay-
loads, restricting the application of directly modifi cation on the particle surface. 

 For the uncertainty of reaction yield, it is not easy to control the ligand density 
presented on the particle surface when ligand modifi cation performed after the for-
mulation of nanocarriers. The advantage of conjugating active ligand prior to the 
formation lies in the feasibility to control the reaction yield and to tune the ligand 
density on the particle surface. However, drawbacks include the possibilities of 
destroying the self-assembly property and deactivating the ligands owing to the use 
of organic solvent and/or high temperature during formulating steps. Conjugation 
after nanocarrier formation may bring diffi culties on purifi cation and chemical 
characterization. 

 The preparation of ligand modifi ed liposome and micelle with envisioned prop-
erties requires the chemical conjugation of small molecules, peptides, polypep-
tides, or antibodies, among many others. A variety of conjugating strategies have 
been employed for ligand modifi cation, including the formation of amide bond 
(Wang et al.  2011 ) between activated carboxyl group and amino group, disulfi de 
bond (Yan et al.  2012b ) via the reaction between pyridyldithiol and thiol, Michael 
addition between thiol or amino group and maleimide group (Zhan et al.  2010a , 
 2012b ), and “click” chemistry (Parrish et al.  2005 ). In some case, non-covalent 
linkage has also been exploited for ligand modifi cation, such as biotin-streptavidin 
interaction (Loughrey et al.  1987 ). The detailed description of those strategies has 
been illustrated in previous review (Nicolas et al.  2013 ), and we will not discuss in 
this chapter.   
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4.3    Active Tumor-Targeting Drug Delivery for Cancer 
Therapy 

4.3.1    Design of Active Tumor-Targeting Liposomes 
and Micelles 

 Rationale behind the design of tumor targeting nanocarriers is to increase antitumor 
effi ciency of payloads, while reducing systemic side effects. Numerous investiga-
tions on cancer biology have illustrated the features of tumor cells and tumor vascu-
lature, leading to the development of active tumor-targeting drug delivery systems. 
A variety of receptors and antigens play pivotal roles in the development and pro-
gression of human cancers, and the overexpression provides targets for the design of 
tumor homing drug delivery. 

 Ligands are usually attached at the surface of nanocarriers to bind corresponding 
receptors or antigens overexpressed on tumor cells and/or tumor vasculature. For 
cancer cells, active targeting of internalization-prone cell-surface receptors is pref-
erable to improve the cellular uptake of nanocarriers, especially for the payloads 
that take effect intracellularly. Active targeting is particularly attractive for the intra-
cellular delivery of macromolecular drugs, such as genetic materials and proteins. 
Compared to elevated tumor accumulation, direct internalization into target cells is 
responsible for enhanced antitumor effi ciency of targeting nanocarriers. To date, 
numerous internalization-prone receptors, including folate receptors, transferrin 
receptor (TfR), and EGFR, have been exploited to expedite tumor targeting drug 
delivery. Folate receptors are cysteine-rich cell-surface glycoproteins that bind folic 
acid or folate conjugated nanocarriers with high avidity. Although at very low levels 
in most tissues, folate receptors are expressed at high levels in numerous cancers to 
meet the folate demand of rapidly dividing cells under low folate conditions (Chen 
et al.  2013 ). The folate receptors are well-known tumor markers that can facilitate 
intracellular delivery via receptor-mediated endocytosis. To deliver doxorubicin 
loaded micelle into KB cells, folic acid was separately conjugated with PEG-PLGA 
to produce folate-PEG-PLGA. Folate decorated micelles were prepared by mixing 
doxorubicin conjugated PLGA-PEG (DOX-PLGA-PEG), folate-PEG-PLGA, and 
free doxorubicin. The mixtures were dissolved in acetone in the presence of trieth-
ylamine, followed by directly dispersing into aqueous phase with gentle stirring for 
24 h. The micelles encapsulating a high loading amount of doxorubicin demon-
strated superior cellular uptake over free drug and micelles without folate modifi ca-
tion (Yoo and Park  2004 ), indicating high effi ciency of receptor-mediated 
endocytosis induced by folate receptors. Han et al. ( 2009 ) prepared folate- conjugated 
PEG-DSPE micelle by mixing PEG-DSPE and folate-PEG-DSPE for tumor target-
ing delivery of 9-nitro-camptothecin (9-NC). The optimal molar ratio between 
folate-PEG-DSPE and PEG-DSPE was 1:100, by which the formed folate modifi ed 
micelles could avoid the uptake of macrophage and boost the antitumor effects of 
9-NC by receptor-mediated endocytosis. When conjugated onto the surface of lipo-
some, folate also inspired the targeting delivery of encapsulated oligonucleotides to 
folate receptors-positive tumor cells in vitro and in vivo (Leamon et al.  2003 ). 
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 TfR is a 180-kDa dimeric transmembrane glycoprotein overexpressed on cancer 
and leukemia cells. Transferrin, an 80-kDa glycoprotein, is the natural occurring 
ligand of TfR and is internalized by receptor-mediated endocytosis. Besides, anti-
bodies against TfR have also attracted widely attention to inspire tumor targeting 
drug delivery. The possibility of using transferrin for developing an intracellular 
drug delivery system has been explored by conjugating transferrin on the surface of 
liposome with an average diameter of 100–130 nm (Ishida et al.  2001 ). Transmission 
electron microscopy (TEM) has been employed to investigate the endocytotic 
uptake pathway of transferrin-PEG-liposome into colon-26 cells, demonstrating 
that the liposomes could bind specifi c cell surface receptors and be internalized 
through receptor-mediated endocytosis. In vivo biodistribution studies demon-
strated that transferrin-PEG-liposome retained the capability of specifi c receptor 
binding and triggering receptor-mediated endocytosis after extravasation, leading to 
signifi cant tumor accumulation. Transferrin modifi ed liposomes have also been 
exploited as drug delivery systems to circumvent MDR. The overexpression of 
P-glycoprotein has been associated with the development of MDR in cancer cells. 
To tackle this problem, TfR-mediated endocytosis presents a unique pathway for 
circumventing the P-gp effl ux and facilitating the intracellular delivery of liposomes 
into MDR cells. When conjugated on the surface of liposomes consisting of egg-PC 
and cholesterol, transferrin markedly enhanced intracellular delivery and increased 
cytotoxicity of encapsulated doxorubicin on MDR cells by 3.5-fold higher than free 
doxorubicin (Kobayashi et al.  2007 ). 

 Due to the dynamic fl ow environment of the bloodstream, binding with high 
avidity usually appears to be preferable (Danhier et al.  2010 ). However, it is evident 
in solid tumors that high binding affi nity attenuates the penetration of nanocarriers 
due to the presence of “binding-site barrier,” where the targeting nanocarriers bind 
to their targets so strong after extravasation and further penetration is restricted 
(Adams et al.  2001 ). Relatively low dissociation affi nity ligands can rapidly diffuse 
into tumor by using sequential binding to and dissociation from unoccupied target 
receptor or antigen. Under the same condition, ligands with high binding avidity 
will durably occupy the target receptor or antigen pool that can be reached in a 
single diffusion step. Ligands that subsequently enter the tumor from blood vessel 
will be unable to reach free receptor or antigen, and the high interstitial pressure will 
force them back out of the tumor. 

 Besides tumor cell targeting, tumor endothelium targeting provides an alternative 
pathway for active tumor-targeting drug delivery. As suggested by Judah Folkman in 
1971, tumor growth might be negatively regulated by preventing tumors from 
recruiting new blood vessels (Folkman  1972 ). Anti-angiogenesis provides a crucial 
paradigm in cancer therapy by attacking the oxygen and nutrients supply. In this 
strategy, nanocarriers can directly target and kill the tumor endothelial cells. 
Compared to the strategy of tumor cell targeting, the advantages of tumor endothe-
lium targeting lie in that binding is directly carried out after intravenous injection 
and no extravasation is needed. Additionally, most of endothelial cell markers, such 
as integrins and vascular endothelial growth factor receptor (VEGFR), are expressed 
whatever the tumor type, involving a ubiquitous approach and an eventual broad 
application spectrum. Tumor vasculature is a particularly suitable target for cancer 
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therapy because it consists of nonmalignant endothelial cells that are genetically 
stable and unlikely to mutate into drug-resistant variants (Arap et al.  1998 ). Cyclic 
RGD peptide (cRGD), a specifi c ligand of integrin α v β 3  and α v β 5 , has been success-
fully conjugated on the surface of poly(ethylene glycol)- b -poly(ε-caprolactone) 
(PEG-PCL) to enable tumor endothelial cells targeting (Nasongkla et al.  2004 ). 
Flow cytometry and confocal laser scanning microscopy have been employed to 
study the uptake of micelles into SLK tumor endothelial cells after 2 h of incubation. 
Higher density of cRGD on the micellar surface led to higher level of cellular inter-
nalization. A maximum of 30-fold enhancement has been achieved with 76 % cRGD 
conjugated PEG-PCL in the micelle. In another report, a peptide with the sequence 
ATWLPPR has demonstrated high binding affi nity for the VEGF receptor, which is 
overexpressed on the surface of tumor endothelial cells. After incubation with 
HUVEC cells for 1 h at 4 °C, peptide modifi ed PEG-liposome displayed a tenfold 
higher binding as compared to unmodifi ed PEG-liposome (Janssen et al.  2003 ).  

4.3.2    Ligands for Active Tumor-Targeting Drug Delivery 

 Active tumor targeting drug delivery promises to expand the therapeutic windows of 
drugs by increasing delivery to target sites as well as the target-nontarget tissue ratio. 
To date, different ligands, including small molecules, peptides, and antibodies and 
aptamers, have been identifi ed to inspire tumor targeting drug delivery. These ligands 
target tumor cells and/or tumor endothelial cells to elevate accumulation in tumor 
sites or to expedite intracellular delivery. To choose an appropriate ligand, a couple 
of considerations should be taken into account. First, the targeted antigen or receptor 
should have a high density on the surface of the target cells compared with the non-
target cells. Second, it is crucial that the corresponding receptor can trigger receptor-
mediated endocytosis, especially for the delivery of cell membrane impermeable 
cargos. Third, immunogenicity is a potential limitation, in particular with the use of 
antibody, for the application of ligand-inspired tumor targeting drug delivery. 

4.3.2.1    Small-Molecule-Type Ligand 

 As active ligands for tumor targeting drug delivery, small molecules are preferable for 
their favorable pharmacokinetic properties and reduced probability of immunogenic-
ity allowing for repeated administration. In addition, convenient availability and low 
cost offer the potential of wide application of small-molecule-type ligands. Small-
molecule ligands are applicable for fabricating liposome- and micelle-based tumor 
targeting drug delivery systems with relatively simple conjugating chemistry and tiny 
infl uence on self-assembly. Folic acid, a naturally occurring small-molecule- type 
ligand, can specifi cally target folate receptors. When conjugated on the surface of 
micelles (Yoo and Park  2004 ; Park et al.  2005 ; Zhao and Yung  2008 ) or liposomes 
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(Lee and Low  1995 ; Leamon et al.  2003 ; Lee and Huang  1996 ) via γ-carboxyl, folic 
acid retains its receptor binding properties and triggers the receptor- mediated endocy-
tosis process (Sudimack and Lee  2000 ), further expediting the targeting delivery of 
non-permeable drugs or circumventing the multi-drug resistance (Goren et al.  2000 ; 
Kim et al.  2008 ). 

 Anisamide is another small-molecule ligand that is widely used for tumor target-
ing. Sigma receptors are well-known membrane-bound proteins, which show high 
affi nity for neuroleptics (Walker et al.  1990 ). These receptors are expressed on nor-
mal tissues and the physiological role is largely unknown so far (Banerjee et al. 
 2004 ). Various human tumors, including melanoma, non-small cell lung carcinoma, 
breast cancer of neural origin, and prostate cancer, overexpress sigma receptors, 
suggestive of the prospect of using receptor-binding ligand for tumor targeting drug 
delivery (Vilner et al.  1995 ). By modifying anisamide on the surface, Leaf Huang’s 
group has synthesized various liposome-based nanocarriers for tumor-targeting 
delivery of siRNA (Li et al.  2008 ,  2012 ) and doxorubicin (Banerjee et al.  2004 ). 

 Numerous successful applications of small-molecule-type ligand have been pre-
sented for inspiring tumor targeting drug delivery; however, broadening usage has 
been restricted by the identifi cation of small-molecule-type ligand with high speci-
fi city and affi nity. In addition, covalently conjugating with small-molecule ligand is 
risky to attenuate the binding avidity with corresponding receptor owing to small 
binding interface between ligand and receptor.  

4.3.2.2    Peptide-Type Ligand 

 Peptide-type ligands have attracted much attention for the development of tumor 
targeting drug delivery owing to the availability of facile design techniques. 
Structure-guided peptide design is applicable to design specifi c ligand for the cor-
responding receptor by mimicking the protein–protein interaction. Urokinase plas-
minogen activator receptor (uPAR) is overexpressed on a variety of cancer cells, 
such as those of the pancreas (Cantero et al.  1997 ), the prostate (Gavrilov et al. 
 2001 ) and the breast (Costantini et al.  1996 ). Urokinase plasminogen activator 
(uPA) (Siehler et al.  1999 ) together with uPAR mediates various biological activi-
ties at cell surface, including plasminogen activation, extracellular matrix (ECM) 
remodeling, growth factor activation, and initiation of intracellular signaling. 
Crystallographic studies of the uPAR–uPA conjugate have revealed that the binding 
region of uPA for uPAR is localized at the tip of a β-hairpin loop within the growth 
factor domain, representing amino residues 12–32 (Huai et al.  2006 ). Within this tip 
are two looped structures, and the second loop, U11, appears to be the primary 
uPAR binding motif with an equilibrium dissociation constant,  K  d , of 1.3–1.4 μM 
(Wang et al.  2009 ). Considering the binding affi nity and the receptor-mediated 
endocytosis properties of the uPAR–uPA complex, U11 possesses the potential for 
targeting nanocarriers to various cancers. 
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 Alternatively, selection of phage display libraries was widely used to isolate 
 peptides that home specifi cally tumor cells or tumor blood vessels. Endothelial cells 
within solid tumor express several receptors that are absent or barely detectable in 
established vessels. Ruoslahti’s group has applied in vivo selection of phage peptide 
libraries to identify tumor targeting ligands by injecting phage peptide libraries into 
the circulation of nude mice bearing human breast carcinoma xenograft. Recovery 
of phage from tumors led to the identifi cation of RGD peptide, NGR peptide, and 
GSL peptide (Arap et al.  1998 ). The RGD peptide, which binds selectively to α v β 3  
and α v β 5  integrins, has been widely used for the fabrication of tumor targeting drug 
delivery systems (Zhan et al.  2010a ; Xiong et al.  2005 ; Dubey et al.  2004 ). NGR 
peptide has been identifi ed as a cell adhesion motif (Koivunen et al.  1994 ). As the 
NGR sequence appears in the cell-binding region of the fi bronectin molecule, this 
sequence could contribute to the specifi c recognition of fi bronectin α v β 1 (Koivunen 
et al.  1994 ). Recently, another intriguing peptide, termed tumor penetrating peptide 
(iRGD), has been identifi ed by in vivo phage display with multistep binding and 
penetration mechanism (Sugahara et al.  2009 ). The iRGD peptide accumulates at 
the surface of α v  integrin-expressing endothelial and other cells in tumor and RGD 
motif mediates integrin binding. After that, the peptide is cleaved by cell surface- 
associated protease(s) to expose the cryptic CendR element at the C terminus to 
mediate neuropilin-1 binding, resulting in penetration of cells and tissues. Either 
mixing or conjugating with the nanocarriers, iRGD can inspire tumor targeting drug 
delivery with enhanced penetration effi ciency (Sugahara et al.  2010 ; Zhu et al. 
 2011b ; Feron  2010 ). 

 Peptide-type ligands hold extensive potential for tumor targeting drug delivery; 
however, the enzymatic environment in blood plasma tremendously threatens the 
stability of these short peptides, thus attenuating their targeting effi ciency. 
Peptidomimetics, such as  D -peptides that are composed of  D -amino acids and dis-
play resistance to proteolytic degradation, provide a unique method to identify 
tumor targeting ligands with high stability and effi ciency. Li et al. ( 2013 ) described 
the design of retro-inverso peptide of SP5 peptide, which can recognize tumor 
 neovasculature but not normal blood vessels, leading to a stable peptide-type ligand 
for tumor endothelium targeting.  

4.3.2.3    Antibody-Type Ligand 

 Monoclonal antibody inspired tumor targeting was described by Milstein in 1981 
(Warenius et al.  1981 ), and the feasibility of antibody-based tumor targeting has 
been clinically demonstrated over the past decades (Peer et al.  2007 ). The fi rst 
angiogenesis inhibitor for treating colorectal cancer, bevacizumab (Avastin), an 
anti-VEGF mAb that inhibits the factor responsible for the growth of new blood 
vessels, was approved in 2004. To date, hundreds of delivery systems based on anti-
bodies or their fragments are in preclinical and clinical trials. Antibodies can be 
used in their native state or as fragments for tumor targeting. However, the whole 

W. Lu et al.



107

antibody is preferable owing to the presence of two binding sites within a single 
molecule to give rise to higher binding avidity and the ability to maintain stability 
during long-term storage. Antibody fragments, such as antigen-binding fragments, 
dimmers of antigen-binding fragments, single-chain fragment variables, and other 
engineered fragments, are considered safer for systemic administration owing to 
reduced non-specifi c binding. Phage display libraries that involve a high throughput 
approach can be used to rapidly identify antibodies or their fragments with high 
binding affi nity to antigens. To construct tumor targeting drug delivery systems, 
antibody-modifi ed liposomes (immunoliposome) and micelles (immunomicelle) 
have demonstrated extensive potential. A sterically stabilized immunoliposome 
encapsulating paclitaxel has been developed to promote the effi ciency of intracel-
lular delivery through receptor-mediated endocytosis (Yang et al.  2007 ). Thiolated 
Herceptin, which recognizes human epidermal growth factor receptor-2, was suc-
cessfully conjugated onto the reactive maleimide of PEG-DSPE as well as being 
incorporated in the liposome bilayers. Confocal microscopy studies displayed sub-
stantially higher cellular uptake than the PEGylated liposome in two breast cancer 
cell lines overexpressing human epidermal growth factor receptor 2.  

4.3.2.4    Aptamer-Type Ligand 

 Aptamers are oligonucleic acids such as DNA or RNA that bear unique 3- dimensional 
conformations capable of binding target non-nucleic acid target molecules, such as 
peptides, proteins, drugs, or even whole cells, with high avidity and specifi city (Cho 
et al.  2008 ). They are isolated and chemically synthesized from combinatorial oligo-
nucleotide libraries by a process known as in vitro systematic evolution of ligands by 
exponential enrichment (SELEX) (Daniels et al.  2003 ). Based on their specifi c bind-
ing pockets for the target molecules, aptamers possess high potential for tumor tar-
geting drug delivery. AS1411, a 26-mer DNA aptamer, was identifi ed to have high 
binding affi nity to nucleolin (Soundararajan et al.  2008 ). Cao et al. (Cao et al.  2009 ) 
prepared cholesterol modifi ed AS1411 with a 12-T-base spacer and inserted this cho-
lesterol tagged AS1411 into lipid bilayer. The extra 12-T bases were presumable to 
extend the binding domain away from liposome surface and ensured its bioactivity to 
nucleolin. Nucleolin overexpression on the plasma membrane has been observed in 
various human diseases such as breast cancers, providing a potential target for cancer 
cell targeting drug delivery. When encapsulating cisplatin, this aptamer functional-
ized liposome could effectively facilitate cancer cell specifi c drug delivery and sig-
nifi cantly enhance antitumor effects of the payload. A DNA aptamer that is specifi c 
to Ramos cells (a B cell lymphoma cell line), termed TDO5, has been linked onto the 
surface of PEG-lipid micelles. To prove the potential application of the aptamer-
functionalized micelle in biological living systems, the authors mimicked a tumor 
site in bloodstream by immobilizing tumor cells onto the surface of a fl ow channel 
device (Wu et al.  2010 ). When fl ushed through the channel, micelles demonstrated 
selective recognition under fl ow circulation in human whole-blood sample.    
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4.4     Microenvironment-Responsive Tumor 
Targeting Drug Delivery 

 Tumor consists of tumor cells and non-malignant host stromal cells, including 
endothelial cells, peri-vascular cells, fi broblasts, myofi broblasts, macrophages, 
lymphocytes, dendritic cells, and mast cells embedded within a protein-rich ECM 
and interstitial fl uid. The overexpression of various genes is affected by the interac-
tions among those cells, surrounding matrix, and their local microenvironment. The 
products encoded by these genes, in turn, give rise to abnormal organization, struc-
ture, and function of tumor vasculature. These abnormalities are also responsible 
for the high vascular permeability and special microenvironment characterized by 
hypoxia and acidosis (Fukumura and Jain  2007 ). Based on the numerous differ-
ences compared with normal tissue including vascular abnormalities, oxygenation, 
perfusion, pH, and metabolic states, researchers have elaborated a variety of thera-
peutic strategies for tumor targeting drug delivery. 

4.4.1    pH-Sensitive Tumor Targeting Drug Delivery 

 The extracellular pH (pH e ) of normal tissues and blood pH are kept constant at 7.4, 
which is slightly higher than their intracellular pH (pH i  at 7.2). However, the pH 
gradient in most tumors determined by invasive and noninvasive methods is 
reversed. The measured pH e  of human and animal solid tumors is usually below pH 
7.2. Tumor vasculature is often inadequate to supply the nutritional needs of the 
expanding population of tumor cells, leading to the defi ciency of oxygen and many 
other nutrients. The production of lactic acid under anaerobic conditions and the 
hydrolysis of ATP in an energy-defi cient environment contribute to the acidic 
microenvironment which has been found in many types of tumor (Tannock and 
Rotin  1989 ). The resulting pH gradient between intracellular and extracellular 
tumor cells but also between tumor mass and surrounding tissues presents a poten-
tial source for tumor targeting. 

 pH-sensitive copolymers have demonstrated to be promising for developing 
tumor targeting drug delivery systems. Poly(β-amino ester) contains tertiary amine 
and its  p K b  value is about 6.5 (Lynn et al.  2001 ; Potineni et al.  2003 ). It is soluble 
below pH 6.5 but insoluble above pH 6.5 in aqueous media. By attaching with a 
hydrophilic moiety, PEG, the copolymer PEG-poly(β-amino ester) forms self- 
assembled polymeric micelles with a sharp micellization/demicellization transition 
at the tumoral acidic pH value (Kim et al.  2006 ). Using a simple solvent casting 
method, PEG-poly(β-amino ester) could easily form micelles and effi ciently encap-
sulate fl uorescent dyes and anticancer drugs for cancer imaging and therapy (Min 
et al.  2010 ). The encapsulated dyes and drugs displayed rapid release in weakly 
acidic aqueous solution owing to the sharp transition of poly(β-amino ester). 
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In MDA-MB231 human breast tumor-bearing mice, PEG-poly(β-amino ester) 
delivered signifi cantly higher dose of dye into the solid tumor when compared with 
PEG- PLA micelle. The pH-targeting characteristic of this micelle also contributed 
to the enhancement of antitumor effect of camptothecin (CPT). Compared to free 
CPT and CPT encapsulated PEG-PLA micelles, PEG-poly(β-amino ester) micelles 
encapsulating camptothecin signifi cantly increased therapeutic effi cacy with mini-
mum side effects in breast tumor-bearing mice. 

 Poly( L -histidine) is another promising biomaterial for the construction of pH- 
sensitive polymeric micelles. The imidazole ring (p K  b  ~6.5) of poly( L -histidine) has 
lone pairs of electrons on the unstructured nitrogen that confer pH-dependent ampho-
teric properties (Lee et al.  2007a ). Polymeric micelles with particle diameter of 
80 nm have been constructed as a tumor pH-specifi c anticancer drug carrier. The 
solution of PLA-PEG-poly( L -histidine) triblock copolymer in DMSO was dialyzed 
against pH 8.0 aqueous solution, assuming that poly( L -histidine) block was embed-
ded into the hydrophobic core to form a fl ower-like morphology. Due to the ioniza-
tion of poly( L -histidine) at a slightly acidic pH, the deformation of the micellar core 
gave rise to the pH-sensitivity of the micelles. However, the co-presence of pH- 
insensitive lipophilic PLA block in the core prevented disintegration of the micelles 
and caused swelling/aggregation in response to pH change. The fl uorescence probe 
study and micellar size change confi rmed that the micelles were not dissociated but 
rather swollen/aggregated. The polarity of pyrene retained in the micelles increased 
as pH decreased from 7.4 to 6.6, indicating a change to more hydrophilic environ-
ment in the micelles. The size increased up to 580 nm at pH 6.6 from 80 nm at pH 7.4, 
and the transmittance of micellar solution increased with decreasing pH. Interestingly, 
the subsequent decline of pyrene polarity below pH 6.6 suggested re-self-assembly 
of the block copolymers, most likely forming a PLA block core while poly( L -histi-
dine) block relocating back to the surface. Consequently, pH- dependent physical 
changes of PLA- b -PEG- b -poly( L -histidine) micelles provide a mechanism for trig-
gering drug release from the micelles by small change in pH (pH 7.2–6.5). 

 The design of pH-sensitive peptide broadens the application of pH-triggered 
tumor targeting drug delivery. Low pH inserting peptide (pHLIP) is a 36-residue 
polypeptide containing the sequence of the C-helix of the integral membrane pro-
tein bacteriorhodopsin. It exhibits signifi cant solubility in aqueous buffers free of 
both detergents and denaturants and contains two aspartic acid residues in the 
membrane- spanning region. At neutral pH, the peptide associates with lipid bilayers 
in a non-helical and presumably peripheral confi rmation. With acidic aqueous buf-
fer (pH is lower than 7.0), pHLIP reversibly inserts into the bilayer as a transbilayer 
α-helix (Hunt et al.  1997 ). At physiological pH, the soluble form of pHLIP is 
favored, whereas at acidic pH the transmembrane α-helix predominates. The pHLIP 
affi nity for membrane at pH 5.0 is 20-fold higher than that at pH 8.0 (Andreev et al. 
 2007 ). As a pH sensitive peptide, pHLIP has been successfully applied for intracel-
lular drug delivery of cell impermeable molecules through a disulfi de bond at its 
C-termini (Thevenin et al.  2009 ). Besides, it can also be formulated with imaging 
probes (Vavere et al.  2009 ; Shan  2004 ; Macholl et al.  2012 ; Daumar et al.  2012 ) and 
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nanocarriers (Zhao et al.  2013 ; Yao et al.  2013a ,  b ) for tumor diagnosis and therapy. 
When presented on the surface of PEGylated liposomes, pHLIP tremendously 
enhanced membrane fusion and lipid exchange in a pH-dependent fashion, leading 
to increase of cellular uptake and payload release and inhibition of cell proliferation 
by liposomes containing ceramide (Yao et al.  2013a ). 

 Intriguingly, some shielding drug delivery systems have also been presented by 
employing the pH-triggered cleavage. Sawant et al. ( 2006 ) designed a smart liposo-
mal drug delivery system, in which long chain PEG grafted lipid with a hydrazone 
linker has been fabricated into a TAT modifi ed liposome. Considering that the 
hydrazone is stable at pH 7.4, long PEG chain is benefi cial to prolonged circulation. 
When reached tumor site, hydrazone was cleaved at relatively low pH and the 
shielded TAT was activated and exposed to tumor cells to facilitate intracellular 
delivery. Positively charged nanocarriers are believed to be benefi cial to intracellu-
lar drug delivery. To improve its selectivity to tumor cells, pH-sensitive polymer- 
doxorubicin micelle has been developed and the pH-triggering tumor-targeting 
delivery has been studied. Diblock copolymer monomethoxyl poly(ethylene 
glycol)- b -poly-(allyl ethylene phosphate) prepared by open-ring polymerization 
was grafted with cysteamine to reverse the negative charge in the backbone into 
positively charged amino group, which is partially converted to sulfhydryl groups 
by a reaction with 2-iminothiolane. After the conjugation of doxorubicin through an 
acid-labile hydrazone bond and the modifi cation of free amino groups with 
2,3-dimethylmaleic anhydride (DMMA) to obtain the pH-dependent charge conver-
sion, this polymer-drug conjugate was self-assembled into micelle-like nanocarrier 
(Du et al.  2011 ), which was capable of reversing its surface charge from negative to 
positive at tumor extracellular pH to facilitate cell internalization. Subsequently, the 
further increased acidity in endosome and lysosome promoted doxorubicin release 
from the endocytosed drug carriers. 

 The strategy of pH-sensitive tumor targeting provides a unique method for tumor-
homing drug delivery. However, the heterogeneity of acidity in tumor 
 microenvironment restricts the targeting effi cacy. The responsive pH for tumor tar-
geting in most cases is at or below pH 6.5, which is usually lower than that of tumor 
extracellular pH (6.8–7.2). To employ the pH-triggering tumor targeting, novel poly-
meric materials that can precisely recognize the narrow pH change are desirable.  

4.4.2    Proteases-Sensitive Tumor Targeting Drug Delivery 

 The progression of malignant cancer depends on the successful acquisition of 
numerous important capabilities, including expanding growth of tumor cells, 
 evasion of programmed cell death, development of sustained angiogenic response, 
as well as infi ltration and invasion into the connective tissues (Stetler-Stevenson 
and Yu  2001 ). A number of studies have demonstrated that successful invasive 
tumor or endothelial cells must orchestrate a close cooperation among cellular adhe-
sion molecules, cytoskeletal elements, ECM degrading proteases, and regulatory 
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molecules. For example, matrix metalloproteinases (MMPs) are a family of zinc-
containing endopeptidases and capable of cleaving most ECM proteins. Considerable 
body of evidence illustrates increased MMPs expression in cancer tissues relative to 
corresponding and adjacent normal tissues. The upregulation of MMPs in tumor 
microenvironment provides a unique opportunity for tumor- targeting drug 
delivery. 

 The substrate peptides of MMPs have attracted tremendous attention to trigger 
the MMPs responsiveness. In a recent study, such peptide substrate was conjugated 
as spacer between PEG and lipid, and the MMPs-cleavable conjugate was fabri-
cated into galactosylated liposomes for hepatocellular carcinoma targeting drug 
delivery (Terada et al.  2006 ). Since PEG chain shielded the galactose moiety on the 
liposomal surface, the uptake by normal hepatocytes could be inhibited by steric 
hindrance. Furthermore, PEG chain also reduced the liposome uptake by reticulo-
endothelial system (RES) and extended the blood circulation of liposome. In tumor 
site, PEG chain was removed from the liposomal surface by MMPs cleavage and the 
galactose was exposed to the cell surface, inspiring the receptor mediated endocyto-
sis and accomplishing tumor targeting drug delivery. Another similar research has 
constructed MMPs responsive micelle for the tumor targeting delivery of doxorubi-
cin (Lee et al.  2007b ). PEGylated peptide-doxorubicin conjugate, which was sub-
ject to MMPs cleavage, was chemically synthesized. In vivo antitumor studies 
indicated that such micelles signifi cantly inhibited tumor growth but with relatively 
low toxicity to normal tissues. 

 Secretory phospholipase A 2  (sPLA 2 ), which is overexpressed in infl ammatory 
and tumor tissues, has been extensively utilized to realize tumor targeting drug 
delivery. PLA 2  is an enzyme that catalyzes the hydrolysis of the ester  sn -2-acyl 
chain of phospholipids, and the products of the enzymatic cleavage are free fatty 
acids and 1-acyl-lysophospholipids (Sofou  2007 ). Polymer covered liposomes con-
sisting of diacyl phospholipids can be converted into lysolipids by site-specifi c 
hydrolysis in the tumor tissue as a consequence of the elevated levels of sPLA 2 . 
The disruption of lipid bilayer triggered rapid site-specifi c release of encapsulated 
chemotherapeutics (Jorgensen et al.  1999 ; Andresen et al.  2005 ). Alternatively, lipo-
some fabricated with lipid prodrugs of the anticancer ether lipids, which are stable 
in bloodstream and display less cytotoxicity than free drug, could accumulate in 
tumor tissues owing to EPR effects. Overexpressed sPLA 2  catalyzed the prodrug 
and induced drug release in the target sites.   

4.5    Triggerable Tumor Targeting Drug Delivery 

 With better understanding of various physical phenomena and the development of 
novel technology, numerous external stimuli triggering strategies, including light, 
heat, ultrasound, and magnet, have been employed in the design of tumor targeting 
drug delivery systems. 

4 Targeted Liposomes and Micelles as Carriers for Cancer Therapy



112

4.5.1    Light-Triggered Tumor Targeting Drug Delivery 

 The energetic confi nement available from modern laser system has expedited the 
utilization in a number of biomedical applications, including tumor diagnosis and 
therapy. An underdeveloped opportunity, however, is the use of laser excitation 
methods for activating physical, chemical, or biochemical processes such as photoi-
somerization, photopolymerization, and photocleavage. 

4.5.1.1    Light-Triggered Liposome for Tumor Targeting Drug Delivery 

 PEGylated liposomes are long-circulating nanocarriers due to reduced rates of 
opsonization and uptake by the RES, leading to their preferential accumulation in 
tumors through EPR effect. A persistent problem in the application of PEGylated 
liposomes, however, is the slow release after their deposition at the target site (Shum 
et al.  2001 ). The rationale behind the design of light-triggered liposome lies in the 
sharp transition of the liposome stability, leading to rapid release at target site. The 
use of light to stimulate the release of payloads from liposome is attractive by pos-
sibly controlling the spatial and temporal delivery of the radiation. Bis-SorbPC is a 
photosensitive lipid, in which polymerization can be triggered by UV. When 
PEGylated liposome is composed in part of bis-SorbPC, it can effectively encapsu-
late water soluble compounds and release them upon exposure to UV light in the 
presence of oxygen. The cooperation of bis-SorbPC did not change the long- 
circulating profi le of PEGylated liposome, while the observed increase in liposome 
membrane permeability was about 200-fold at high photoconversion of the mono-
meric bis-SorbPC. The photoinitiated destabilization increased liposome permeabil-
ity, making it possible to release entrapped agents at target sites in a manner of tens 
of minutes to hours, rather than over the course of weeks (Bondurant et al.  2001 ). 

 Tissue penetration and phototoxicity, however, limited the extensive application 
of UV for in vivo triggering. Alternatively, longer-wavelength light is preferable for 
the further utilization of photo-triggered tumor targeting drug delivery. Semi- 
synthetic plasmenylcholine liposome encapsulating calcein and a membrane-bound 
sensitizer has been prepared by extrusion. Considering the known effect of plas-
malogen photooxidation on membrane permeability, irradiation of air-saturated 
liposome solution enhanced membrane permeability toward calcein and Mn 2+  and 
promoted membrane fusion process compared with non-irradiated or anaerobic con-
trols. 100 % of encapsulated calcein was released in less than 20 min by shining 
300 mW laser with 800 nm wavelength, two orders of magnitude of observed release 
rate higher than that of liposome consisting of egg lecithin (Thompson et al.  1996 ).  

4.5.1.2    Light-Triggered Micelle for Tumor Targeting Drug Delivery 

 Micellization of copolymers depends on the hydrophilic/hydrophobic balance; how-
ever, the photoinitiated switch from hydrophobicity to hydrophilicity provides a ratio-
nal method to disintegrate the micellar system and release cargo (Fomina et al.  2012 ). 
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 By attaching a hydrophobic light-sensitive 2-diazonaphthoquinone to a PEG 
chain, an amphiphilic molecule was constructed to form micelle with low CMC and 
capability of hydrophobic drug encapsulation (Goodwin et al.  2005 ). Upon the irra-
diation by UV or near infrared (Vijayalakshmi et al.  2003 ) light (via absorption of 
one or two photons), 2-diazonaphthoquinone underwent a Wolff rearrangement to 
form a hydrophilic carboxylic acid, leading to dissolving of micelles incorporated 
2-diazonaphthoquinone and quick release of encapsulated hydrophobic drugs. 
Similar results have been collected from PEG-poly(2-nitrobenzyl methacrylate) 
micelle. 2-Nitrobenzyl moieties were detached from the amphiphilic chain and pho-
tolysis transformed the hydrophobic block into hydrophilic poly(methacrylic acid), 
triggering the quick release of payloads (Jiang et al.  2006 ). Alternatively, photo-
cleavage can also be used to control the bioactivity of targeting ligand. Dvir et al. 
( 2010 ) reported a novel and simple proof-of-concept of nanocarriers for selective 
targeting upon irradiation. YIGSR peptide is an amino acid sequence in laminin that 
is crucial for adhesion to integrin β1 on the cell membrane. The biological activity 
of YIGSR can be greatly attenuated by mutation or deletion of tyrosine. To design 
a photo-triggered peptide, the side chain of tyrosine in YIGSR peptide was caged 
with 4,5-dimethoxy-2-nitrobenzyl (DMNB), which could be rapidly removed by 
shining UV light. When modifi ed on the surface of nanocarriers, caged YIGSR 
peptide displayed the capability of binding cells selectively upon illumination. 

 Photocleavage provides applicable method to control micellization, leading to 
quick drug release in the target sites. Photoisomerization, however, broadens the 
application of photo-triggered drug delivery by reversibly adjusting the target 
 structures. An intriguing design by Tong et al. ( 2012 ) demonstrated the synthesis of 
photoswitchable micelles for triggered tissue penetration and tumor targeting drug 
delivery. The micelles composed of spiropyran and lipids were formulated in aqueous 
solution. Nitrobenzopyran and indoline moiety with orthogonal orientation in spiro-
pyran absorb in the UV spectrum independently, inducing ring-opening in the pyran 
to form merocyanine. While in the dark, the zwitterionic merocyanine form was less 
stable than the hydrophobic spiropyran form and underwent spontaneous ring-clos-
ing back to spiropyran. Upon photo-triggering with UV light, the volume of micelles 
comprising spiropyran, which underwent reversible photoisomerization, changed 
from 150 to 40 nm. PEGylated lipid enabled repetitive dosing from a single adminis-
tration and the shrinkage of micelle size enhanced penetration in tumor tissues.   

4.5.2    Thermo-Triggered Tumor Targeting Drug Delivery 

4.5.2.1    Thermo-Responsive Liposome for Tumor Targeting Drug 
Delivery 

 Hyperthermia increases the effi ciency of various chemotherapeutic agents and is admin-
istrated as an adjunct to chemotherapy for the treatment of cancer patients. Thermo-
responsive liposome, which can be destabilized by heating, is promising to facilitate 
rapid drug release in target sites, such as tumors (Weinstein et al.  1979 ; Tacker and 
Anderson  1982 ). In combination with 1.2-dipalmitoyl- sn -glycero-3- phosphocholine 
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and 1.2-distearoyl- sn -glycero-3-phosphocholine, the novel lipid 1,2-dipalmitoyl- sn -
glycero-3-phosphoglyceroglycerol (DPPGOG), which is closely related to the naturally 
occurring 1,2-dipalmitoyl- sn -glycero-3-phosphoglycerol, provides long-circulating 
temperature-sensitive liposomes with favorable properties under mildly hyperthermic 
conditions (41–42 °C). DPPGOG facilitated temperature- triggered drug release from 
these liposomes (diameter, 175 nm) and led to a substantially prolonged plasma half-life 
for the encapsulated drug with  t  1/2  = 9.6 h in hamsters and  t  1/2  = 5.0 h in rats. Quantitative 
fl uorescence microscopy of amelanotic melanoma grown in the transparent dorsal skin 
fold chamber of hamsters demonstrated favorable drug accumulation in heated tissue 
after i.v. application of these liposomes (42 °C for 1 h). The mean area under the curve 
for tissue drug concentration increased by more than sixfold with the application of the 
novel liposome compared with non-liposomal drug delivery (Lindner et al.  2004 ). A 
novel approach has been described by Chen and Regen ( 2005 ). Liposomes containing 
1,2-dipalmitoyl- sn   -glycero-2-phosphocholine (DPPC) have been fabricated with a pore-
forming conjugates to amplify the release of encapsulated drugs when applying hyper-
thermia. Alternatively, Brij surfactant could also be incorporated into the DPPC liposome 
by the thin fi lm hydration or the post-insertion method with an optimal range of 
1–8 mol%. The optimal Brij surfactant, Brij78, has been verifi ed to improve thermosen-
sitive drug delivery compared with the lyso-lipid temperature sensitive liposomes con-
sisting of DPPC, MSPC, and PEG-DSPE in a cell culture system (Tagami et al.  2011 ).  

4.5.2.2    Thermo-Responsive Micelle for Tumor Targeting Drug Delivery 

 Developing thermo-responsive polymeric micelles as tumor targeting nanocarriers 
has recently attracted extensive attention. Such polymeric micelles react with a 
sharp change of properties in response to a small exterior change of temperature 
(Rapoport  2007 ). The thermo-responsive fragment, which has a low critical solution 
temperature (LCST), can be incorporated to either micelle core or shell. Block 
copolymers of PEG as a hydrophilic block and poly( N -isopropylacrylamide) 
(PNIPAAm) or poly(NIPAAm- co - N -(2-hydroxypropyl)methacrylamide-dilactate) 
as a thermosensitive block were able to self-assemble into micelles, whose size in 
aqueous solutions can be regulated by heating rate of the polymer solution. 
Particularly, stable micelles with a size around 50–70 nm were formed when the 
cloud point of the block polymer was extremely rapid passed, making them suitable 
carriers for tumor targeting drug delivery (Neradovic et al.  2004 ). 

 Besides the thermo-responsive block of PNIPAAm and pluronic polymers, 
elastin- like polypeptide (ELP) displays suitable LCST for biomedical applications. 
ELPs are biopolymers composed of a Val-Pro-Gly-Xaa-Gly pentapeptide repeat 
(where the “guest residue” Xaa is any amino acid except Pro) derived from a struc-
tural motif found in mammalian elastin (Meyer et al.  2001 ). ELPs undergo an inverse 
temperature phase transition in response to an increase in temperature. They are 
soluble in aqueous solutions at temperature below their transition temperature but 
aggregate at the temperature above their transition temperature (Dreher et al.  2008 ). 
ELPs that contain hydrophobic amino acids in the fourth amino acid position, such 
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as tyrosine, display a conformational transition from random coil to repetitive type II 
β turns at temperature well below 37 °C. The blocks contain a charged glutamic acid; 
however, persist as random coil in physiological temperature range. Two amphiphilic 
diblock polypeptides with the sequence of VPGEG[(VPGVG)(VPGEG)(VPGVG)
(VPGEG)(VPGVG)]  x  -[C 4 G 3 ]-[(IPGVG) 2 VPGYG(IPGVG) 2 ]  y  VPGYG were synthe-
sized and self-assembled into micellar structures with multiple cysteine residues 
incorporated at the core-shell surface with the CMC ranging from 2 to 4 μM (Kim 
et al.  2010b ). At low temperature (5 °C), the intensity of scattered light was very low, 
indicating the presence of only free chains in solution. Above 25 °C, well-defi ned 
micellar structure was clearly observed as evidenced by a signifi cant increase in scat-
tered light intensity and a dramatic decrease in the polydispersity index. Additionally, 
the formation of disulfi de bond has demonstrated pivotal role in stabilizing the 
micelles, suggestive of the responsiveness to reductive microenvironment.   

4.5.3    Ultrasound-Triggered Tumor Targeting Drug Delivery 

 Liposomes containing small amount of air have potential to carry pharmaceutical 
agents and their acoustic activity could enable them to respond to ultrasound stimu-
lation by releasing cargos. Liposome composed of phosphatidylcholine, phosphati-
dylethanolamine, phosphatidylglycerol, and cholesterol was made acoustically 
active by hydrating a lipid fi lm, sonication, freezing in the presence of mannitol, 
lyophilization, and rehydration. The procedure for generating acoustically active 
liposome was compatible with an encapsulation effi ciency of 15 % or more. The 
presence of mannitol during freeze-drying was essential not only for generation of 
acoustic activity but also for effi cient encapsulation. Ultrasound-triggered release 
was achieved by applying 1 MHz ultrasound at 2 W/cm 2  for 10 s. The inclusion of 
4 % diheptanolyphosphatidylcholine (DHPC) elevated the sensitivity of liposome 
to ultrasound stimulation and led to very effi cient stimulated release of contents 
(1/3 released in 10 s, 2/3 released in six such applications). Release of contents was 
highly correlated with the loss of air induced either by ultrasound or rapid pressure 
reduction. These encapsulation and triggered release techniques are highly effi -
cient, and hence may be applicable to tumor targeting drug delivery (Huang and 
MacDonald  2004 ). The strategy of ultrasound triggering can also be applied in 
micelle-based drug delivery system. At room temperature, the formulations con-
sisted of the mixtures of polymeric micelles and nanoemulsion droplets formed by 
perfl uoropentane (PFP), which were stabilized by the same biodegradable block 
copolymer that formed the micelles. At physiological temperatures, the nanodrop-
lets converted into stable nano/microbubbles that could survive for many hours. 
The encapsulated doxorubicin was confi ned to the microbubble walls formed by the 
bubble-stabilizing block copolymer. When the microbubbles are sonicated in the 
presence of cells, the drug is effectively transferred from the microbubble surface 
to the interior of the cells owing to the microbubble collapse in the process of iner-
tial cavitation. The ultrasound triggering release also induced a dramatic 
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enhancement of intracellular drug uptake by the tumor cells and effective tumor 
regression in vivo (Rapoport et al.  2007 ). In addition, continuous wave ultrasound 
exerts heating effects, which is useful in combination with the thermo-responsive 
liposomes and micelles.  

4.5.4    Magnet-Triggered Tumor Targeting Drug Delivery 

 To control the growth of primary tumors effectively with systemic chemotherapy, 
magnet triggered tumor targeting drug delivery provides a potential modality to ele-
vate drug accumulation in tumors. Magnetic liposomes with diameter of 146 nm have 
been prepared by the reverse-phase evaporation method (Kubo et al.  2001 ). Magnet-
triggered tumor targeting effi ciency was studied with Syrian male hamsters inocu-
lated with osteosarcoma, Os515, in the right hind limb at 7 days after inoculation. One 
day prior to the animal study, either a permanent magnet (with magnetic force) or 
non-magnetic alloy (without magnetic force) was implanted in the center of the 
tumors. Treatment with magnetic adriamycin liposomes under magnetic force showed 
signifi cantly greater antitumor activity than intravenous administration of adriamycin 
solution or that of magnetic adriamycin liposomes without magnetic force. Adriamycin 
administered as magnetic liposomes eliminated weight loss of hamsters, one of the 
side effects produced by adriamycin. Histological examination notably demonstrated 
the selective accumulation of magnetite particles in tumor blood vessels, suggesting 
that this systemic chemotherapy could effectively control the primary tumor owing to 
the high targeting effi ciency guided by magnetic triggering. 

 The magnetic gradient decreases with the distance to the target, however, the main 
limitation of magnet triggered tumor targeting drug delivery relates to the strength of 
the external fi eld that can be applied in vivo. In addition, it must be noted that the 
magnetic nanocarriers accumulate not only at the desired site but also throughout the 
cross-section from the external source to the depth making the effective fi eld limit 
(Arruebo et al.  2007 ). Finally, state-of-the-art magnetic drug delivery seems mainly 
applicable to well-defi ned tumors, thereby it remains a challenge in the treatment of 
metastatic neoplasms and small tumors in the early stage of their growth.   

4.6    Conclusion 

 More effective delivery of active targeting nanocarriers has resulted in the develop-
ment of novel methods to treat cancer. The picture of the ideal tumor targeting drug 
delivery system can be pointed back to the original vision of Paul Ehrlich’s “magic 
bullet” more than 100 years ago, where an anticancer agent introduced into the body is 
capable of being concentrated in diseased tissues while healthy organs untouched. 
Many different strategies have been employed for designing tumor targeting liposomes 
and micelles over the years. However, cancer is an extremely heterogeneous disease 
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and the treatment may involve a multifaceted approach. The development of cancer 
biology and emerging of new technologies will catalyze the identifi cation of multi-
functional nanocarriers with greater customization to achieve more effi cacious 
 anticancer response.     
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    Chapter 5 
   Photodynamic Therapy for Cancer: 
Principles, Clinical Applications, 
and Nanotechnological Approaches 

             Claudia     Conte    ,     Francesca     Ungaro    ,     Antonino     Mazzaglia    , and     Fabiana     Quaglia    

5.1            Principles of Photodynamic Therapy 

 Photodynamic therapy (PDT) is based on photochemical processes between light 
and an exogenous photosensitizer (PS) localized at disease level. These components, 
tolerated singly by the cells, generate cytotoxic oxygen-based molecular species in 
proper dosage and concentration. Mechanistically it consists in three phases: excita-
tion of PS, generation of toxic oxygen species, and cell death (Fig.  5.1 ). In the fi rst 
phase, light of an appropriate wavelength, usually visible (VIS) or near-infrared 
(NIR), excites the PS molecules from the ground state to the excited singlet state. 
The radiation wavelength is usually chosen to coincide with the maximum absorp-
tion wavelength of the drug molecule. In analogy with many other fl uorescent mol-
ecules, PS can, at this stage, decay to its ground state with concomitant emission of 
light in the form of fl uorescence. On the other hand, the excited singlet state PS may 
also undergo a process known as intersystem crossing whereby the spin of the excited 
electron inverts to form a relatively more stable and long-lived excited triplet- state 
that has electrons which spin in a parallel conformation in the two highest occupied 
molecular orbitals. High quantum effi ciency for this transition is a key characteristic 
of a good PS. The PS in triplet state can either decay to the ground state or transfer 
electron/energy to the surroundings through two types of reactions. A    type 1 process 
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can occur whereby PS reacts directly with an organic molecule in a cellular micro-
environment, acquiring or losing a hydrogen atom or electron to form a radical. 
Subsequent autoxidation of the reduced PS produces a superoxide anion radical 
(O 2  −· ). Dismutation or one electron reduction of O 2  −·  in the presence of two protons 
gives hydrogen peroxide (H 2 O 2 ), which in turn can undergo one- electron reduction 
to a powerful and virtually indiscriminate oxidant hydroxyl radical (HO − ). In a type 
2 process the transfer of energy to molecular oxygen leads to the formation of singlet 
oxygen ( 1 O 2 ) which initiates oxidation of susceptible substrates.

   Both type 1 and type 2 reactions can occur simultaneously and competitively, 
and the ratio between these processes depends on the type of PS used, as well as the 
concentrations of substrate and oxygen. Type 2 reaction, however, appears to play a 
central role in cytotoxicity, because of the highly effi cient interaction of the  1 O 2  spe-
cies with various biomolecules. Singlet oxygen, in fact, is believed to be the main 
cytotoxic agent in PDT (Agostinis et al.  2011 ). Singlet oxygen species have a life-
time of less than 3.5 μs in aqueous environment and can diffuse only 0.01 to 0.02 μm 
during this period. Nevertheless, it should be taken into account that singlet oxygen 
senses the inherent heterogeneity of cell environment and its lifetime can be conse-
quently affected (Kuimova et al.  2008 ). Therefore, the initial extent of the damage 
is limited to the site of concentration of the PS (Robertson et al.  2009 ). This is usu-
ally the mitochondria, plasma membrane, Golgi apparatus, lysosomes, endosomes, 
and endoplasmic reticulum (ER). The nucleus and nuclear membrane are usually 
spared and DNA damage is rare. Net ionic charge (from −4 to +4), hydrophobicity, 
and the degree of asymmetry of PS are reported to play a role in cell uptake and 
intracellular localization.  

  Fig. 5.1    Schematic illustration of a photodynamic reaction. The PS initially absorbs a photon that 
excites it to the short-lived singlet state. This can decay by fl uorescence emission, by non-radiative 
relaxation with emission of heat, or by intersystem crossing to the long-lived triplet state. This 
triplet PS can interact with molecular oxygen in two pathways, type 1 and type 2, leading to the 
formation of oxygen radicals and singlet oxygen ( 1 O 2 ), respectively (adapted from Gupta et al. 
 2013  with permission from Elsevier)       
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5.2     Light Sources and Light Delivery 

 No single light source is ideal for all PDT indications, even with the same PS. 
The choice of light source should therefore be based on PS absorption, disease, cost, 
and size. Furthermore, the clinical effi cacy of PDT is dependent on dosimetry: total 
light dose, light exposure time, light delivery mode (single vs. fractionated or even 
metronomic), and fl uence rate (intensity of light delivery). 

 The effective excitation light magnitude is determined by the combination of 
optical absorption and scattering properties of the tissue. Absorption is largely 
due to endogenous tissue chromophores such as hemoglobin, myoglobin, and 
 cytochromes (Fig.  5.2 ).

   The optical scattering of a tissue decreases with wavelength. For the spectral 
range of 450–1,750 nm, tissue scattering is, in general, more prevalent than absorp-
tion, although for the range of 450–600 nm, melanin and hemoglobin provide sig-
nifi cant absorption, while water plays a similar role for wavelength >1,350 nm. 
Therefore, the optimal optical window for PDT, as well as for optical imaging, is in 
the NIR spectral region (600–1,300 nm), where the scattering and absorption by 
tissue are minimized and, therefore, the longest penetration depth can be achieved. 
Within this optical window, the longer is the wavelength, the deeper is the penetra-
tion depth. However, light up to only approximately 800 nm can extensively gener-
ate singlet oxygen, because longer wavelengths have insuffi cient energy to initiate a 
photodynamic reaction (Sandell and Zhu  2011 ). Recently the PDT effectiveness 
of new porphyrin dimers activated at longer wavelengths was demonstrated 
(Balaz et al.  2009 ; Dahlstedt et al.  2009 ). 

  Fig. 5.2    Optical absorption coeffi cients of principal tissue chromophores in the human body 
(reproduced from Vogel and Venugopalan  2003  with permission from the American Chemical 
Society)       
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 The ideal light source for PDT must exhibit suitable spectral characteristics that 
coincide with the maximum absorption wavelength range of the PS applied in order 
to generate enough radical oxygen species (ROS) to produce a cytotoxic effect. 
Nevertheless, as previously explained, PDT treatment is generally carried out with 
red light at higher penetration also for those PS which exibit maximum absorption 
in the blue region of spectrum. 

 Currently approved PS absorb in the visible spectral regions below 700 nm, 
where light penetration into the skin is only a few millimeters, clinically limiting 
PDT to treating topical lesions. Optical penetration depth of selected healthy and 
tumor tissues is reported in Table  5.1 .

   Laser systems are widely used for treating dermatological conditions (Barolet 
 2008 ). The gold vapor laser (628 nm), the argon ion-pumped dye laser (630 
or 635 nm), and the copper vapor-pumped dye laser constitute the most popular 
systems. They allow the selection of a wavelength that has a maximal effective 
 tissue penetration of approximately 10 mm and have been used in combination 
with  all types of PS. The laser beams can be launched into an optical fi ber applica-
tor, enabling light to be delivered directly into internal tumors. However, these 
 techniques are relatively expensive, require specialized supporting staff, and are 
space-consuming. 

 It is likely that such systems will eventually be replaced by laser diode arrays 
which are very convenient since they can be easily handled, require only a single 
phase supply, and are also relatively inexpensive. Commercially available incoherent 
light sources, such as incandescent or arc lamps, have been used in topical PDT by 
several groups mainly for the treatment of large lesions (Warren et al.  2009 ). Because 
coherence of light is not necessary for PDT, such sources offer the advantage of 
being less expensive and easier to handle. The most popular of them is the fi ltered 
slide projector, which excludes light below 600 nm with glass fi lters, minimizing the 
emission of shorter wavelengths. Due to strong absorption by hemoglobin, it could 

   Table 5.1    Optical penetration depth (mm) as a function of light wavelength of some tissues 
(reproduced from Lee and Kopelman  2011  with permission from Springer)   

 Wavelength of light 

 Tissue  630 nm  632.8 nm  665 nm  675 nm  780 nm  835 nm  1,064 nm 

 Blood  0.19  0.28  0.42  0.51 
 Mammary tissue  2.59  2.87  3.12  3.54 
 Mammary carcinoma  2.87  3.14  3.62  4.23 
 Mammary carcinoma 
in C3H/HEJ mice 

 2.0  2.3  3.7 

 Brain (postmortem)  0.92  1.38  2.17  2.52 
 Brain  1.6 
 Brain tumor  3.1 
 Colon  2.48  2.73  2.91 
 Lung  0.81  1.09  1.86  2.47 
 Lung carcinoma  1.68  2.01  2.82  3.89 
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lead to the production of heat-induced erythema. Despite this, unfi ltered white light 
has also been employed, and recently, professional incoherent lamp like PDT 1200 
lamp has been developed for PDT.  

5.3     PDT-Mediated Tumor Destruction 

 PDT treatment is connected to the modifi cation of different signal transduction cel-
lular pathways, in relation to calcium expression levels, lipid metabolism, tyrosine 
kinase expression, cell adhesion molecules, and cytokines. In particular, PDT treat-
ment induces an acute stress reaction leading to changes in cellular metabolism 
which may result in apoptosis, necrosis, or cell survival (Robertson et al.  2009 ). 

 Three distinct mechanisms have been recognized which contribute to reduction 
or disappearance of tumors after PDT treatment (Fig.  5.3 ).

   In the fi rst case, ROS that are generated by PDT can kill tumor cells directly by 
apoptosis and/or necrosis if the PS has been taken up by tumor cells (Oleinick et al. 
 2002 ). Alternatively, PDT is able to damage the tumor-associated vasculature, thus 
leading to tumor death via lack of oxygen and nutrients (Krammer  2001 ). Finally, 
the acute infl ammation as well as the release of cytokines and stress response pro-
teins induced in the tumor by PDT can lead to an invasion of leukocytes that can 
both contribute to tumor destruction as well as stimulate the immune system to 
recognize and destroy tumor cells (Castano et al.  2006 ; Pizova et al.  2012 ; van 

  Fig. 5.3    The mechanism of tumor attack in PDT. PS absorbs light and an electron moves to the 
fi rst short-lived excited singlet state. This is followed by intersystem crossing, in which the excited 
electron changes its spin and produces a longer-lived triplet state. The PS triplet transfers energy 
to ground state triplet oxygen, which produces reactive singlet oxygen. Singlet oxygen can directly 
kill tumor cells by induction of necrosis and/or apoptosis, can cause destruction of tumor vascula-
ture, and produces an acute infl ammatory response that attracts leukocytes such as dendritic cells 
and neutrophils (reproduced from Castano et al.  2006  with permission from the American Chemical 
Society)       
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Duijnhoven et al.  2003 ). The relative importance of each mechanism for the overall 
tumor response is yet to be defi ned and so requires further research. It is clear, how-
ever, that the combination of all these components in PDT is required for optimum 
long-term tumor regression, especially of tumors that may have metastasized. 

5.3.1     Mechanisms of Cell Death in PDT 

 Although PDT can induce many cellular and molecular signaling pathway events in 
cells, the fi nal effect is the induction of cell death through the activation of three main 
cell death pathways: apoptosis, necrosis, and autophagy (Reiners Jr et al.  2010 ). 

 The mode and the extent of cell death is related to different elements, including 
the concentration, the physiochemical properties and the subcellular location of the 
PS, the concentration of oxygen, the wavelength and intensity of the light, as well 
as the cell type. For instance, it is recognized that lower doses of PDT lead to more 
apoptotic cells, while higher doses lead to proportionately more necrotic cells 
(Castano et al.  2005 ). 

 The major death modality in cells responding to PDT is generally apoptosis, 
which is mediated by the activation of the pro-apoptotic members of the family Bcl 
(Kessel and Castelli  2001 ; Xue et al.  2001 ). With mitochondria-associated PS, pho-
todamage to membrane-bound Bcl-2 can induce the subsequent release of caspase 
activators such as cytochrome c, or other proapoptotic molecules. In particular, cell 
death after PDT treatment has been associated to high levels of caspase 3 and 9 
within the cell lysate (Buytaert et al.  2007 ). Nevertheless, phototoxicity is propa-
gated also by other proteases, such as calpains, as well as non-apoptotic pathways 
(Buytaert et al.  2007 ). In fact, in the case of inhibition or genetic defi ciency of cas-
pases, photodamage is generally delayed or exerted by necrotic cell death pathways 
(Vanlangenakker et al.  2008 ). Although the molecular mechanisms underlying pro-
grammed necrosis are not completely clarifi ed, specifi c events including activation 
of RIP kinase, mitochondrial ROS production, and lysosomal damage are recur-
rently involved. In particular, it has been demonstrated that PDT treatment can 
improve the mitochondrial permeability through inner mitochondria membrane 
damage and intracellular Ca 2+  overload, thus promoting necrotic as well as apop-
totic cell death. It has been suggested that apoptosis and necrosis share common 
initiation pathways and that the fi nal outcome is dependent on the presence of an 
active caspase (Nakagawa et al.  2005 ). This implies that apoptosis inhibition re- 
orients cells to necrosis, so that cells suffi ciently damaged by PDT are destroyed, 
regardless of the mechanism involved (Buytaert et al.  2007 ). 

 The last cell death pathway induced by PDT is associated to the stimulation of 
autophagy by various stress signals including oxidative stress and ROS production 
as primary damaging agents. However, autophagy can have not only a pro-death 
role after cancer therapies but also a cytoprotective effect (Kessel  2006 ). There is a 
correlation between autophagy and the other cell death pathways. For instance, 
accumulation of ROS-damaged cytoplasmic components may then potentiate 
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phototoxicity in apoptosis-competent cells (Reiners Jr et al.  2010 ). However, a 
better understanding of the interplay between autophagy, apoptosis, and necrosis in 
tumor response will be a requisite to optimize application of PDT in cancer treatment 
(Buytaert et al.  2007 ). 

 After PDT, cancer cells usually develop a cytoprotective mechanism in order to 
avoid cytotoxic effects such as the production of antioxidant molecules (e.g., some 
amino acids, glutathione, vitamin E) and of enzymes that can detoxify ROS. For 
example, superoxide dismutase (SOD) overexpression or treatment with SOD 
mimetics has been shown to counteract the cytotoxic effect of PDT (Golab et al. 
 2003 ). A further cytoprotective mechanism is based on the expression of proteins 
which are involved in particular signaling pathways that can regulate PDT-induced 
apoptosis or participate in the repair of lesions caused by oxidative stress. Amid 
them, different stress-related transcription factors induced by PDT are widely 
known, including the nuclear factor κB (NF-κB), an activator protein-1 (AP-1), a 
hypoxia-inducible factor-1α (HIF), or the nuclear factor (erythroid-derived 2)-like 
2 (Nrf 2 ) (Oleinick et al.  2002 ). Furthermore, it has been demonstrated that PDT 
upregulates heme oxygenase-1 expression depending on Nrf 2  nuclear accumula-
tion and induces the expression of various heat shock proteins (HSPs) exerting a 
protective role (Weiss et al.  2012 ). For example, transfection of tumor cells with 
the HSP gene increased the survival of tumor cells after PDT. In particular, the 
increase of HSP60 and HSP70 levels in tumor cells are inversely correlated with 
sensitivity to the PDT thanks to their ability to bind the damaged proteins (Hanlon 
et al.  2001 ; Nonaka et al.  2004 ). Many HSPs play a critical role also in the regula-
tion of pro- survival pathways, thus increasing, for example, the ubiquitination of 
carbonylated proteins and preventing the formation of toxic protein aggregates 
(Szokalska et al.  2009 ).  

5.3.2     Antivascular Effects of PDT 

 Depending on the type of PS and the PS-light interval administered, PDT can pro-
voke several vascular effects, including microvasculature collapse as well as high 
tissue hypoxia, complete blood fl ow stasis, hemorrhage, and, in some cases, the 
formation of platelet aggregates in larger vessels. 

 Although microvascular damage and hypoxia after PDT contribute to greater 
tumor response, reduction in oxygen during treatment can limit tumor control by 
inducing the production of proangiogenic markers such as the vascular endothelial 
growth factor (VEGF), the cyclooxygenase-2 (COX-2), the matrix metalloprotein-
ase (MMP), and other cytokines, creating enhanced environment for tumor 
 recurrence (Bhuvaneswari et al.  2009 ). All these phenomena described at vessel 
level are directly correlated to the photodamage of the endothelium, which is 
reported as the primary target for PDT in vivo (Fig.  5.4 ). It is widely known, in fact, 
that endothelial cells are characterized by a high sensitivity to PDT treatment 
(Gomer et al.  1988 ).

5 Photodynamic Therapy for Cancer: Principles, Clinical Applications…



130

   The difference in sensitivity between the endothelial cells and the other proliferat-
ing tumor cells is accompanied by a greater PS accumulation in the endothelial cells. 
Endothelial cell responses to sublethal doses of PDT may also contribute to vascular 
changes observed in tissue (Fingar  1996 ; Fingar et al.  1992 ; Pizova et al.  2012 ).  

5.3.3     PDT and the Immune Response 

 Numerous preclinical and clinical studies have demonstrated that PDT can infl u-
ence the adaptive immune response in different ways: some regimens result in 
potentiation of adaptive immunity, whereas others lead to immunosuppression. 
However, the precise mechanism leading to potentiation versus suppression is 
unclear; nevertheless, it seems as though the effect of PDT on the immune system 
is dependent on the PS type, the treatment regimen, and the area treated. Furthermore, 
recent fi ndings suggest that clinical antitumor PDT can increase antitumor immu-
nity (Gollnick et al.  2006 ). 

  Fig. 5.4    Tumor endothelial responses after PDT leading to blood fl ow stasis. ( a ) Tumor blood 
vessel before PDT. ( b – e ) Magnifi cation of the junction of the tumor vessel. ( b ) Before PDT endo-
thelial cells are tightly attached to the basement membrane of the vessel wall, lining the blood 
vessel. Endothelial cells are connected through tight junctions. ( c ) After injection of a PS and light 
exposure, cellular stress inside the endothelial cells results in disruption of tight junctions, partial 
retraction, and detachment from the vessel wall. ( d ) Blood gets in contact with the vessel wall 
collagen and the clotting cascade is initiated, ultimately leading, through the interaction with 
fi brinogen, to the formation of a stabilized thrombus, leading to obstruction of the vessel. ( e ) Due 
to the angiogenic switch, endothelial cell proliferation, migration, and sprout formation are 
observed (reproduced from Weiss et al.  2012  with permission from the American Chemical Society)       
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 First of all, PDT frequently provokes a strong acute infl ammatory reaction 
observed as localized edema at the targeted site. This reaction starts with the genera-
tion of important alarm/danger signals, also called damage-associated molecular 
patterns (DAMPs) or cell death-associated molecular patterns (CDAMPs), at the 
treated site that can be detected by the innate immunity (Korbelik  2006 ). As conse-
quence, PDT induces oxidative stress which triggers a vast array of signal pathways 
via Toll-like receptors (TLRs). This includes expression of HSPs, NF-κB, and AP-1 
that can then induce expression of immunoregulatory and proinfl ammatory proteins 
such as interleukins (IL-1α, -1β, -2, -6, -8, -11, -12, -15), tumor necrosis factor 
(TNF), chemokines, and interferons (IFN-α/β). Further, photo-oxidative degrada-
tion of membrane lipids and generation of arachidonic acid metabolites, which are 
themselves potent infl ammatory mediators, can cause a rapid and strong infl amma-
tory reaction (   Castano et al.  2006 ). These processes together with the release of 
histamine and serotonin from damaged vasculature cause infi ltration of the tumor 
site by diverse populations of immune cells (neutrophils, mast cells, and macro-
phages) that become activated and engaged in tumor cell destruction (Krosl et al. 
 1995 ). However, a key event appears to be PDT induced complement activation. 

 Photosensitization induces the innate immunity response with subsequent devel-
opment of adaptive immunity. In particular, PDT activates both humoral and cell- 
mediated antitumor immunity. PDT-induced acute local and systemic infl ammation 
is postulated to culminate in the maturation and activation of dendritic cells (DCs) 
(Sousa  2004 ). Activated DCs then migrate to tumor draining lymph nodes, where 
they stimulate T-cell activation. Generation of CD8+ effector and memory T cells is 
frequently, but not always, dependent upon the presence and activation of CD4+ T 
cells. PDT-induced antitumor immunity may or may not depend on CD4+ T cells 
and may be augmented by natural killer cells. Nevertheless, in some cases, certain 
PDT regimens have been shown to systemically suppress immune reactivity 
(Gollnick et al.  2006 ).   

5.4     Treatment of Cancer Through PDT 

 A PDT treatment is a two-stage process where a PS is administered in the body 
locally or by intravenous injection. After a certain period, PS accumulates in cancer 
cells and is activated by application of light at level of diseased area where biologi-
cal effects occur. PDT effi cacy depends on multiple factors related to PS photo-
chemical features (singlet oxygen production yield, light penetration depth), PS 
pharmacokinetics (blood protein interaction, clearance) and consequent tissue/cell 
distribution, properties of the tumor (vasculature, oxygenation level) as well as light 
parameters (light dose, drug-to-light interval). Hence, therapeutic success depends 
on the optimization of all these factors as described in the following. 
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5.4.1     Photosensitizers in Cancer Treatment 

 PS are generally classifi ed as porphyrinoids and non-porphyrinoids. Amid 
porphyrinoids- based PS, fi rst, second, and third generation PS are reported. 

 The fi rst generation agent hematoporphyrin (Hp) was isolated from hemoglobin 
of dried blood using concentrated sulfuric acid in 1841 by Scherer. Purifi cation and 
solubilization of Hp are the chemical processes leading to the preparation of HpD 
(HP derivative), a very complex mixture of several components, whereby approxi-
mately 50 % is identifi able as oligomeric ematoporphyrins and protoporphyrins, 
which have a low in vivo photosensitizing activity. Further chemical purifi cation 
yielded to the preparation of porfi mer sodium (Photofrin ® ), a lyophilized concen-
trated form of monomeric and oligomeric hematoporphyrin derivatives. Photofrin ®  
is characterized by an absorption band at 630 nm (corresponding to a penetration of 
about 5–10 mm) and a low molar extinction coeffi cient which in turn demands high 
concentrations of Photofrin ®  and light to obtain adequate tumor eradication, and a 
long half-life of 452 h, causing long-lasting photosensitivity. The time delay between 
drug delivery and the time it takes to maximize the tumor to normal cell uptake 
within the target tissue determines the correct time for light application. Photofrin ® -
mediated PDT involves iv administration of PS followed by irradiation (100–200 J/cm 2  
of red light) 24–48 h later. During this period Photofrin ®  is cleared from a number 
of tissues and remains concentrated at target site (Allison et al.  2010 ). 

 Second generation porphyrins have been developed with the aim to alleviate 
certain problems associated with fi rst-generation molecules such as prolonged skin 
photosensitization and suboptimal tissue penetration. Amid alternative strategies to 
induce photosensitization, the use of the endogenous PS protoporphyrin IX (PpIX), 
precursor in the biosynthesis of heme, has been proposed. By providing exogenous 
5-aminolevulinic acid (5-ALA) to cells, the production rate of PpIX, as well as of 
reactive oxygen, is increased, especially in cancer cells. 5-ALA is now approved 
for the treatment of actinic keratosis (AK) (Levulan ® ) and is in clinical trials for 
other types of cancer (Nokes et al.  2013 ). Due to its poor ability to cross the skin, 
lipophilic derivatives have been proposed such as 5-methyl- aminolevulinate 
(Metvix ® ) and hexyl ester of 5-ALA (Hexvix ® ) (Fukuda et al.  2006 ). However, 
various chemical modifi cations of the tetrapyrrolic ring of the porphyrins charac-
terize the different groups of the second-generation PS (Kreimer-Birnbaum  1989 ). 
They have high absorption coeffi cients, satisfactory singlet oxygen quantum yields 
as well as absorption peaks in the IR (660–700 nm) or NIR (700–850 nm) regions. 
The serum half-life of these compounds is short and tissue accumulation is 
improved and occurs quickly (within 1–6 h after injection). Thus, the treatment can 
be carried out on the same day as the administration of the drug. In addition, the 
risk of burns by  accidental sun exposure is low because clearance from normal tis-
sues is rapid. Finally, toxicity to skin and internal organs in the absence of light 
(the so-called “dark” toxicity) is absent or minimal. PS currently under investiga-
tion belong to two chemical groups: the chlorins and the phthalocyanines (Pc) 
(Garland et al.  2009 ). 
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 Chlorins are reduced porphyrins such as the mono- L -aspartyl chlorine e6 (NPe6) 
and chlorin e6, hydrophilic compounds with some amphiphilicity and similar pho-
tobiological properties. They have been found effective in treating basal cell carci-
noma (BCC) and squamous cell carcinoma (SCC). Tin etiopurpurin dichloride 
(SnET 2 ) (Purlytin) and  meta -tetrahydroxylphenyl chlorin ( m -THPC, Temoporfi n) 
(Foscan ® ) are hydrophobic and their use for dermatological indications has been 
investigated extensively. Finally, bacteriochlorins might be particularly useful for 
the PDT of pigmented tumors. 

 The joining of four benzenes or naphthalene rings to the β-pyrrolic positions of 
porphyrins and the substitution of the methylene-bridge carbons with nitrogen pro-
duce Pc and naphthalocyanines, respectively. The presence of Al (III), Zn (II), Si 
(IV), Ru (II), and other diamagnetic metal ions with axial ligands gives hexacoordi-
nation and guarantees a satisfactory yield of singlet oxygen generation, thus decreas-
ing the tendency to form PS self-aggregates and inducing high photodynamic 
effi ciency and reduced phototoxic side effects (Garland et al.  2009 ). 

 In addition, other PS    with different modifi cations of the porphyrin structure are 
available. Synthetic porphycenes and isomers of porphines are effi cient generators 
of singlet oxygen and inducers of tumor regression. For instance, 9-acetoxy- 
2,7,12,17-tetrakis-(beta-methoxyethyl)-porphycene (ATMPn) is a chemically pure 
substance with fast pharmacokinetics and superior photodynamic properties in vitro 
and in vivo as compared to Photofrin ®  (Abels et al.  1997 ; Leunig et al.  1993 ). 
Texaphyrins are synthetic, water-soluble expanded-ring porphyrin analogues, in 
which a phenyl ring replaces one pyrrole ring. They can be easily complexed with 
large metal cations, such as Ln (III), Lu (III) or Gd (III), to give metal complexes 
photoactives in vivo with high selectivity and an effi cient generation of singlet oxy-
gen. The lack of signifi cant persistent skin phototoxicity is another outstanding 
characteristic of these compounds. Photosensitivity lasts up to 6 weeks, but strict 
avoidance of sunlight is needed only for the fi rst 2 weeks (Sessler and Miller  2000 ). 
Tetra-sulfonatophenylporphine (TPPS) is a hydrophilic substituted porphyrin that is 
25–30 times more effective than HpD and Photofrin ®  (Calzavara-Pinton et al.  2007 ; 
O’Connor et al.  2009 ). 

 Non-porphyrin derivates include hypericin, a naturally occurring compound 
from  Hypericum  plants that shows maximum absorption in the UV (330 nm) and 
visible (550 and 588 nm) light range, high singlet oxygen production, minimal dark 
toxicity, and high clearance from the body after administration. Hypocrellins, meth-
ylene blue, azure C, methylene violet, thionine, methylene green, Nile blue A, and 
rhodamine 123 are potential PS for PDT. 

 When considering the ideal properties that a PS should possess, some features 
can be easily manipulated, whereas some others cannot be easily controlled, thus 
prompting to novel formulation approaches based on nanotechnologies. 

 Each of the currently commercially available PS has specifi c characteristics, but 
none of them is an ideal agent. For example, most of the PS are hydrophobic and 
can aggregate very easily in aqueous media which can affect their photophysical, 
chemical, and biological properties (Allison and Sibata  2010 ). 
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 Second generation PS show lower toxicity, but most of them exhibit poor solubility 
in aqueous media, preventing intravenous delivery into the bloodstream and affecting 
their effi cacy and tumor selectivity. Thus, it becomes a key fundamental to develop 
more performing compounds with improved deliverability. 

 Currently, research efforts have been focused on the development of third gen-
eration PS, characterized by a higher specifi city to target cells, thus resulting in 
minimized accumulation in healthy tissues. The fi rst approach is based on the con-
jugation of PS with a targeting component, such as an antibody directed against the 
tumor antigens, in order to promote the localization and the accumulation of the 
drug at the diseased site (Staneloudi et al.  2007 ; Nowis et al.  2005 ). 

 The PS bioconjugate is then able to (specifi cally) photodynamically inactivate 
tumor cells expressing the tumor-associated antigen, minimizing healthy cell local-
ization and concomitant damage. An alternative approach in the development of 
third generation PS would be their delivery through nanoscale carrier (nanoPDT).  

5.4.2     Clinical PDT for Cancer 

 PDT has been utilized for pre-neoplastic and neoplastic diseases in a wide variety 
of organ systems, including skin, genitourinary, esophagus, prostate, bile duct, pan-
creas, head and neck, and brain. Several medicines have been approved or are cur-
rently in clinical trials (Table  5.2 ).

   Skin cancers and precancers have been among the fi rst to be studied in PDT due 
to their accessibility to PS and external light. In the defi nitive setting, PDT is cur-
rently approved for the treatment of AK, BCC, and SCC. 

 Successful results for PDT of nonhyperkeratotic AK have been achieved with 
systemically administered porfi mer sodium as well as topically applied ALA and 
methyl-ALA (MAL). Twenty-eight randomized clinical trials (RCTs) that reported 
the use of PDT in the treatment of AK have been identifi ed (Lim  2002 ), and aggre-
gated data indicate better rates of complete response and better cosmetic results 
with PDT than with the other treatments (Biel  2010 ). 

 Thirteen RCTs on superfi cial and nodular BCC have been reported, comparing 
ALA-PDT with surgical excision, cryotherapy, or placebo. In particular, for super-
fi cial BCC, the outcome after PDT appears similar to surgery or cryotherapy, 
whereas for nodular (deep) BCC, PDT is less effective than surgery for lesion clear-
ance. Finally, PDT can substantially reduce the size of large SCC tumors reducing 
morbidity and increasing overall curative response (Kostron  2010 ). 

 Regarding ophthalmic disease, the only clinically approved PS for PDT treat-
ment is Verteporfi n (Visudyne ® ). In particular, it has been approved for the treat-
ment of age-related macular degeneration (AMD) worldwide since 2000. AMD 
therapy involves iv administration of verteporfi n followed by activation through an 
ophthalmoscope equipped with a 690 nm diode laser while the PS is still in the 
general circulation. Several RCTs are currently under way to evaluate the effi cacy 
of AMD PDT for use with other PS, such as SnET 2 , motexafi n lutetium, and NPe6 
(Eljamel  2010 ). 
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 In the fi eld of head and neck cancer, over 1,500 patients have been treated with 
PDT (Simone et al.  2012 ) with Photofrin ® , 5-ALA, Foscan ® , and Photochlor by sys-
temic delivery; in particular, Foscan ®  was approved in Europe in 2001 for the pallia-
tive treatment of patients with advanced head and neck cancer who have exhausted 
other treatment options. Furthermore, various formulations of porfi mer sodium, 
5-ALA, and Temoporfi n are currently undergoing intensive clinical investigation as 
an adjunctive treatment for brain tumors, such as glioblastoma multiforme, anaplastic 
astrocytoma, malignant ependymomas or meningiomas, melanoma and lung cancer 
brain metastasis, and recurrent pituitary adenomas (Minnich et al.  2010 ). Currently, 
PS are being evaluated both as intraoperative diagnostic tools by means of photode-
tection (PD) and fl uorescence guided resection (FGR) as well as during PDT as an 
adjunctive therapeutic modality. The most recently published trials that employed 
PD, FGR, and PDT provided additional encouraging results, but the initial delay in 
tumor progression did not translate to extended overall survival (Friedberg  2011 ). 

 PDT is increasingly being used to treat cancers of the airways and other tumors 
in the thoracic cavity, especially non-small cell lung carcinoma (NSCLC) (Wiedmann 
and Caca  2004 ). Different RCTs based on talaporfi n or porfi mer sodium-mediated 
PDT showed good results and complete response rate in patients with early stage 
lung cancer or for whom surgery is not feasible (Ortner  2011 ). 

 In gastroenterology, endoscopically accessible premalignant or malignant lesions 
located within the esophagus, the stomach, the bile duct, or the colorectum with a 
high surgical risk have become suitable targets of endoscopic PDT (Bown et al. 
 2002 ). Photofrin®-PDT has been approved for obstructing esophageal cancer, early- 
stage esophageal cancer, and Barrett’s esophagus in several countries, as an alterna-
tive to esophagectomy because these are superfi cial and large mucosal areas that are 
easily accessible for light. Recent pilot studies have demonstrated that endoscopic 
Photofrin®-PDT is also effective in the palliative treatment of hilar cholangiocarci-
noma (Anand et al.  2012 ), for early duodenal and ampullary cancers as well as for 
advanced adenomas. 

 Due to advances in light applicators, the interstitial PDT is now becoming a prac-
tical option for solid lesions, including those in parenchymal organs such as the liver 
and pancreas (Parhi et al.  2012 ). Talaporfi n-mediated PDT may have effi cacy in 
treating hepatocellular carcinoma, whereas Foscan® looked promising in the treat-
ment of pancreatic cancer (Kessel and Erickson  1992 ). In the case of prostate cancer, 
Foscan®, Tookad Tookad, and Lutex Tookad, looked minimally invasive alternatives 
to surgery or radiotherapy ,  reducing the risk of the post-surgical side effects of incon-
tinence and impotence. Bladder cancer tends to be a superfi cial condition, and for 
this reason it is proposed that a superfi cial treatment mediated with ALA or its ester 
derivatives, by intravesical instillation, may be a preferable means for local therapy 
(Zuluaga and Lange  2008 ). 

 The last PDT application refers to the treatment of gynecological cancers. 
For cervical intraepithelial neoplasia, PDT based on chlorine e6 (Fotolon®) or 
 hexyl- ALA offers a nonscarring alternative to cone biopsy. For vulvar intraepithelial 
neoplasia, use of Foscan® or ALA may ameliorate the need for radical mutilating 
surgery. Similarly, penile intraepithelial neoplasia and anal intraepithelial neoplasia 
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have been treated with ALA-based PDT, sometimes with complete clearance. 
Extramammary Paget’s disease responds to PDT with porfi mer sodium or ALA 
(Labib et al.  1991 ).  

5.4.3     PDT Combined to Other Treatment Modalities in Cancer 

 At present, combination of different chemotherapeutic drugs in a chemotherapy 
regimen is an attractive strategy for effective cancer treatment. In a clinical setting 
the treated patients were found to fail the experiences of single agent chemotherapy, 
because it is limited to act on specifi c cancer survival pathways and showed low 
response rates and relapse of tumor. To improve the therapeutic potential of cancer 
chemotherapy, it is essential to establish alternative approaches that could provide a 
solution to the problems involved in single drug chemotherapy. To this end, much 
attention has been given to combination approaches for a better long-term prognosis 
and to decrease side effects associated with high doses of single drug treatment. 
Unlike single agent therapy, combination therapy can modulate different signaling 
pathways, maximizing the therapeutic effect by overcoming toxicity and, moreover, 
can overcome the mechanisms of multi-drug resistance (MDR). 

 The use of combination therapy for cancer treatment has been well established in 
recent years and its advantages are illustrated below. One of the prime benefi ts of 
combination therapies is the potential for providing synergistic effects. In combina-
tion therapy the overall therapeutic benefi t of the drugs in combination was found to 
be greater than the sum of the effects of the drugs individually. These advantages 
have driven drug discovery efforts toward the search for combination therapies. The 
best drug combination with maximal antitumor effi cacy can be calculated by mul-
tiple drug effect/combination index isobologram analysis, an effective way to dem-
onstrate that drugs are working synergistically. The prime mechanism of synergistic 
effect following combinational drug treatment could act on the same or different 
signaling pathways to achieve more-favorable outcomes at a lower dose with equal 
or increased effi cacy (Parhi et al.  2012 ; Lehar et al.  2009 ). 

 Combinations of various therapeutic modalities with non-overlapping toxicities 
are among the commonly used strategies to improve the therapeutic index of treat-
ments in modern oncology. Two general approaches may increase the antitumor 
effectiveness of PDT: (1) sensitization of tumor cells to PDT and (2) interference 
with cytoprotective molecular responses triggered by PDT in surviving tumor or 
stromal cells. Any interactions between PDT and PDT-sensitizing agents will be 
confi ned to the illuminated area. Therefore, the potentiated toxicity of the combi-
nations is not systemic. This should be of special importance in elderly or debili-
tated patients who poorly tolerate more intensive therapeutic regimens. Moreover, 
considering its unique singlet oxygen-dependent cytotoxic effects, PDT can be 
safely combined with other antitumor treatments without the risk of inducing 
cross- resistance (Kessel and Erickson  1992 ). However, there have been few studies 
on combinations of PDT with standard antitumor regimens published to date 
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(Zuluaga and Lange  2008 ). PDT can be used in combination with surgery as a 
neoadjuvant, adjuvant, or repetitive adjuvant treatment, preferably image-guided 
fl uorescence to confi ne illumination to the most suspicious lesions. PDT has also 
been successfully combined with radiotherapy and chemotherapy (Golab et al. 
 2003 ; Szokalska et al.  2009 ). 

 Another approach to promote PDT effi cacy involves increased PS delivery or 
impaired loss from tumor cells. The fi rst approach involves conjugation of PS to 
various tumor-targeting molecules. This may be important in the treatment of 
tumors where large surface areas are illuminated and hence increased tumor selec-
tivity is desired. The use of compounds that impair PS effl ux has also been demon-
strated to effectively sensitize tumor cells to PDT, although such approaches seem 
to be limited to those PS that are the substrates of outward transport systems such as 
ABCG2 (Liu et al.  2007 ). 

 The development of novel target-specifi c antitumor drugs has enabled examina-
tion of a number of concept-based combinations that by various molecular mecha-
nisms sensitize tumor cells to the cytotoxic effects of PDT. Proteins are major 
targets for oxidative reactions because they constitute nearly 70 % of the dry weight 
of cells. Oxidized proteins can be refolded by molecular chaperones such as HSPs. 
Ineffi cient restoration of their structure leads to accumulation of misfolded proteins 
and their aggregation, which precipitates cell death. Accumulation of damaged or 
misfolded proteins within endoplasmic reticulum (ER) triggers a process called ER 
stress, which can be ameliorated by unfolded protein response or can lead to cell 
death. Therapeutic approaches that interfere with refolding or removal of oxidized 
proteins can be used to sensitize tumor cells to PDT. For example, modulation of 
HSP function with geldanamycin, a HSP90 inhibitor, sensitizes tumor cells to PDT 
(Ferrario et al.  2007 ). Bortezomib, a proteasome inhibitor successfully used in the 
treatment of hematological disorders, potentiates the cytotoxic effects of PDT by 
aggravation of ER stress (Szokalska et al.  2009 ). Moreover, several apoptosis- 
modulating factors such as rapamycin, Bcl-2 antagonists, ursodeoxycholic acid, or 
ceramide analogues have been shown to increase PDT-mediated cancer cell death 
(Zuluaga and Lange  2008 ) (Table  5.3 ).

5.4.4        Drawbacks in PDT 

 The effi cacy of a PDT treatment depends on multiple factors related to PS photo-
chemical and physico-chemical properties (singlet oxygen production effi ciency, 
tissue penetration of excitation light), PS biodistribution in the body, localization in 
a specifi c compartment and dose at target tissue, and the light parameters (light 
dose, fl uence rate, interval between administration and light exposure). Obviously, 
cancer tissue characteristics (vascularization, oxygenation level) play an important 
role in determining the therapeutic outcome of PDT. 

 The low extinction coeffi cients of PS require the administration of relatively 
large amounts of drug to obtain a satisfactory therapeutic response. Furthermore, 
several hydrophobic PS tend to aggregate in physiological conditions and as a 

C. Conte et al.



   Table 5.3    Combinations of PDT and various therapeutic modalities in cancer treatment (adapted 
from Agostinis et al.  2011 )   

 Drug or treatment 
modality  Outcome/results 

  Chemotherapeutics and novel anticancer drugs  

 Anthracyclines  Doxorubicin improves PDT-mediated tumor growth control in mice 

 Platinum compounds  Cisplatin potentiates antitumor activity of PDT in mice 

 Antimetabolites  Methotrexate enhances in vitro cytotoxicity of PDT with ALA by 
upregulation of protoporphyrin IX production 

 Microtubule inhibitors  Vincristine administered prior to or immediately after PDT improves its 
antitumor activity in mice 

 DNA methyltransferase 
inhibitors 

 5-Azadeoxycytidine prolongs survival of PDT-treated animals and improves 
tumor growth control 

 Proteasome inhibitors  Bortezomib enhances PDT-mediated ER stress in cancer cells in vitro and 
signifi cantly delays post-PDT tumor regrowth in mice 

  Radiotherapy : Two-way enhancement of antitumor effects: PDT sensitizes cancer cells to radiotherapy 
and radiotherapy increases anticancer effi cacy of PDT, prolonged tumor growth control induced by 
combined treatment 

  Drugs modulating arachidonic acid cascade  

 COX-2 inhibitors  COX-2 inhibitors (such as NS-398, nimesulide, or celecoxib) potentiate 
antitumor effects of PDT, possibly through indirect antiangiogenic effects 

 LOX inhibitors  MK-886 sensitizes tumor cells to PDT-mediated killing 

  Agents increasing PS accumulation in tumor cells  

 Vitamin D  Increases ALA-induced protoporphyrin IX accumulation and thus 
potentiates PDT cytotoxicity in vitro 

 Imatinib  Increases intracellular accumulation of second-generation PS and thus 
potentiates PDT cytotoxicity in vitro and in vivo 

 Lipid-lowering drugs  Lovastatin improves in vitro LDL binding and porfi mer sodium uptake by 
cancer cells 

 Salicylate  Enhancement of PDT effi cacy via increased PS uptake by tumor cells 

  Approaches increasing oxygen delivery to tumor cells  

 EPO  EPO improves chemotherapy-induced anemia and restores antitumor 
effi cacy of PDT in mice118; however, EPO might also inhibit direct 
PDT-mediated cytotoxicity toward certain cancer cells 

 Hyperbaric oxygen  Increased antitumor effects of PDT in mice and in advanced pleural tumors 
in humans 

 Hyperthermia  In various treatment regimens, hyperthermia potentiates antitumor effi cacy 
of PDT in vitro and in animal models the short time interval between these 2 
treatment modalities might increase normal tissue injury via vascular effects 

  Targeting cytoprotective mechanisms and increasing of radical formation in cancer cells  

 Disruption of heme 
degradation pathway 

 Targeting of HO˙ with selective inhibitors and siRNA as well as an 
siRNA-mediated knockdown of ferrochelatase or chelation of iron ions 
potentiate antitumor effects of PDT 

 Inhibition of SOD 2  2-Methoxyestradiol, a natural SOD inhibitor, enhances PDT cytotoxicity 
in vitro and improves antitumor effects of PDT in mice 

 NO synthase inhibition  Improved tumor response to PDT in mice 

 HSP90 modulation  Interference with HSP90 client proteins binding using a geldanamycin 
derivative improves responsiveness to PDT both in vitro and in vivo 

  Targeting of tumor vasculature  

 Antiangiogenic 
treatment 

 Anti-VEGF or anti-VEGFR monoclonal antibodies, matrix metalloproteinase 
inhibitor (prinomastat), TNP-470, and other antiangiogenic agents as well as 
adenovirus-driven IL-12 expression potentiate antitumor effects of PDT in mice 
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 consequence to produce singlet oxygen with very low yields. This state is one of the 
determining factors, which can hinder the effi cacy of the drug in vivo by decreasing 
its bioavailability and limiting its capacity to absorb light. 

 The absorption maximum of PS falls at relatively short wavelengths leading to a 
poor tissue penetration of light. This has prompted toward development of alterna-
tive strategies to improve quantum yields of singlet oxygen such as two-photon 
induced excitation. This strategy combines the energy of two photons (in the range 
780–950 nm) where tissues have maximum transparency to light but where the 
energy of one photon is not high enough to produce singlet oxygen. 

 Selectivity remains another key issue in PDT. A PDT treatment can be consid-
ered to be selective in that the toxicity to tumor tissue is induced by the local 
 activation of the PS, while normal tissue not exposed to light are spared. Second 
generation PS show improved selectivity and clearance rate from the body so as 
increased therapeutic effi ciency and mostly alleviated toxicity due to post-PDT 
photosensitization are experienced. However, this problem is far to be solved and 
prompts toward fi nding of third-generation PS. 

 PS can be administered by either topic or intravenous administration. For topical 
administration there is no need to delay light application except for drugs that need 
metabolic pathways to become active (such as 5-ALA). For systemic administra-
tion, PS location and extent of PS accumulation in a target tissue depend on post- 
injection time. At time shorter than PS half-life, the drug predominantly stays in the 
vascular compartment of the tumor while at longer time, PS can accumulate in 
extravascular sites due to interstitial diffusion. Therefore drug-light interval may 
play a crucial role for the therapeutic outcome. Concerning administration, most PS 
are hydrophobic. This lipophilic nature may be an important factor affecting the 
preferential accumulation in cellular hydrophobic loci since these molecules must 
be able to get into the cells by crossing lipid membranes. Due to their minute solu-
bility in water, iv administration of PS is greatly hampered, thus requiring suitable 
vehicles for both topical and intravenous delivery.   

5.5     Nanocarriers in PDT 

 Nanotechnology offers a great opportunity in PDT based on the concept that a PS 
formulated in a nanocarrier can alter its pharmacokinetics enhancing the treatment 
ability to target and kill cancer cells of diseased tissues/organs while affecting as few 
healthy cells as possible (Chatterjee et al.  2008 ; Chen  2008 ). Nanocarrier can also 
facilitate PS entry inside cells and potentiate photodynamic effects. Finally, nanocar-
riers offer the opportunity of multimodality since they can be designed to transport 
one or more drugs/species with different mechanisms of cancer cell killing and can 
incorporate an imaging agent useful to track the system in the body. Depending on the 
properties of the carrier (size, surface, shape), large variations in pharmacokinetics, 
cell uptake and subcellular distribution of PS can occur resulting in major therapeuti-
cal implications. 
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 To drive PS distribution in the body after intravenous injection, sterically stabilized 
nanocarriers with a biomimetic coating (stealth nanocarriers) can be largely benefi -
cial. These systems, generally constituted of a polyethylene glycol (PEG) shell, with-
stand phagocytosis in mononuclear phagocyte system (MPS) and recognition by the 
immune system, thus showing an increased blood circulation (Gref et al.  2000 ; 
d’Angelo et al.  2014 ; Huynh et al.  2010 ). Long-circulating nanocarriers potentially 
accumulate in pathological sites with compromised leaky vasculature such as that 
found in tumors (passive targeting). Defective vascular architecture coupled with poor 
lymphatic drainage is common to many kinds of solid tumors and has been exploited 
to promote drug accumulation in tumor site (the so-called enhanced permeability and 
retention, EPR, effect) (Fig.  5.5 ) (Maeda  2012 ; Maeda et al.  2013 ).

   A further development of this concept implies exploitation of differences between 
cancer and normal cells. Surface decoration of nanocarriers with specifi c ligands 
able to interact with cell surface structures overexpressed on either endothelial cells 
of tumor capillary or cancer cells (particular antigens, peptide receptors, folate, 
transferrin, and integrin surface receptors) is a fascinating option for improving the 
specifi city of anticancer treatments (active targeting) (Fig.  5.5 ). Nevertheless, 
“stimuli- sensitive” nanocarriers can trigger release of drug cargo in response to 
environmental conditions in a tumor (lower pH, presence of specifi c enzymes) 
(Wang and Thanou  2010 ). 

 Another advantage of nanocarriers with sustained release properties relies on the 
prolongation of drug half-life in the circulation and at target site, which could in 
theory reduce the number of administrations with consequent improvement of the 

  Fig. 5.5    Accumulation of nanocarriers in solid tumors after intravenous injection. Long-
circulating nanocarriers potentially accumulate in a tumor site through enhanced permeability and 
retention (EPR) effect (passive targeting). Nanocarriers can be decorated with ligands able to inter-
act with cell surface receptors overexpressed on either endothelial cells of tumor capillary or can-
cer cells (active targeting). Following extravasation, light can activate the PS before and/or after 
its release from the nanocarrier located in the extracellular tumor matrix. Finally, light can activate 
the PS directly inside the cellular compartments, after nanocarrier uptake has occurred. In some 
cases an anticancer drug can be combined with PS to increase cytotoxicity       
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patient compliance. Improved delivery to cancer cells results in an optimized phar-
macological response and milder toxicity profi le. It has been suggested also that drug 
accumulation and slow release inside tumor cells can be useful to circumvent MDR. 

 The ideal drug delivery system for PDT should enable the selective accumulation 
of the PS within the diseased tissue and the delivery of therapeutic concentrations of 
PS to the target site with little or no uptake by non-target cells. The carrier should 
be able also to incorporate the PS without loss or alteration of its photoactivity. 
Another reason for using nanocarriers is to provide an environment where the PS 
can be administered in a monomeric form and maintain its photochemical proper-
ties also in an in vivo setting. Poor solubility of PS can benefi t of the inclusion in a 
nanocarrier which can also drive PS with a tendency to aggregation in aqueous 
environment toward their monomeric state. Also biological stability of some PS can 
be improved by incorporation in certain nanocarriers. 

 As mentioned before, commonly used PS are activated with visible light with 
low penetration depth, limiting PDT to the treatment of superfi cial lesions. To over-
come this limitation, Förster resonance energy transfer (FRET) has been suggested 
as a possible approach to improve generation of singlet oxygen under NIR irradia-
tion (Sapsford et al.  2006a ). FRET is a non-radiative energy transfer from a photo-
excited donor to an acceptor molecule after absorption of a higher energy photon. 
Thus in FRET a donor with high absorption coeffi cient and fl uorescence quantum 
effi ciency is excited with NIR light and activates an acceptor (PS) at a wavelength 
 suitable to generate singlet oxygen (Chen et al.  2008 ). NPs designed for FRET have 
to take into account that a nanoscopic critical distance is required between donor 
and acceptor. On the other hand, two-photon absorption-induced excitation is based 
on the absorption of two NIR photons providing the same energy level to a single 
photon of visible light. To this purpose, either new PS can be designed or two-pho-
ton dyes can be coupled to PS and make use of FRET to increase singlet oxygen 
generation (Sapsford et al.  2006a ,  b ). 

 Currently, several nanosized carriers, made of different materials have been pro-
posed in nanoPDT (Fig.  5.6 ). Each type of system highlights pros and cons and 
should be selected on the basis of delivery requirements. In the following, we 
describe some nanocarriers proposed for PDT treatment that demonstrated potential 
in preclinical models together with emerging concepts for their advanced design. 
These include liposomes, polymer nanoparticles (NPs) and micelles, and inorganic 
NPs (silica, gold NPs, etc.). Two-photon excitation or optical upconversion can be 
used instead of one-photon excitation to increase tissue penetration at longer wave-
lengths. In some cases NPs itself can act as a PS as in the case of quantum dots 
(QDs).

5.5.1       Liposomes 

 Liposomes have been extensively studied as drug delivery systems for both local and 
systemic applications. Liposomes are biodegradable lipid vesicles composed by one 
(monolamellar) or more (multilamellar) bilayers surrounding an aqueous inner core. 
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Phospholipids and cholesterol are commonly used for assembling liposomes able to 
incorporate both hydrophilic and lipophilic compounds. In the fi eld of PDT for can-
cer, liposomes have been intensively employed as biocompatible carrier systems of 
PS since the late 1990s (Jiang et al.  1997 ,  1998 ), especially due to their propensity to 
entrap lipophilic PS in the lipid layers, thus preventing their fast aggregation in aque-
ous environments (Chen et al.  2005 ; Derycke and de Witte  2004 ; Skupin-Mrugalska 
et al.  2013 ). Furthermore, the high versatility of this carrier is underlined by the suit-
ability to encapsulate also hydrophilic PS in the internal aqueous core. Lipid proper-
ties, lipid composition, liposome preparation method, size, targeting ligands, and 
triggered release strategies have been taken into account in order to optimize PDT 
anticancer effi ciency, depending also on the fi nal administration route. 

 Visudyne ®  is a successful example of non-PEGylated liposomal formulation 
approved by the FDA for PDT AMD, ocular histoplasmosis, and pathologic myo-

  Fig. 5.6    Sketch representation of some types of NPs for PDT. PS can be entrapped ( a ) inside the 
core of NPs, alone, or in association with a conventional anticancer drugs or ( b ) exposed on their 
external shell through non-covalent interactions or chemical conjugation. PS is then activated by 
specifi c UV/vis irradiation, thus producing cytotoxic singlet oxygen. A further approach is repre-
sented by semiconductor nanocrystals including quantum dots ( c ) with intrinsic photophysical 
properties and able to absorb IR and NIR light. After activation, QDs can transfer energy directly 
to surrounding oxygen or to PS eventually linked on the surface, with the fi nal production of sin-
glet oxygen. Upconvertion NPs ( d ) can generate higher energy light from lower energy radiation 
through the use of transition metal, lanthanide, or actinide ions contained in the core matrix. After 
activation of the adsorber ion, a non-radiative energy is produced and activates an emitter ion. A 
consequent radiative emission can fi nally activate the PS       
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pia. Visudyne ®  releases the benzoporphyrin derivative monoacid ring A. Another 
PDT agent FosPeg (Biolitec AG, Inc.) is a PEGylated liposomal formulation of 
 m -THPC, which has demonstrated improved pharmacokinetics and therapeutic effi -
cacy than both  m -THPC alone (Foscan ® ) (Petri et al.  2012 ) and conventional lipo-
somal  m -THPC (Foslip ® ) (Bovis et al.  2012 ; Buchholz et al.  2005 ; Pegaz et al. 
 2006 ) after intravenous injection. 

 As previously reported, the wide application of liposomes in PDT is due to their 
remarkable versatility. First of all, liposomes have demonstrated high ability to 
incorporate lipophilic compounds with high effi ciency including a wide range of 
phthalocyanines, porphyrins (Kuntsche et al.  2010 ; Guelluy et al.  2010 ) and their 
derivates (Sutoris et al.  2013 ), as well as hydrophilic compounds (Casas et al.  2002 ; 
Fang et al.  2008 ). The encapsulation of PS in liposomal formulations allowed to 
modify the internalization mechanisms of the drug into cancer cells, thus modulat-
ing the endocytic pathways (Soriano et al.  2013 ) and the subcellular localization of 
the PS (Gupta et al.  2011 ). 

 A peculiar benefi t related to the delivery of a PS in a nanocarrier, including a 
liposome, is connected to the possibility of engineering the carrier system at differ-
ent levels of complexity, thus providing multifunctional features. In this context, a 
widely employed approach is based on the development of actively targeted lipo-
somes through surface decoration with functional ligands targeted to cancer cells. In 
so doing, a bifunctional selectivity against the tumor site is achieved, thus combin-
ing the selectivity of the PDT based on the irradiation of a specifi c pathological area 
associated with specifi city of the targeted surface. As an example, folate-conjugated 
liposomes were used to deliver AlPc tetrasulfonate (AlPcS 4 ) (Qualls and Thompson 
 2001 ),  m -THPC (Moret et al.  2013 ), and Zn tetraphenylporphyrin (ZnTPP) (Garcia- 
Diaz et al.  2011 ). Transferrin conjugated PEG-liposomes were also tested to improve 
cellular endocytosis of the carrier as well as cytotoxicity (Derycke and de Witte 
 2002 ; Gijsens et al.  2002 ). Another strategy relies in the delivery of PS through 
liposomes targeted to specifi c tumor cells with antibodies (Mir et al.  2013 ). 

 Finally, as previously described, in order to enhance the anticancer effect of PDT, 
research has recently focused on the combination of multifunctional carrier systems 
for the delivery of PS and other treatment modality. In the fi eld of liposomes, a 
recent study showed that the entrapment of ZnPc and cucurbituril complexed in the 
same liposomal formulation allowed an improvement of the cytotoxic effect of the 
system against melanoma cells, thus demonstrating that PDT and magnetohyper-
thermia are more effective in combination (Bolfarini et al.  2012 ).  

5.5.2     Nanoparticles 

 A variety of materials of synthetic and natural origin have been used to develop 
PS-loaded NPs. Most of them are polymeric and PS are generally physically 
entrapped in the matrix. Other NPs are inorganic and PS can be either physically 
introduced (silica) or covalently bound to NP surface. 

C. Conte et al.



145

 The design of NPs is very versatile (Fig.  5.6 ). In their simplest design, NPs are 
inert and simply carry a PS. In a more complex design, light-harvesting NPs 
(e.g., two-photon absorption NPs) (Dayal and Burda  2008 ) and upconverting NPs 
(Chatterjee and Yong  2008 ) use different strategies to expand the applicable excita-
tion wavelengths for PDT. Some NPs have dual functions and act also as PS them-
selves. For example, quantum dot (QD)-based NPs with tunable absorption and size 
hold potential as new PS (Bakalova et al.  2004 ). Indeed, they can transfer energy to 
PS or directly to oxygen and generate singlet oxygen (Samia et al.  2003 ,  2006 ). 

 There are also some designs where NPs are made of PS (Hu et al.  2009 ) or 
PS-containing building blocks. Multifunctional NPs have been built to provide 
besides PDT, delivery of chemotherapeutics, image contrast enhancement (fl uores-
cence imaging and MRI), or other therapies (hyperthermia or radiotherapy). 

 Depending on base material, some NPs are biodegradable and others are not. PS 
can be loaded in NPs through encapsulation, covalent linkage, or post-loading. 
Encapsulation relies on physical entrapment of PS in NP matrix on the basis of 
hydrophobic or electrostatic interactions and hydrogen bond formation. Aggregation 
of PS inside the matrix has to be controlled in order to avoid loss of photodynamic 
effi ciency. In the post-loading method, PS are added to preformed NPs by equilib-
rium in solution. The latter method is simple to perform although NPs suffer of 
premature PS leaching which can be a drawback for in vivo application. Covalent 
binding of PS to NPs is diffi cult to attain and requires either attachment of PS to 
monomers that are then polymerized or self-assembled in NPs or to post- modifi cation 
of preformed NPs. Advantages of this strategy consist in preventing PS leaching 
from NPs and avoid PS aggregation in biological environment. 

 It is worth of note that release of PS from NPs is not considered determinant since 
molecular oxygen can penetrate NPs and produced singlet oxygen can diffuse out of 
NPs to induce photodynamic reactions. In such cases, PDT effi ciency depends on NP 
type (size and oxygen permeability of the matrix) as demonstrated by Tang et al. ( 2005 ). 

 Photochemical properties are assessed through in-depth examination of light- 
absorbing properties and ability to produce singlet oxygen through chemical probes 
(water soluble anthracene-9,10-dipropionic acid disodium salt) or direct evaluation 
by NIR phosphorescence. 

5.5.2.1     Polymeric NPs 

 Biodegradable polymeric NPs have received tremendous attention for delivering 
antineoplastic conventional agents for their capacity of high drug loading, the pos-
sibility of controlling the drug release, and the existence of a large variety of materi-
als and manufacturing processes allowing to tune their overall properties. 
Investigation into biodegradable polymeric NPs for use in PDT began as early as 
1990 with efforts to enhance carrier capacity and control drug release. 

 In 1991, Labib et al. reported the encapsulation of ZnPc tetrasulfonate (ZnPcS 4 ) 
or AlPc into poly(isobutyl cyanoacrylate) or poly(ethylbutylcyanoacrylate) nano-
capsules or nanospheres (Labib et al.  1991 ). Almost all subsequent research have 
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utilized poly(lactic acid) (PLA) and poly(lactic- co -glycolic acid) (PLGA) NPs due 
to their better safety profi le (degradation products are water and carbon dioxide) and 
controlled degradation rate. 

 In vitro and in vivo photodynamic activities of verteporfi n-loaded PLGA NPs 
intended for iv administration were investigated (Konan-Kouakou et al.  2005 ). Two 
types of verteporfi n-loaded PLGA NPs (167 and 370 nm in diameter) were prepared 
(Konan et al.  2003 ). A higher photocytotoxic effect was evident in the case of 
smaller sized NPs due to a higher extent of intracellular uptake. Furthermore, in vivo 
studies on rhabdomyosarcoma-bearing DBA/2 mice demonstrated that verteporfi n- 
loaded small NPs effectively controlled tumor growth for 20 days with early light 
irradiation times following drug administration. The effi cacy of  m -THPP loaded 
PLGA and PLA NPs was investigated on the chick embryo model (Vargas et al. 
 2004 ). It was proven that PDT-induced vascular occlusion of  m THPP was enhanced 
when encapsulated into NPs due to a longer residence time inside the vasculature. 
In another study, Ricci-Junior and Marchetti ( 2006 ) reported the preparation, char-
acterization, and phototoxicity of PLGA NPs delivering ZnPc which showed a 
strong phototoxicity on P388-D1 cells. A similar PLGA nanosystem entrapping 
ZnPc was developed and tested on tumor-bearing mice (Fadel et al.  2010 ). Other PS 
that have been entrapped inside PLGA NPs include indocyanine green (ICG) 
(Saxena et al.  2006 ) and hypericin (Zeisser-Labouebe et al.  2006 ) which have the 
potential to be used for both diagnostic and therapeutic purposes (Chatterjee et al. 
 2008 ). Recently, hypocrellin was entrapped in PLGA NPs and used for PDT treat-
ment of SCC growing subcutaneously in syngeneic mice (Korbelik et al.  2012 ). 

 Use of PEGylated NPs prepared from PLA, PLGA, and polycaprolactone (PCL) 
covalently linked with a PEG segment has been recently attempted with the aim to 
increase circulation time of the nanocarrier after iv injection and promote tumor 
accumulation through EPR effect. Temoporfi n-loaded core-shell PEG-PLGA NPs 
were prepared and in vivo activity assessed on athymic nude-Foxn1 mice (Rojnik 
et al.  2012 ). Despite numerous studies on PLGA NPs, an open issue relies in the 
actual mechanism underlying potentiated effect of PS when delivered through NPs. 
Indeed, if PS are released from NPs outside the cells, sustained release can alter the 
amount of PS available to cells. On the other hand, strong association of PS to NPs 
can result in improved PS uptake and peculiar localization inside cells. In this last 
case, photoactivity of PS-loaded NPs and ability to generate singlet oxygen under 
light exposure can be strongly impaired by the presence of a polymer shield, result-
ing in very low quantum yield of the whole system. It is worth of note that PEGylation 
results also in a poor cell uptake of NPs as compared to non-PEGylated NPs, thus 
resulting in predominant extracellular effects. 

 Also polysaccharides (chitosan, alginate) and proteins (albumin) were tested for 
PS incorporation and delivery.  m THPP was incorporated in biodegradable modifi ed 
chitosan NPs and in vitro photocytotoxicity and cellular uptake investigated (Reza 
et al.  2011 ). Chemical conjugation of the PS chlorin e6 and PpIX to modifi ed chito-
sans allowed to control release rate of chlorin e6 and to achieve consistent antitumor 
effects (Lee et al.  2011a ,  b ). 
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 Polyacrylamide (PAA) NPs are hydrogel-like nanostructure prepared by polym-
erization of a nanoemulsion template. PAA NPs can be prepared from biodegrad-
able and nonbiodegradable cross-linkers and decorated on the surface with targeting 
ligands. PAA NPs encorporating different PS have been tested as potential antican-
cer treatment (Koo et al.  2006 ; Reddy et al.  2006 ; Tang et al.  2005 ,  2008 ; Wu et al. 
 2009 ). PAA NPs delivering Photofrin ®  and surface-decorated with F3 peptide were 
demonstrated to be active both in vitro and in vivo after iv injection (Reddy et al. 
 2006 ). Improved survival was found only in the animal group treated with targeted 
NPs where 40 % of animal were tumor-free after 6 months from PDT treatment. 

 The idea to combine two drugs with different mechanisms of action and pharma-
cokinetics in a nanocarrier with well-tailored properties can allow a control over 
anticancer drug/PS biological fate and promote co-localization in the same area of 
the body. This approach is rather recent and demonstrated to be a promising strategy 
to overcome tumor drug resistance in a mice tumor model treated with doxorubicin 
in combination with the PS methylene blue (Khdair et al.  2010 ). In particular, sur-
factant-polymer hybrid NPs formulated using an anionic surfactant, Aerosol-OT, 
and a naturally occurring polysaccharide polymer, sodium alginate, were used for 
synchronized delivery of the two drugs. NP-mediated combination treatment 
resulted in enhanced tumor (mammary adenocarcinoma) accumulation of both 
doxorubicin and methylene blue, signifi cant inhibition of tumor cell proliferation, 
and increased induction of apoptosis. More recently, core shell nanoassemblies 
based on PEG–PCL diblock copolymers were prepared for the delivery of docetaxel 
and ZnPc inspired by combination therapy of cancer. These systems showed supe-
rior antitumor activity as compared to the free drugs in an mice model of orthotopic 
amelanotic melanoma (Conte et al.  2013 ). 

 To implement multimodality of a cancer therapy, very promising results have 
been obtained also by combining PDT to conventional chemotherapy and other 
light-activated therapies. Indeed, cytotoxic effects induced by nitric oxide (NO) 
(Fukumura et al.  2006 ) combined with PDT represent a very promising strategy in 
view of a multimodal cancer treatment due to a potential to attack biological sub-
strates of different nature, to avoid multiple drug resistance and to improve selectiv-
ity of therapy. Finally, since NO release is independent on O 2  availability, it can 
potentially very well complement PDT at the onset of hypoxic conditions. Interesting 
results in this fi eld have been obtained by employing light-activated nanoassemblies 
delivering nitric oxide, PS, and conventional anticancer drugs (Fraix et al.  2013a ,  b ; 
Kandoth et al.  2012 ; Sortino  2010 ; Swaminathan et al.  2014 ).  

5.5.2.2     Polymeric Micelles 

 Polymeric micelles are supramolecular spherical nanostructures that have been 
attracting intensive interest due to their ability to accommodate lipophilic drugs in 
the core and to provide a shell at biological interface. They are formed from amphi-
philic block copolymers (ABCs) which are materials comprising hydrophilic and 
hydrophobic regions with opposite affi nities for an aqueous solvent. ABCs with 
proper building block chemistry, molecular weight, hydrophilic/hydrophobic balance 
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can form spontaneously supramolecular aggregates in aqueous media driven by the 
decrease of free energy in the system because of the removal of hydrophobic frag-
ments from the aqueous environment. Their lipophilic core is highly suited for the 
delivery of hydrophobic PS and their size is small enough to benefi t of EPR effect. 

 A variety of biocompatible polymeric micelles have been studied to deliver hydro-
phobic PS. Sibata et al. ( 2004 ) developed PEG-phosphatidyl ethanolamine (PE)-
based micelles entrapping ZnPc which demonstrated enhanced fl uorescence quantum 
yields, longer lifetime of triplet excited state, and good stability of the entrapped 
drug. Following this study, Roby et al. ( 2006 ) described the application of similar 
micelles as well as tumor-targeted immunomicelles (with anticancer monoclonal 2C5 
antibody) delivering the poorly water soluble meso-tetraphenylporphyrin. 

 Other diblock copolymer-based micelles such as polyethylene glycol PEG–PCL 
have great potential to deliver hydrophobic PS (Knop et al.  2009 ). Li et al. ( 2007 ) 
studied PpIX-loaded PEG–PCL micelles for PDT. Compared to free PpIX, PpIX-
loaded micelles showed a higher cellular uptake as well as a better PDT effect upon 
irradiation in RIF-1 cells. 

 Kataoka group studied polyion complex micelles of PEG-poly( L -lysine) block 
copolymers with an anionic dendrimer Pc (DPc) (Jang et al.  2006 ). The PDT effect 
of DPc was two orders of magnitude higher than the free DPc at the same irradiation 
time. In vivo PDT effi cacy of dPc-loaded micelles (Nishiyama et al.  2009 ) was 
higher than free DPc and Photofrin ® . Furthermore, the skin phototoxicity of the 
DPc-loaded micelles was signifi cantly reduced after white light irradiation. 

 Stimuli-sensitive delivery systems are based on the concept that drug cargo can 
be released in response to an internal factor (pH variation in a specifi c compart-
ment) or an external factor (temperature increase). Since tumors usually have a pH 
lower than healthy tissues, pH-responsive micelles made of poly(2-ethyl-2- 
oxazoline)- b -poly( D - L -lactide) entrapping  m -THPC were developed to deliver PS at 
pH around 5 and suppress release at pH 7.4. Nevertheless, micelles displayed in vivo 
PDT activity similar to that of free  m -THPC while strongly attenuating skin photo-
toxicity (Shieh et al.  2010 ). 

    Thermosensitive biodegradable micelles based on methoxy poly(ethyleneglycol)-
 block -poly( N -(2-hydroxypropyl)methacrylamide-dilactate) with a hydrophobic 
solketal-substituted Pc (Si(sol)2Pc) have been investigated (Rijcken et al.  2007 ). 
PS concentration controlled the aggregation state and resulting photodynamic 
 effi ciency of micelles. Micelles loaded with low concentration of Si(sol)2Pc had a 
similar PDT effect compared to the free PS with 10 % serum. 

 Two-photon absorbing block copolymer micelles have been developed recently 
and demonstrated to transfer energy and enhance the singlet oxygen generation of a 
hydrophobic porphyrin (Chen et al.  2007 ).  

5.5.2.3     Cyclodextrin-Based Nanoassemblies 

 Self-assembled NPs are formed by proper selection of monomer building blocks 
that spontaneously form a well-oriented three-dimensional structure incorporating 
PS. One of the topics that some of us developed is the design of self-assembled 
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systems formed by PS and cyclodextrins (CDs) as third generation PS for PDT 
(Mazzaglia  2011 ). CDs comprise a family of biocompatible cyclic oligosaccharide 
nanocages, which offer both in monomeric and in aggregate form functional scaf-
folds to bind PS guests by supramolecular interactions, preserving their photody-
namic properties (Mazzaglia et al.  2012 ). PS embedded in cationic amphiphilic CD 
(aCD) nanoassemblies are effective in inducing photodynamic damage in cancer 
cells. A peculiarity of this strategy relies on the preservation of a considerably high 
quantum yield of singlet oxygen when PS is entrapped in the aCD nanocarrier with 
respect to its free form in aqueous medium (Sortino et al.  2006 ). A further interest-
ing aspect of these amphiphilic nanomaterials is that the PS units are entangled in 
the aCD network but not included in the interior or proximity of the CD cavity. This 
offers the opportunity to exploit the empty cavity of the NPs for the accommodation 
of additional guests. 

 On these basis, a multifunctional photoactive molecular constructs possessing 
simultaneous photogeneration of singlet oxygen and NO and imaging capacities in 
living cells has been recently developed exploiting the different affi nity of an anionic 
PS and a tailor-made NO photodonor incorporating an adamantan portion (an excel-
lent CD encapsulator) for the diverse compartments of aCD nanoassemblies. The 
combination of the dual photodynamic action and the imaging capacities in one 
single nanostructure, together with its biocompatibility, makes this supramolecular 
construct an appealing candidate for applications in cancer research (Kandoth et al. 
 2012 ). In line with the latter fi ndings, our group designed an emitting nanoassembly 
composed of a novel aCD functionalized with a covalently appended fl uorophore 
and an anionic PS. This nanoassembly internalizes effectively in tumor cells, allow-
ing simultaneously the detection of the carrier and the PS (Mazzaglia et al.  2011 ).  

5.5.2.4     Silica NPs 

 Silica NPs are certainly very promising systems in drug delivery. Exquisite control 
over size, shape, and porosity, very low (less than 50 nm) and uniform size can be 
attained through appropriate control of preparation parameters. Both non-covalent 
encapsulation and covalent conjugation have been employed as strategies to immo-
bilize PS inside or on the surface of silica NPs. The porous structure with large 
surface area and pore volume can promote drug loading and protect cargo from 
degradation in the body. Furthermore, the surface can be easily modifi ed to attain 
proper functionalization. 

 The fi rst paper reporting the use of ceramic-based NPs as a novel drug-carrier 
system for PDT used silica-based spherical particles encapsulating the anticancer 
   drug 2-devinyl-2-(1-hexyloxyethyl) pyropheophorbide (HPPH) alpha (Roy et al. 
 2003 ). Following this pioneering paper, several other PS have been entrapped inside 
silica and demonstrated to give higher quantum yields of singlet oxygen generation 
as compared to free PS. 

    Energy transferring organically modifi ed silica (ORMOSIL) NPs for two-photon 
PDT were developed where an aggregated two-photon fl uorescent dye (9,10-bis[4′-
(4″-aminostyryl)styryl] anthracene) effi ciently converted the NIR light energy and 
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transferred it to HPPH. To avoid premature release in the bloodstream, covalent 
bonding of PS molecules onto ORMOSIL NPs creates more stable formulations 
(Ohulchanskyy et al.  2007 ; Kim et al.  2007 ).  

5.5.2.5     Gold NPs 

 Gold NPs (AuNPs) are particularly appealing in PDT due to their biocompatibility, sta-
bility, size control, and ease of surface functionalization. Both covalent and non- covalent 
approaches have been applied to transport PS (Cheng et al.  2008 ; Hone et al.  2002 ). 

 For covalent linking, most of the PS have to be modifi ed with thiols for direct 
attachment on Au NPs. In this confi guration, their premature release can be ham-
pered. Furthermore, if AuNPs and PS are very close, the excited states of the PS can 
be quenched due to energy transfer and, therefore, photodynamic effects can be 
lowered (Fan et al.  2003 ; Huang and Murray  2002 ). 

 PDT outcomes are strongly affected by the bond type between PS and NP sur-
face. Cheng et al. ( 2010 ) prepared AuNPs conjugates loaded with a Pc and tested 
their PDT effi cacy in HeLa cancer cells. Pharmacokinetics and phototherapeutic 
properties of a free Pc (C11Pc) and Au NP-bound C11Pc in a murine tumor model 
(amelanotic melanoma) were investigated (Camerin et al.  2010 ). It was shown that 
while labile amino adsorption to the AuNP surface allows effi cient PS release into 
cancer cells and effi cient PDT, a covalent thiol bond leads to PS delivery into cell 
suppressing PDT effect. 

 Recently, Khaing Oo et al. ( 2012 ) studied the size-dependent enhancement of 
ROS production by decorating Au NP of varying size with PpIX. In vitro study on 
the ROS formation produced by PpIX-conjugated AuNP in human breast cancer 
cells (MDA-MB-231) revealed size-dependent enhancement of intracellular ROS 
formation, this effect being greatly dependent on cellular uptake of AuNPs. 

 Interaction of PS and AuNPs on the basis of electrostatic interactions is highly 
desirable but very complicate to achieve. Recent fi ndings from Burda group have 
demonstrated that PEGylated Au nanoconjugates can embed the PS Pc 4  presumably 
due to interaction between PS and Au surface (electrostatic, hydrophobic) as well as 
a hydrotropic effect of PEG chains (Cheng et al.  2010 ). High effi cient in vitro PDT 
activity without internalization of AuNPs was found. Fast (within minutes) tumor 
accumulation of Pc4 was found in vivo resulting in tumor shrinkage without evident 
side effects (Chen et al.  2014 ). Gold core can be used also for plasmonic imaging 
and hyperthermal treatment. This latter strategy, named photothermal therapy of 
tumors (PTT), uses the ability of AuNPs to absorb light in the visible and NIR 
regions. This is due to coherent oscillation of free electrons in the electromagnetic 
fi eld of light with particular frequency. This process is known as surface plasmon 
resonance oscillation decays through scattering or releasing heat, which makes 
imaging and PTT feasible. Thus, PTT joined with PDT can generate from the same 
nanoplatform heat and ROS under visible or NIR light. 

 AuNPs, nanorods, nanocages, and nanoshells, free or coupled with other colloids 
and decorated with receptor targeting groups, are useful platforms to link chemo-
therapeutics or PS, thus improving the effi cacy and selectivity of intracellular- delivery 
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with overall healing effect (Dreaden et al.  2012 ). Most of these nanosystems are not 
photoactivated with a single radiation due to the difference of light absorption wave-
lengths between AuNPs and PS. Khlebtsov et al. described novel composite NPs con-
sisting of a gold–silver nanocage core and a mesoporous silica shell functionalized 
with the PS Yb2,4-dimethoxyhematoporphyrin (Yb-HP) which can be accumulated 
in mice bearing Ehrlich carcinoma tumors. The nanocomposite generated singlet 
oxygen upon 630 nm excitation and produced heat under laser irradiation at the plas-
mon resonance wavelength (750–800 nm). The simultaneous diagnostic and PDT 
effects are assessed by IR-Luminescence, due to absorption in the tissue-transparent 
window of Yb3+ (900–1,060 nm), furnishing to this systems attractive theranostic 
properties (Khlebtsov et al.  2011 ). 

 Based on this concept, a supramolecular hybrid based on spontaneous assembly 
in aqueous medium of AuNPs, aCDs, and an anionic porphyrin showed an enhanced 
therapeutic action as compared to PS alone incorporated in aCD by irradiating with 
two light source AuNPs and PS, respectively (Trapani et al.  2013 ). By matching the 
absorption wavelengths of inorganic nanoplatforms with the excitation wavelengths 
of PS, simultaneous PDT and PTT upon single-laser irradiation can be  performed. 
As intriguing examples with high potential to act as bimodal phototherapeutics, a 
complex of gold-nanorod (AuNR) with aluminum AlPcS 4   generated highly effec-
tive PDT/PTT dual therapy with a further benefi t for NIR fl uorescence imaging of 
tumor sites (Jang et al.  2011 ). AuNR and ICG-encapsulated chitosan hybrid nano-
spheres were successfully prepared and used for PTT and PDT combined therapy 
by triggering with a single NIR irradiation (Chen et al.  2013 ).  

5.5.2.6     Quantum Dots 

 QDs are semiconductor nanocrystals with intrinsic photophysical properties and 
able to absorb light from UV to IR region depending on size and composition. High 
emission quantum yields again in UV–NIR regions and high photostability in a 
specifi c size range (1–6 nm) are found. QDs can be used to deliver ionizing radia-
tion in a specifi c location in the body, thus circumventing the low penetration depth 
of light needed to activate PS. Under NIR irradiation, QDs can transfer energy to 
surrounding oxygen, with consequent cytotoxic effects. 

 Several recent papers have explored their potential as PS in their own. In the fi rst 
paper mentioning this possibility, the authors discovered that semiconductor QDs 
alone can generate singlet oxygen without a mediating PS molecule in toluene prob-
ably because of the intercalation of dissolved oxygen molecules within the nonpolar 
layer at the QD surface (Samia et al.  2003 ). The authors also showed the fi rst exam-
ple of FRET from CdSe QDs to the attached PS. 

 To circumvent the ineffi ciency of QDs alone to generate singlet oxygen with 
good yields (as compared to second generation PS), several attempts have been 
made to covalently conjugate PS to CdSe/ZnS via organic bridges (Shi et al.  2006 ) 
or by electrostatic interactions. Recently, AlPc conjugated with amine- dihydrolipoic 
acid coated QDs by an electrostatic binding was able to destroy cancer cells via 
FRET-mediated PDT (Li et al.  2012 ). 
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 Issues related to the use of QDs in PDT and imaging mainly rely on elimination 
from the body (QDs < 5.5 nm are effectively cleared through renal excretion) and 
release of inherently toxic cadmium ions.  

5.5.2.7     Other Nanoparticulate Systems 

 Self-lighting PDT is a new approach to cancer treatment through a combination of 
radiation therapy and PDT. Upon exposure to ionizing radiation such as X-rays, 
scintillation luminescence will emit from NPs and activate the PS; as a consequence, 
singlet oxygen is produced to enhance the killing of cancer cells by ionizing radia-
tion. Supplementing conventional radiation therapy (that can damage healthy tis-
sues as well) with PDT will enable the use of lower doses of radiation. When NPs 
have persistent luminescence, e.g., BaFBr:Eu + , Mn +  NPs, short X-ray exposures are 
followed by prolonged PS excitation. The period of afterglow is increased in vivo 
because of higher ambient temperatures (Chen and Zhang  2006 ). However, direct 
application in biological systems has not been reported yet. 

 Luminescent materials with triplet excitation states emit light of higher energy 
than exciting radiation (anti-Stokes emission) by different mechanisms, including 
simultaneous two-photon absorption and upconversion (Auzel  2004 ). Simultaneous 
two-photon absorption requires a single entity where the transition from ground to 
an excited electronic state is brought about by simultaneous absorption of two low 
energy photons whose combined energy is suffi cient to induce the transition. 
Quantum mechanically, this takes place through the attainment of a virtual 
 intermediate state on absorption of the fi rst photon. Upconversion relies on sequen-
tial discrete absorption and luminescence steps where at least two metastable enti-
ties (usually ions) are involved, the fi rst serving as an excitation reservoir, and the 
second as the emitting state. It is generally a very effi cient process, does not require 
coherent radiation, and involves real (as opposed to virtual) intermediate states. 
Anti-Stokes emissions for upconversion processes are found to exceed excitation 
energies by 10–100 times kT. Since both the mechanisms allow excitation with low 
energy light and since this is known to penetrate tissues deeply, NPs excited by each 
process have been used to activate PS. The common advantage is in extending the 
ability of PDT to reach tumor sites at several centimeters below the skin/mucosal 
surface. The ability to observe the emission from the NPs to some depth within tis-
sues can have enormous impact on the diagnosis and monitoring of some tumors. 
NIR light, for example, can penetrate to a considerable extent in soft fi bro-fatty tis-
sues like breast, and upconversion NPs can potentially be used for therapy as well 
as monitoring of tumors over time. 

 Upconversion NPs are modifi ed nanometer-sized composites which generate 
higher energy light from lower energy radiation, usually near-infrared or infrared, 
through the use of transition metal, lanthanide, or actinide ions embedded into a 
solid state host. The role of the NPs here can be compared to a nanotransducer. NPs 
are by  themselves unable to generate singlet oxygen species from dissolved oxygen 
and require the attachment of an appropriate PS with an excitation band matching 
the emission of the NPs. A variety of core materials and dopants have been demon-
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strated for upconversion particles with actual/possible biological applications. 
The fi rst reported use of upconversion NPs in PDT used NaYF 4 :Yb 3+ , Er 3+ + NPs 
coated with a porous, thin layer of silica doped with merocyanine-540 PS and func-
tionalized with a tumor targeting antibody (Zhang et al.  2007 ). Then, upconversion 
ZnPc/PEI/NaYF 4  NPs conjugated with folic acid producing red/green emission with 
NIR excitation both in vitro and in vivo were developed (Chatterjee et al.  2008 ).    

5.6     Conclusions 

 PDT has demonstrated a great potential in managing different cancer types, has 
been used for localized superfi cial or endoluminal malignant and premalignant con-
ditions, and has now expanded to the treatment of solid tumors. Potentiating PDT 
effects and coupling PDT to other treatment modalities are considered promising 
strategies to fi ght tumors. Nanotechnologies can support this evolution allowing 
engineering of multimodal nanoplatforms useful for therapeutic, diagnostic, and 
theranostic applications in cancer. Nanocarriers design should take into account the 
basic design rules (size, surface) to overcome biological barriers (MPS recognition, 
extravasation at tumor level, cell accumulation, subcellular localization) together 
with optimization of photochemical properties. To this respect, quantum yield of 
singlet oxygen and oxygen radicals as well as strategies able to expand applicability 
of PDT by harvesting light in the NIR (FRET-based, two-photon absorption, upcon-
version, self-lighting nanocarriers) can allow overcoming typical limitations of 
PDT. Rational combination of building elements in a single nanoplatform can also 
couple PDT to other treatment modalities (conventional chemotherapy, PPT, radio-
therapy) or imaging (MRI, fl uorescence) and propel the application of PDT to the 
forefront of diagnosis and therapy of cancer. Toxicological issues remain a concern 
mainly for inorganic materials that needs to be addressed in the next future.     
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    Chapter 6 
   Cancer Vaccines: Fundamentals 
and Strategies 

             Javier     Briones    

6.1            Introduction 

    Cancer vaccines have been the subject of intensive research in the last decade. 
A better understanding of the mechanisms involved in antigen presentation, T cell 
activation, and tumor-induced immunosuppression has given researchers powerful 
tools to manipulate the immune system to elicit a specifi c antitumor immune 
response. Manipulating the immune system has taken two forms: passive immuno-
therapy consists of adoptive transfer of monoclonal antibodies or effector T cells 
specifi c to tumor cells; in contrast, active immunotherapy, by means of cancer vac-
cines, promotes a specifi c immune response against the tumor by stimulating the 
tumor-bearing host. Although a humoral response mediated by antibodies has 
clearly a role in the antitumor immune response, most cancer vaccine strategies 
have focused on induction of a cellular immune response, mainly mediated by T 
cells (CD4 +  and CD8 + ) and NK cells. 

 Generation of antitumor immunity involves a number of sequential steps, including 
antigen presentation, activation of effector cells, and overcoming tumor 
immunosuppression. 

 T cells recognize antigens in the form of small peptides loaded onto major histo-
compatibility complex (MHC) molecules (HLA molecules in humans), which are 
classifi ed in two types: MHC class I molecules present short peptides (8–11 amino 
acid-long) and are recognized by CD8 +  T cells (Klein and Sato  2000a ,  b ). MHC 
class II molecules present longer peptides that are recognized by CD4 +  T cells. 
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Activation of antigen-specifi c T cells requires the presentation of antigens by 
antigen- presenting cells (APCs). Dendritic cells (DCs) are the most potent and effi -
cient APCs (Palucka and Banchereau  2012 ). DCs capture tumor antigens, either 
delivered exogenously or from apoptotic tumor cells, and migrate to draining lymph 
nodes where presentation of antigens (on MHC class I and II) to T cells occurs. To 
elicit an effective T cell response, additional costimulatory signals need to be pro-
vided to T cells. Depending on the type of stimuli a CD8 +  mediated T cell response 
is generated, although in the majority of cases the concourse of CD4 +  T cells is 
needed. DCs can also stimulate natural killer (NK) cells and antibody responses, all 
contributing to tumor immunity (Heath and Carbone  2009 ). 

 Finally, tumor-specifi c T cells must enter the tumor microenvironment to elimi-
nate cancer cells. To this end, effector T cells must overcome the immunosuppres-
sive environment generated by the tumor: secretion of molecules that inhibits T cell 
function [i.e., transforming growth factor beta (TGFβ), vascular endothelial growth 
factor (VEGF), indoleamine 2,3-dioxygenase], expression of molecules that down-
regulates T cell function (i.e., programmed cell death ligand 1; PD-L1), or enable 
expansion of immunosuppressive regulatory T cells (Tregs). 

 Major hurdles in developing cancer vaccines include: identifi cation of tumor- 
specifi c antigens; development of strategies to generate a robust immune response 
enough to eradicate the tumor; and overcoming immunosuppressive mechanisms 
leading to immune response evasion by tumors. 

 Tumor antigens can be generally categorized in four groups: (1) antigens unique 
to an individual patient’s tumor (i.e., B cell idiotype); (2) antigens derived from 
genes mutated in tumor cells (i.e.,  p53, ras ); (3) tissue-differentiation antigens (i.e., 
MAGE, BAGE, NY-ESO), and (4) ubiquitous antigens expressed by both, normal 
and malignant cells (i.e., tyrosinase, MART-1, PSA). While the list of tumor anti-
gens available is extensive (Neller et al.  2008 ), the number of “true” tumor specifi c 
antigens, that is, those expressed only in tumor cells, is very low. Thus, cancer vac-
cine strategies will be mostly determined by issues such as characterization of a 
tumor-specifi c antigen, antigen expression by tumor cells in different patients, and 
antigen immunogenicity. Finally, the generation of a successful vaccine will depend 
on a multistep approach, consisting of: (1) choice of a tumor antigen and the form 
that it takes (i.e., peptide, protein, DNA, or RNA); (2) choice of the adjuvant for 
delivery of that antigen; (3) choice of activation stimulus to recruit and activate 
effector T cells and innate immune responses (i.e., NK cells); and (4) overcoming 
tumor immunosuppression and tumor escape (Table  6.1 ).

6.2       Peptide/Protein Vaccines 

 The observation that short peptides loaded onto MHC molecules are recognized by T 
cells prompted the use of peptides as cancer vaccines in patients with different tumors. 
The cloning of the fi rst human tumor-associated antigen and the identifi cation of its 

J. Briones



165

peptide sequence binding to MHC was a defi nitive step to translate this approach to 
the clinic (Traversari et al.  1992 ). Tumor-derived peptides can be synthetically manu-
factured and administered in combination with an immunological adjuvant to pro-
mote antitumor response. This allows activation of DCs that will capture and further 
present these peptides to T cells which will target tumor cells expressing those pep-
tides. However, many epitopes from the tumor peptides have a low to intermediate 
binding affi nity for the MHC molecule, thus generating low- affi nity T cells that have 
limited antitumor activity. Modifi cations of the epitope sequence to increase affi nity 
of the peptide for MHC molecules have been done resulting in an enhanced immune 
response (Kaumaya  2013 ). However, these epitope enhancement strategies have not 
resulted in a clinical benefi t in the vast majority of vaccinated patients with melanoma 
(Rosenberg et al.  2004 ). One potentially promising approach consists of the use of 
longer peptides (20 amino acids) which are thought to be more effi cient at generating 
effector T cells. This approach proved to be of clinical benefi t in patients with human 
papillomavirus associated neoplasia, but failed to induce a clinically benefi cial 
immune response in patients with other types of solid tumors otherwise vaccinated 
with peptides derived from oncoproteins (i.e.,  p53 ). The main advantage of peptide 
vaccination is the ease of manufacture (Table  6.2 ); however, peptide-based vaccines 
require knowledge of the patient’s HLA haplotype and matching the antigen sequence. 
Since the most common HLA in Caucasian population is HLA-A2, which only 
accounts for roughly 30 % of population, a peptide-based approach will only be suit-
able for one third of the patients, whose tumors express a tumor antigen for which the 
immunodominant HLA- binding epitope has been defi ned, thus drastically limiting 
the numbers of patients suitable for this approach.

    Table 6.1    Cancer vaccines modalities   

 Vaccine  Antigen  Adjuvant 

 Peptides 
or protein 

 Idiotype, melanoma 
(MART- 1, gp100, tyrosinase) 

 KLH, Montanide 

 Plasmid DNA  Tumor antigen genes 
(i.e., idiotype, prostate, 
melanoma) 

 Cytokine genes 
(IL-2, IL-12, IL-15, GM-CSF) 
 Tetanus toxin fragment C 

 Recombinant 
virus (adenovirus, 
poxvirus) 

 Tumor antigen genes 
(i.e., idiotype, prostate, 
melanoma) 

 Cytokine genes (IL-2, IL-12, GM-CSF) 
 Genes encoding costimulatory molecules 
(CD40L, B7/ICAM1/LFA3) 

 Dendritic cells  Pulsed with tumor peptides/
proteins 
 Pulsed with tumor lysates 
 Fused to tumor cells 

 Transduced with viral vectors encoding: 
cytokines, costimulatory molecules 

 Whole tumor cells 
(autologous, 
allogeneic) 

 Multiple known/unknown 
antigens 

 GM-CSF, IL-2 genes 
 Costimulatory genes 

   Abbreviations :  MART-1  melanoma antigen recognized by T cells,  KLH  keyhole limpet hemocya-
nin,  GM-CSF  granulocyte-macrophage colony stimulating factor  

6 Cancer Vaccines: Fundamentals and Strategies



166

   However, the availability of tumor DNA sequencing may revolutionize the fi eld 
of immunotherapy with peptides. Genes from a patient’s tumor can be sequenced to 
identify mutant peptides potentially recognized by T cells. Relevant epitopes that 
could bind to a given HLA could be predicted and used to immunize cancer patients. 
It is conceivable that    in the near future the collective of mutated peptides from a 
patient’s tumor (the so-called mutanome) may be analyzed and these peptides can 
be generated in a vaccine form with the assumption that may harnessing a stronger 
T cell response, which in addition will be patient’s tumor specifi c (Heemskerk et al. 
 2013 ; Robbins et al.  2013 ). 

 The entire protein has also been explored as a vaccine, especially in B-cell tumors 
(Hsu et al.  1997 ). The full protein contains a broader profi le of immunodominant 
epitopes that may be presented by DCs eventually leading to an enhanced immune 
response. However, only half of the patients with B cell tumors vaccinated with the 
tumor protein (idiotype) coupled to an adjuvant developed an immune response, 
which had a limited clinical benefi t (Ai et al.  2009 ). Administration of a peptide/
protein combined with cytokines (i.e., IL-2, GM-CSF), or Toll-like receptors (TLR) 
agonists will potentially contribute to increase tumor-specifi c CD8 +  T cell responses.  

6.3     DNA Vaccines 

 DNA vaccines have been explored as an alternative to protein vaccination in cancer. 
DNA vaccines are vehicles for in vivo transfection and antigen production thus 
representing a simple method for immune system activation. The concept consists 
in simply taking a tumor-antigen DNA sequence, cloning it into a bacterial plasmid 

   Table 6.2    Comparison of different vaccine strategies   

 Vaccine  Advantages  Disadvantages 

 Peptide  Easy to produce  Need to match patient’s HLA 
 Low immunogenicity 

 Protein  Easy to produce  Weak T cell priming 
 Dendritic cells  High immunogenicity 

 Presentation of multiple 
antigen formulations 
(peptide, protein, DNA, RNA) 

 Production is costly and time consuming 
 Individualized cell processing 
 Different DCs types with different actions 

 Plasmid DNA  Easy to produce 
 Allow combination of tumor 
antigen plus costimulation 

 Low immunogenicity 

 Recombinant virus  Highly immunogenic 
 Different tumor genes plus 
stimulation genes 

 Diffi cult to manufacture 
 Safety issues 
 Preexisting immunity against several 
virus strains 

 Tumor cells 
(autologous, 
allogeneic, cell lines) 

 Express an array of different 
tumor antigens 
 Cell lines are easy to prepare 

 Diffi cult to obtain for some tumor types 
 May include antigens that induce 
autoimmunity 
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DNA, and delivering directly to the patient, so the gene is translated in vivo and 
presented to the immune system. Since they represent a delivery system that does 
not require in vitro protein expression, a DNA vaccine can be rapidly produced with 
PCR technology in a short period of time, which represents a substantial advantage 
over the vaccines based upon in vitro protein production (Stevenson et al.  2010 ). 

 Studies in the last years have partially revealed the mechanisms by which DNA 
vaccines induce immune responses. DNA vaccines can be delivered via many routes 
(i.e., skin, muscle, mucosal). The route of inoculation has effects on the type of 
immune response elicited and on the dose of vaccine needed to induce such response. 
DNA vaccines are able to stimulate both, humoral (antibody responses) and cellular 
responses, mediated by CD4 +  and CD8 +  T cells. When injected into the muscle or 
skin, the encoded tumor-antigen is expressed by myocytes or keratinocytes. 
However, these cells do not express costimulatory molecules needed to directly 
stimulate T cells. A number of studies have shown that the DNA delivered can be 
found in the draining lymph nodes where it is uptaken by APCs (mostly DCs) which 
present appropriate peptides to specifi c CD4 +  and CD8 +  T cells, a process known as 
“cross-presentation.” Additionally, DCs can phagocyte the protein produced in the 
muscle or skin cells which will contribute to the stimulation of a specifi c immune 
response. Alternatively, depending on the delivery method, DCs can be directly 
transfected in vivo with the plasmid DNA. In this scenario, intracellular processing 
of the antigen within the DCs will lead to the generation of mostly not only CD8 +  
but also CD4 +  specifi c T cells (Rice et al.  2008 ; Vittes et al.  2011 ). 

 Studies in a number of cancer models have shown that DNA vaccines encoding 
a tumor antigen are poorly immunogenic (Syrengelas and Levy  1999 ). Additional 
molecules are required to activate effective immune responses against weak tumor 
antigens. An important fact that contributes to the stimulation of the immune sys-
tem, when using a bacterial plasmid DNA, is the existence of unmethylated cytidine-
phosphate- guanosine (CpG) oligonucleotide-containing motif sequences (Brightbill 
and Modlin  2000 ). In contrast to bacterial DNA, human DNA has very low numbers 
of CpG motifs that are heavily methylated. Thus, bacterial CpG motifs act as a 
“danger signal” to activate both the innate and the adaptive immune system. These 
sequences play an important role in the activation (i.e., enhanced surface expression 
of costimulatory molecules CD40, CD80/CD86) and maturation of DCs and con-
tribute to the stimulation of T, B, and NK cells through the interaction with TLR, 
specifi cally TLR9. Activation of TLR9 by these sequences leads to the release of 
pro-infl ammatory cytokines (i.e., IFN-γ, IL-12, and TNF-α) which contributes to 
the activation of NK-mediated, and Th1 T cell specifi c responses. Due to the critical 
role that TLR stimulation has on the development of a coordinated innate and 
 adaptive immune response against a tumor antigen, CpGs as well as other TLR 
agonists are being extensively studied as vaccine adjuvants in different cancer mod-
els (Bode et al.  2011 ). 

 In addition to the CpG motifs, a growing list of immune enhancers is being 
assessed in the context of fusion genes—tumor antigen gene plus immune activat-
ing gene (Table  6.3 ). The aim of the fusion gene is to increase the level of the immune 
response against the tumor antigen and also to direct the immune response outcome. 
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The list of immune enhancers is extensive, and includes cytokines (i.e., GM-CSF, 
IL-2, IL-12), chemokines (i.e., MIP1α), and T cell-costimulatory molecules (CD80, 
CD86, CD40L). Fusion genes can be developed to redirect the immune response, 
for example, towards a Th1 response or the generation of antigen-specifi c antibod-
ies. To this purpose, genes encoding microbial products, such as the  Clostridium 
tetani  toxin fragment C, have been incorporated into the DNA vaccine (King et al. 
 1998 ). Alternatively, minigenes encoding peptides recognized by MHC class I and 
II molecules can lead to enhanced CD8 +  and CD4 +  responses, respectively, against 
tumor-derived peptides (Rice et al.  2002 ). These approaches have been tested in 
animal models with different tumors and have shown that they are able to enhance 
antibody and T cell specifi c responses consistent with a Th1 response.

   In the last years, the concept of DNA vaccines has been translated into the clinic 
in patients with solid and hematological cancers. In one clinical trial, patients with 
B cell lymphoma were vaccinated with a plasmid encoding the tumor-specifi c idio-
type (Timmerman et al.  2002a ). DNA vaccines were also tested in patients with 
colorectal carcinoma, melanoma, and prostate cancer, using carcinoembrionic anti-
gen (CEA), tyrosinase, and prostate-specifi c antigen (PSA), respectively. Although    
the vaccine schedules (dose and route) and adjuvants used (i.e., GM-CSF, IL-2) 
were different between those studies, overall level of antitumor response was mod-
est with no signifi cant clinical responses (Ribas et al.  2003 ). Further optimization of 
the DNA vaccine including vaccine design, selection of appropriate tumor antigens 
and immunostimulatory sequences, and DNA delivery is needed to achieve the 
major goal of a signifi cant clinical impact in patients with cancer.  

   Table 6.3    Novel immune adjuvants for cancer vaccines   

 Group  Types 

 Toll-like receptor agonists  CpG containing sequences 
 Flagellin 

 T cell modulation 
 Immune checkpoints inhibition  CTLA4 blockade 

 PD-1 blockade 
 LAG-3 blockade 

 Stimulatory  Agonist OX40 
 Agonist 4-1BB 
 Costimulatory molecules (B7/ICAM1/LFA3) 

 NK/NKT cell activation  Agonist NKG2D 
 α-Galceramide 

 T regulatory cell depletion  Anti CD25 
 Anti GITR 
 Anti folate receptor 4 

   Abbreviations :  CTLA4  cytotoxic T-lymphocyte-associated protein 4,  LAG-3  
lymphocyte- activation gene 3,  PD-1  programmed cell death 1,  NKG2D  natural 
killer activating receptor,  GITR  glucocorticoid- induced tumor necrosis factor  
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6.4     Recombinant Virus Vaccines 

 The potential use of recombinant viruses as cancer vaccines has been extensively 
explored in the last years (Harrop and Carroll  2006 ). Viruses are the most diverse 
and effi cient gene-transfer agents. Their natural cell tropism and biological features 
can signifi cantly enhance the immunogenicity of antigens carried within them. 
Recombinant viruses offer several advantages over naked DNA: they are highly 
immunogenic; they effi ciently transduce genes into a variety of cellular types, 
either in vitro or in vivo, yielding high levels of protein; and high titers can be pro-
duced under good manufacturing practice (GMP) conditions in a relatively short 
period of time. 

 Adenoviruses are of special interest for cancer vaccines because they meet all of 
the abovementioned criteria. The concept consists of the use of a replication- 
defective adenovirus with a particular tumor antigen-encoded gene. The most fre-
quently used adenoviral vector in cancer vaccines is based on the adenovirus type 5. 
The viral vector was rendered replication-defective by removing the E1 gene, which 
is required both for adenovirus replication and for viral gene expression. Genes 
encoding a tumor antigen may be inserted in place of E1 gene with expression 
driven by the CMV early promoter (Ng and Graham  2002 ). 

 In infectious disease animal models, vaccination with adenovirus encoding a 
model antigen has proved to be effi cacious in preventing disease (Shiver and Emini 
 2004 ), and a similar approach has been taken for cancer. Vaccination with adenovi-
rus encoding a tumor antigen has shown the ability to stimulate antigen-specifi c 
humoral and cellular immunity and to break preexisting immunologic tolerance 
(Chen et al.  1996 ). Importantly, immunization with a single dose of the adenovirus 
encoding a tumor-antigen generates a greater immune response against that antigen, 
compared with the immune response generated with the corresponding peptide or 
protein. After intramuscular or intradermal administration, the tumor antigen gene 
is expressed directly in DCs or cross-presented by other cells to DCs, to promote an 
antibody and CD8 +  T cells mediated immune response. In addition, the adenovirus 
itself generates a strong infl ammatory response that functions as a potent adjuvant 
(mediated in part through TLR receptors on DCs) to enhance the immune response 
against the tumor antigen-encoded gene. 

 Studies done in murine B cell lymphoma models have shown that vaccination 
with a single dose of an adenovirus encoding the idiotype genes was able to stimu-
late a protective, specifi c immune response against lymphoma (Timmerman et al. 
 2001 ). Importantly, tumor immunity seems to be superior to that afforded by the 
classical idiotype protein vaccination and naked DNA. The tumor immunity pro-
moted by adenovirus vaccine has also been demonstrated in experimental models of 
solid tumors, such as melanoma and colon cancer. 

 In the clinical setting, the most evaluated viral vectors for cancer vaccines are 
from the poxviridae family (Mastrangelo et al.  2000 ). They include vaccinia and the 
avipoxviruses (fowlpox and canarypox; ALVAC). Poxviruses have features similar 
to adenovirus although, in our experience, rates of transfection of lymphoid cells are 
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higher than with adenovirus. Several cancer vaccine studies have been conducted 
with poxviruses (Schlom  2012 ). In one trial, patients with prostate cancer received 
a poxvirus vector encoding PSA and the costimulatory molecules B7-1, ICAM-1, 
and LFA-3, along with GM-CSF. Patients receiving the vaccine had a superior 
overall survival than the control group (patients treated with an empty vector) 
(Kantoff et al.  2010a ). 

 Despite the potential of viral vector vaccines to induce tumor immunity, several 
disadvantages need to be overcome before these vaccines will be used in the clinic. 
First   , the inherent immunogenicity of the vector that results in the generation of 
neutralizing antibodies which may prevent re-administration of the vector to boost 
the tumor immune response. The high prevalence of preexisting immunity in 
humans to several viral vectors will likely reduce their immunogenicity in the clini-
cal setting. In fact, studies in melanoma patients vaccinated with adenovirus encod-
ing the melanoma associated antigens gp100 or MART-1 have shown high titers 
of neutralizing antibodies in the majority of the patients (Rosenberg et al.  1998 ). 
This contributed, at least partially, to the failure of generating an antitumor response 
in the vaccinated patients. A similar problem might be observed when using recom-
binant poxviruses. Second, a theoretical concern is based upon the immunodomi-
nance concept (Chen and McCluskey  2006 ); in this regard, strong viral antigens 
may redirect the immune response thereby inhibiting the responses to the weak 
tumor antigen, thus, reducing the antitumor effi cacy of the viral vaccine.  

6.5     Dendritic Cell Vaccines 

 Presentation of an antigen to T cells is one of the crucial steps to stimulate an effi -
cient immune response against that antigen. DCs are the most important APCs and 
play a crucial role in both the induction and regulation of the immune response. DCs 
are bone marrow-derived cells expressing surface class I and II MHC molecules, 
along with a number of adhesion and costimulatory molecules needed to stimulate 
naïve T cells. In addition, DCs are able to produce a variety of chemokines and 
immunostimulatory cytokines that contribute to the fi nal activation and expansion 
of effector cells, including T, B, and NK cells. In addition to cellular immune 
response, DCs also have an important role in regulating humoral immunity. DCs 
directly interact with B cells and regulate CD4 +  T cell differentiation and expansion, 
all of which contributes to antibody response (Palucka and Banchereau  2012 ). 

 In the early phase of the immune response process, DCs are in an immature state 
and express an array of surface receptors specialized in antigen uptake. In this situ-
ation, DCs can uptake antigens from bacteria, viruses, dead or dying tumor cells, 
proteins, and immunocomplexes, through a mechanism of phagocytosis and endo-
cytosis. The antigens are processed into peptides, coupled to MHC molecules, and 
expressed in the membrane for recognition of antigen-specifi c CD4 +  and CD8 +  T 
cells (Trombetta and Mellman  2005 ). When compared with other APCs, such as 
macrophages or B cells, DCs are extremely effi cient at antigen presentation and can 
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elicit very low numbers of T cells to respond. After capturing the antigen, DCs 
undergo another process called maturation. This process transforms DCs into cells 
specialized for T cell stimulation. Maturation is characterized by reduced antigen 
uptake, enhanced ability to migrate to lymphoid tissues, secretion of cytokines, and 
activation of antigen-specifi c T cells. A number of molecules released by damaged 
tissues and tumors may stimulate the maturation process in which several receptor 
types, such as TLRs, are involved. Mature DCs express high levels of class I and II 
MHC molecules, adhesion and costimulatory molecules CD80, CD86, ICAM-1, 
and CD40, all devoted to effi ciently activate T cells. 

 A number of experimental studies have demonstrated that DCs can capture tumor 
antigens that are released from tumor cells and present these antigens to T cells in 
the tumor-draining lymph nodes. This results in the generation of tumor-specifi c 
CD8+ T cells that contribute to tumor eradication. In line with this, DCs have been 
considered an important part of different cancer vaccine strategies (Ueno et al. 
 2011 ). To this end, the fi rst step is to provide DCs with tumor-specifi c antigens. This 
can be achieved by culturing in vitro DCs that have been obtained from the patient 
with the tumor-specifi c antigen plus an adjuvant; alternatively, DCs can be induced 
in vivo to uptake the tumor-specifi c antigen. 

 The list of possibilities includes the use of DCs cocultured in vitro with tumor- 
derived peptides or proteins (also called “pulsed” DCs) or tumor lysates or DCs 
fused to tumor cells. Alternatively, DCs can be transfected in vitro with DNA, or 
RNA encoding a tumor-antigen, or transduced with recombinant viruses encoding 
the antigen (Table  6.1 ). 

 A number of DCs cancer vaccine trials have been reported (Schuler  2010 ). The 
fi rst was reported in patients with B cell lymphoma (Hsu et al.  1996 ). Based on 
preclinical studies, a small pilot trial was conducted more than 15 years ago at 
Stanford University. In this study, cellular immune responses and clinical responses 
were noted after the administration of ex vivo idiotype-pulsed DCs to four patients 
with relapsed, advanced lymphoma. Encouraged by these results, the study was 
further extended by including 35 patients (Timmerman et al.  2002b ). Sixty-fi ve per-
cent of the patients developed either a humoral or cellular anti-idiotype response. 
More important, among ten relapsed patients, one had a partial response (i.e., at 
least 50 % reduction of tumor burden) and three had a complete response lasting 
more than 4 years. Concerning the 25 patients vaccinated incomplete remission 
after chemotherapy, 70 % of the patients remained progression-free after vaccina-
tion, at a median of 4 years after completion of the treatment. 

 DCs vaccines have also been studied in patients with solid tumors, including mela-
noma, prostate and colon cancer. In the majority of these studies, patients were vac-
cinated with ex vivo generated DCs pulsed with different tumor-associated peptides. 
However, although cellular immune responses were seen, no signifi cant clinical 
responses were detected in the majority of patients, with perhaps the exception of 
prostate cancer patients. In one trial, metastatic prostate cancer patients received DCs 
that were cultured in vitro with a fusion protein of prostatic acid phosphatase and 
GM-CSF (Kantoff et al.  2010b ). Patients receiving the vaccine had an improvement in 
overall survival compared with the control group (patients receiving unpulsed DCs). 
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These data were deemed signifi cant by the US Food and Drug Administration in a 
patient population that has very few, if any, effective therapeutic options and lead to 
the fi rst cellular immunotherapy product approved for cancer patients. 

 To enhance the antitumor vaccine effi cacy, DCs have been genetically modifi ed. 
DCs can be ex vivo transduced with recombinant viruses encoding tumor antigen 
genes (Humrich and Jenne  2003 ). This strategy can result in prolonged presentation 
of multiple epitopes by various class I and II MHC molecules, with the ability to 
stimulate high-avidity T cells capable of recognizing different tumor antigens. In 
line with this, experimental studies have shown that DCs transduced with recombi-
nant viruses encoding a tumor antigen stimulate a potent CD8 +  T cell response able 
to eradicate established tumors. The antitumor response effi cacy can be further 
enhanced by the transfer into DCs of genes encoding cytokines (i.e., IL-12 or IL-15) 
or costimulatory molecules (i.e., CD80, CD86, ICAM-1, or LFA-3). 

 The previously discussed approaches are based on the characterization of tumor 
antigens. However, as previously discussed, specifi c tumor antigens are currently 
not known for the majority of tumors. To overcome this problem, another strategy 
has been developed, consisting of the use of DCs stimulated with whole tumor cells. 
Thus, vaccination with DCs cocultured in vitro with a tumor lysate elicits an immune 
response capable of eradicating established tumors in animal models. This approach 
may be more effi cient than peptide/protein vaccination, at least in some experimen-
tal tumor models (Gatza and Okada  2002 ). 

 Another strategy takes advantage of the ability of DCs to be fused to tumor cells. 
This approach ensures proper presentation of an array of tumor antigens coupled to 
adequate stimulation of antigen-specifi c T cells. The potential advantage of this 
method relies on the fact that several relevant tumor antigens, instead of just one, 
may be presented to the effector T cells along with appropriate costimulation, thus 
potentially increasing the frequency of different antigen-specifi c T cells. This strat-
egy has proved to be effective in a number of solid tumors and hematological can-
cers (Gong et al.  2000 ; Raje et al.  2004 ). The system can be further improved by 
using adjuvants such as CpGs or genetic modifi cation with immunostimulatory 
genes. Thus, fused DCs and tumor cells transduced with a recombinant adenovirus 
encoding CD40L elicit an immune response able to eradicate established lymphoma 
(Alvarez et al.  2010 ). A clinical trial with fusions of DCs with tumor cells has been 
conducted in patients with multiple myeloma and other solid tumors such as renal, 
brain, and breast cancer (Rosenblatt et al.  2013 ). 

 Another approach to deliver antigens to DCs relies on the use of antibodies. In 
vivo delivery of antigens can be done by using an antibody targeting a DC receptor 
fused to an antigen protein. Administration of an antibody directed to a DC surface 
receptor (i.e., DC-SIGN) coupled to a tumor antigen elicits potent antigen-specifi c 
CD4 +  and CD8 +  T cells (Kretz-Rommel et al.  2007 ). However, targeting to some 
DC receptors polarizes T cells into suppressor cells, which in turn might negatively 
affect tumor specifi c effector T cells. The effi cacy of this approach also may be dif-
ferent depending on the DC subtype targeted. Thus, a deeper knowledge of the 
immune outcome after targeting DC surface receptors is needed before this approach 
can be translated into the clinic as a cancer vaccine. 
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 Clinical trials of DC vaccines rely on the generation of large numbers of clinical 
grade human DCs. Currently, two different approaches may be used: (1) ex vivo 
differentiation of DCs from CD34 +  hematopoietic progenitor cells or from periph-
eral blood monocytes; and (2) purifi cation of immature DC precursors obtained 
from peripheral blood. In addition, maturation of DCs can be accomplished with a 
variety of stimuli, including, TNF-α, or CD40 ligation yielding different results. 
The need for ex vivo culture to generate DCs in addition to the lack of standardized 
methods for obtaining DCs, assessing maturation status, and loading antigens con-
stitutes a signifi cant limitation for the broad application of a DC-based vaccine in 
cancer patients.  

6.6     Tumor Cell Vaccines 

 A completely different approach to generate a cancer vaccine consists of the use of 
tumor cells to induce a host immune response. An advantage of the use of whole 
tumor cells as a vaccine is that characterization of the tumor antigen is no longer 
required since they represent a source of a broad spectrum of tumor antigens by 
themselves. Thus, with this strategy, it can be generated a polyvalent immune 
response against several tumor antigens, in contrast to a response against a single 
antigen when a peptide or a single gene is used for vaccination. 

 For an appropriate antigen-specifi c T cell activation, T cells are required to inter-
act with APCs, recognition of the peptide-MHC complexes and costimulation of 
those T cells. This later step is critical for generation of an effective T cell immune 
response against a predefi ned antigen (Liebowitz et al.  1998 ). In fact, recognition of 
antigens by T cells in absence of proper costimulation results in T cell anergy, rather 
than activation. Among the costimulatory molecules involved in this process, the B7 
family proteins—mainly B7.1 (CD80) and B7.2 (CD86)—are of great importance 
for T cell stimulation. The expression of these molecules is tightly controlled and is 
restricted to APCs, including DCs and B cells. Both, CD80 and CD86 interact with 
the CD28 molecule on activated T cells to further enhance its activation. In addition, 
other molecules expressed by APCs, such as ICAM-1 and LFA-3, interact with dif-
ferent receptors on T cells to promote cellular adhesion and activation. Experimental 
data have shown that tumor cells are very ineffi cient at presenting antigens to APCs 
for the stimulation of a T cell response. However, genetic manipulation of the tumor 
cells may increase their immunogenicity. 

 Tumor cells can be genetically modifi ed, by DNA transfection or by use of 
recombinant viruses, to secrete cytokines and chemokines that contribute to the acti-
vation of DCs and T cells. Several studies in tumor animal models have shown that 
vaccination with irradiated tumor cells engineered to express cytokines (i.e., IL-2, 
IL-12, IL-15) stimulates T cells that are able to recognize and kill unmanipulated 
tumor cells, thus providing systemic immunity (Ochoa et al.  2013 ). Alternatively, 
tumor cells can be transduced with genes directly acting on DCs. GM-CSF has been 
one of the cytokines most extensively studied. In murine models, vaccination with 
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irradiated tumor cells transduced with a recombinant virus encoding GM-CSF 
 provides a protective systemic immunity mediated by both CD4 +  and CD8 +  T cells 
(Levitsky et al.  1996 ). This approach proved to be very robust in generating an anti-
tumor immune response and was moved to the clinic (Soiffer et al.  2003 ). Patients 
with melanoma and prostate cancer were vaccinated with autologous tumor cells 
transduced with a retrovirus encoding human GM-CSF. Although an extensive 
infl ammatory infi ltration    with T cells and necrosis have been detected in the tumors 
of most of those patients, a very few clinical responses were recorded, and clinical 
activity of this approach has not been proven. However, a meta-analysis of more 
than 100 immunotherapy trials in several solid tumor types revealed that patients 
immunized with whole-tumor cells vaccines had signifi cantly higher rates of clini-
cal responses than patients immunized with molecularly defi ned tumor antigens 
(Neller et al.  2008 ). 

 In the clinical scenario, the use of autologous tumor cells for vaccination is ham-
pered by the long, cumbersome, and expensive manufacturing process. Moreover, 
since they are a personalized vaccine, obtaining and preparing the tumor cells for 
each patient may be extremely diffi cult, limiting its broad application for clinical 
use. To avoid these problems, allogeneic tumor cell lines containing shared tumor 
antigens have been used. Cancer cell lines can be ex vivo transduced with genes 
encoding cytokines (i.e., GM-CSF, IL-2) and used to immunize the patients. These 
vaccines are easier to produce than autologous tumor cells and have been tested in 
melanoma and prostate cancer patients. However, despite early promising results, 
clinical effi cacy was not shown in randomized trials (Copier and Dalgleish  2010 ). 

 Another novel approach to stimulate antitumor immunity focuses on the ability 
of some tumors to present antigens to T cells. In contrast to solid tumors, B cell 
lymphomas are able to present antigens to T cells but the low expression of costimu-
latory molecules renders these cells ineffi cient for T cell stimulation (Schultze et al. 
 1995 ). A number of methods have been developed to turn tumor cells into powerful 
APCs capable of stimulating T cells (Schultze et al.  1997 ). A CD40 agonistic mono-
clonal antibody can activate DCs leading to cross-presentation of tumor antigens 
and generation of a CD8 +  T cell response (Sotomayor et al.  1999 ). Alternatively, 
direct transfer to the tumor of costimulatory molecules (i.e., B7, ICAM-1, and LFA- 
3) by using recombinant viruses may enhance their immunogenicity, and these cells 
can be used as a vaccine (Grosenbach et al.  2003 ). This concept has been tested in 
lymphoma models where it has been shown to induce protective systemic antitumor 
immunity (Briones et al.  2003 ). Alternatively, a recombinant virus encoding a tumor 
antigen gene combined to genes encoding those costimulatory molecules has been 
shown to induce antigen-specifi c T cells with higher avidity and more effective at 
killing tumor cells (Yang et al.  2005 ). 

 Another approach extensively studied involves the CD40-CD40 ligand (CD40L) 
system which has a critical role in T cell dependent immune responses. CD40 is a 
member of the tumor necrosis factor receptor family that is expressed by APCs 
(including DCs and B cells) and interacts with its ligand, CD40L, expressed on acti-
vated T cells (van Kooten and Banchereau  2000 ). Stimulation of CD40 induces 
upregulation of MHC class II and costimulatory molecules (i.e., CD80/CD86, 
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ICAM-1, 4-1BBL) on lymphoma cells leading to effi cient activation of tumor- 
specifi c T cells. In B cell lymphoma models, vaccination with tumor cells transduced 
with a recombinant virus encoding the CD40L gene stimulates a systemic immune 
response against unmanipulated lymphoma cells (Briones et al.  2002 ). This concept 
has been translated into the clinic in patients with hematological cell malignancies 
(Wierda et al.  2010 ; Rousseau et al.  2006 ). In one approach, autologous tumor B 
cells were ex vivo transduced with a recombinant adenovirus encoding CD40L and 
reinfused to the patients with no other concomitant treatments. Another approach has 
used autologous leukemic cells mixed with fi broblasts transduced with a recombi-
nant virus encoding CD40L and IL-2. In these studies, tumor- specifi c T cells have 
been detected along with clinical responses, which suggest that CD40- based vac-
cines may be useful in hematological malignancies.  

6.7     NKT Cell Based Vaccines 

 Studies in the last 10 years have focused on the role of Natural Killer T (NKT) cells 
in the immune system. NKT cells constitute a particular type of T cells that share 
some features with NK cells (Bendelac et al.  2007 ).    Although NKT cells are a het-
erogeneous population, type I NKT cells (the most studied subtype) express a lim-
ited array of αβT cell receptors (TCR) (i.e., the αchain Vα24-Jα18 paired with 
particular TCR-Vβ chains (i.e., the Vβ11 in humans)). In contrast to T cells, NKT 
cells do not recognize peptides on the MHC molecules. Type I NKT cells are char-
acterized by their ability to recognize lipid antigens through the CD1d receptor, 
expressed on APCs. Although they represent minor population in the immune sys-
tem, NKT cells have a critical role in immunosurveillance and in tumor immunol-
ogy, since they coordinate both, the innate (DCs and NK cells) and the adaptive (B 
and T cells) immune responses. 

 α-Galactosylceramide (α-GalCer) is the prototypic lipid recognized by type I 
NKT cells (Kinjo et al.  2005 ). After administration of α-GalCer, APCs (either DCs 
or B cells) may present this antigen to NKT cells. This results in activation of NKT 
cells by upregulation of CD40L. CD40 cross-linking induces DCs to upregulate 
CD40, MHC molecules, and B7 costimulatory molecules, and to secrete IL-12. 
This, in turn, enhances NKT cell activation and cytokine production. Activated 
NKT cells produce Th1 (IFN-γ and IL-12) and Th2 (IL-4) cytokines which contrib-
ute to the generation of a T cell and B cell mediated immune response. Thus, killing 
of tumor cells after NKT cell activation is produced by two different mechanisms: 
(1) direct killing of CD1d +  tumor cells after recognition of lipid tumor antigens; (2) 
cross-priming of DCs mediated by IL-12 and enhancement of NK cells and antigen- 
specifi c CD4 +  and CD8 +  T cell response (Cerundolo et al.  2009 ). 

 DCs have an important role in the antitumor response mediated by NKT cells. A 
number of experimental studies have shown that administration of DCs cocultured 
with CD1d analogs (i.e., α-GalCer) results in activation and expansion of NKT cells 
resulting in the induction of a strong T cell immune response capable of eradicating 
established tumors. Other studies have further refi ned the effi cacy of this approach by 
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combining α-GalCer loaded DCs with tumor cells and showing a greater induction of 
antitumor immunity (Chang et al.  2005 ; Liu et al.  2005 ; Alvarez E and Briones J; 
unpublished data). 

 An alternative approach to activate NKT cells may involve the use of tumor cells. 
Because most human leukemias and B-cell lymphomas express the CD1d receptor, 
they can induce the activation of NKT cells. Experimental studies in lymphoma 
models have shown that vaccination with B lymphoma cells loaded with α-GalCer 
generates specifi c T cell-mediated antilymphoma immunity (Chung et al.  2007 ). 
This approach has recently been taken to the clinic in patients with multiple 
myeloma (Richter et al.  2013 ).  

6.8     Strategies to Improve Cancer Vaccines Effi cacy 

 Despite all the advances in tumor immunology, the clinical impact of cancer vac-
cines is far from ideal. In the last years, a better understanding of the tumor’s mech-
anisms to evade the immune system has led to the development of new strategies to 
enhance the effi cacy of the cancer vaccines. 

 Despite the expression of foreign (mutated) antigens, which are potentially 
highly immunogenic, tumors grow progressively supporting the concept that tumor 
cells escape the immune recognition. Several mechanisms for tumor escape have 
been proposed, including those related to the inherent instability of the tumor cells 
and others that may be shared by many normal cells (Gajewski et al.  2013 ). The 
latter include: (1) the lack of expression of costimulatory molecules; (2) the secre-
tion of proteins with immune inhibitory capacity by tumor cells; and (3) the induc-
tion of a T cell population with suppressor activity. 

 Low or absent expression of costimulatory molecules may be involved, at least in 
part, in the inhibition of the immune system since, as previously mentioned, recog-
nition of tumor peptides by T cells in the absence of costimulation generates T cell 
anergy (Schultze et al.  1995 ). In line with this, direct stimulation of T cells through 
activating receptors may enhance T cell function and improved tumor killing. There 
are a number of activating receptors that can be targets for agonistic antibodies, 
some of which are already in the clinic: OX40, 4-1BB, CD27, and CD40. 

 OX40 is a costimulatory molecule that promotes T cell proliferation, survival, 
and enhanced function and migration. In addition, OX40 also enhances memory T 
cell development (Chen et al.  1999 ). Interestingly, activation of OX40 inhibits pro-
liferation of regulatory T (Treg) cells (Piconese et al.  2008 ). Studies in experimental 
tumor models have shown that administration of OX40 agonists could eradicate 
established tumors, and that this response was CD4 +  and CD8 +  T cell dependent 
(Jensen et al.  2010 ). Alternatively, vaccines with tumor cells transduced with 
OX40L stimulate strong antitumor-specifi c T cell responses. Currently, clinical 
studies with agonistic OX40 antibodies are being conducted in patients with solid 
tumors (Curti et al.  2013 ). 
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 4-1BB is another costimulatory molecule extensively studied (Wang et al.  2009 ). 
A member of the tumor necrosis factor receptor family, 4-1BB is expressed on acti-
vated T cells and NK cells. Its ligand is expressed on APCs and macrophages. 
Targeting 4-1BB on T cells induces activation of CD8 +  T cells and NK cells, stimu-
lating tumor antigen responses. 4-1BB stimulation can reverse tolerance of CD8 +  T 
cells and promote antitumor memory T cell survival (Wilcox et al.  2004 ). Several 
clinical trials are currently investigating the role of 4-1BB agonistic antibodies in 
patients with melanoma and B cell lymphoma (Weinberg et al.  2011 ). 

 Downregulation of MHC molecules and/or tumor antigens has also been associ-
ated with reduced ability to be targeted by T cells, providing a scenario for tumor 
escape from the immune system. Tumors may produce different molecules with 
immunosuppressive properties. Thus, tumor secretion of VEGF inhibits the antigen 
processing and maturation capacity of DCs (Osada et al.  2008 ). In addition, TGFβ 
and IL-10 have a strong inhibitory effect on antigen-specifi c T cells as well as DCs. 

 Immunosuppressive regulatory cells have been the object of much attention in 
the last years. These cells play a physiological role in the induction of immune toler-
ance to self-antigens preventing autoimmunity. However, there is increasing evi-
dence that, in cancer patients, these cells are largely responsible for preventing 
effective antitumor immune responses. 

 The    best characterized immunoregulatory cells are the CD4 +  Treg cells 
(Roncarolo and Battaglia  2007 ). This cell population constitutes a functionally dis-
tinct lineage of T cells involved in the maintenance of peripheral tolerance in vivo. 
Tregs represent 5–10 % of peripheral CD4 +  T cells and are characterized by the 
expression of CD25, the transcription factor forkhead box P3 (Foxp3), and 
glucocorticoid- induced tumor necrosis factor (GITR). Treg cells can induce immu-
nosuppression by different mechanisms. Treg cells may suppress the proliferation 
and cytokine production of antigen-specifi c T cells through direct contact with the 
responding T cell. Alternatively, Treg cells produce high amounts of immunosup-
pressive cytokines such as IL-10 and TGFβ with inhibitory effect on DCs and cyto-
toxic CD8 +  T cells. High levels of TGFβ in the tumor microenvironment may also 
enhance the conversion of Foxp3-negative CD4 +  effector T cells into Treg cells. In 
addition, Treg cells also restrain the antitumor activities of NKT cells. Several stud-
ies in cancer patients have shown signifi cant increases in regulatory T cell popula-
tions both in the tumor and in peripheral blood, which negatively correlate with 
clinical outcome (Preston et al.  2013 ; Blatner et al.  2012 ). 

 The impact of Treg cells on the development of an effective antitumor immune 
response led to the evaluation of Treg cell depletion as a strategy to enhance the 
immune response against cancer. Studies in animal tumor models have shown that 
depletion of Treg cells by administration of monoclonal antibodies enhanced the effect 
of a tumor vaccine (Marabelle et al.  2013 ). This approach has been taken to the clinic 
in patients receiving a cancer vaccine with similar results. Administration of monoclo-
nal antibodies targeting CD25 or chemotherapy agents, such as cyclophosphamide, 
prior to antitumor vaccination contributes to Treg cell depletion and augmentation of 
tumor antigen-specifi c T cell responses (Morse et al.  2008 ; Litzinger et al.  2007 ). 
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 Myeloid-derived suppressor cells (MDSCs) are another heterogeneous popula-
tion of immature myeloid cells (i.e., granulocyte and monocyte lineage) with many 
immunosuppressive functions (Talmadge and Gabrilovich  2013 ). MDSCs have 
been shown to accumulate in the peripheral blood and tumors of patients with dif-
ferent cancer types. MDSCs mediate their immunosuppressive activity through dif-
ferent mechanisms: production of arginase and nitric oxide which induce CD4 +  T 
cell apoptosis; induction of Treg cells, and promotion of immature DCs through 
IL-10. Attempts to reduce or eliminate these immunosuppressive cells are the sub-
ject of intensive research (Albeituni et al.  2013 ). However, to date, the systemic 
depletion of any of regulatory cell subsets is hampered by the fact that none of the 
regulatory cell subsets express currently known unique markers that can be targeted 
without affecting nonregulatory effector cells. 

 A very promising novel strategy for reducing antitumor immunoregulation is 
based upon the specifi c blocking of the molecules involved in T cell immunosup-
pression, a concept that evolved in the last years as the “immune checkpoint block-
ade” (Bluestone and Small  2012 ). The list of molecules that can be potentially 
targetable is rapidly growing and can be expressed either on the cell surface of 
tumor cells or effector T and NK cells (Fig.  6.1 ). So far, two molecules have received 
enormous attention and have been focus of intensive research to increase the quality 
of the immune response after vaccination.

   The fi rst of these negative immune regulator molecules studied is cytotoxic 
T-lymphocyte-associated protein 4 (CTLA-4) (Chambers et al.  2001 ). CTLA-4 is 
upregulated in conventional effector T cells during the antigen stimulation and con-
tributes to inhibit T cell function and limit T cell proliferation by binding to the 
costimulatory molecules CD80/CD86. CTLA-4 is also expressed    in Treg cells where 
it induces the production of immunosuppressive molecules by DCs (i.e., indoleamine 
2,3-dioxygenase) promoting T cell anergy. Ipilimumab is a monoclonal antibody that 

  Fig. 6.1    Costimulatory and inhibitory (*) interactions between antigen presenting cell ( APC ) and 
T cell.  TCR  T cell receptor,  HLA  human leukocyte antigen       
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antagonizes CTLA-4, blocking its interaction with CD80/CD86. CTLA-4 blockade 
also promotes apoptosis of Treg cells contributing to an enhancement of the antitu-
mor T cell responses. In the clinical scenario, ipilimumab as single therapy was able 
to induce long-term remissions in a group of heavily pre-treated melanoma patients 
(Hodi et al.  2010 ). Although the clinical benefi t occurred in a small percentage of 
patients, these results, in an otherwise very advanced cancer patients with no thera-
peutic options, were considered of great impact. In experimental studies, CTLA-4 
blockade was shown to augment the effi cacy of a cellular vaccine consisting of tumor 
cells transduced with GM-CSF, with an enhancement of the CD8 +  T cell responses 
(Li et al.  2009 ). 

 A second inhibitory molecule is the programmed cell death-1 (PD-1), which is 
expressed by activated CD4 +  and CD8 +  T cells, B and NK cells (Keir et al.  2008 ). Its 
ligand (PD-L1) is expressed on a variety of tumors and APCs. Ligation of PD-1 on 
T cells is associated with decreased proliferation and cytokine secretion and, ulti-
mately, T cell exhaustion and death. Blocking PD-1 may restore T cell function and 
contributes to the enhancement of the T cell responses (Chen and Mellman  2013 ). 

 In the clinical setting, administration of a monoclonal antibody blocking PD-1 as 
single therapy resulted in complete responses in patients with solid tumors and 
hematological malignancies (Brahmer et al.  2012 ). 

 Similar to what it has been shown for CTLA-4, PD-1 blockade has been shown 
to improve the immune response after vaccination in cancer models, by increasing 
the number and function of antigen-specifi c CD8 +  T cells (Duraiswamy et al.  2013 ; 
Kamphorst and Ahmed  2013 ). Thus, combination of PD-1 blockade with a tumor 
vaccine is being tested in several clinical trials involving both, cellular and peptide 
vaccines. Data from these trials will provide critical information for the design of 
combinatorial immunotherapy for the treatment of cancer patients.  

6.9     Nanotechnology Applications to Cancer Vaccines 

 A critical issue on the development of cancer vaccines is the effi cient presentation 
of tumor antigens to T cells. While this can be achieved with the use of ex vivo 
generated DCs or recombinant DNA-viral vaccines encoding tumor antigens, all 
these strategies are labor extensive and costly, and pose a formidable challenge for 
administration to cancer patients under clinically accepted GMPs conditions. In this 
regard, nanotechnology, through their broad range of immunological applications, 
has arisen as a promising strategy to develop cancer vaccines (Smith et al.  2013 ). 

 Nanovaccines are nanoscale complexes that can be designed to deliver antigens 
and/or adjuvants to DCs or T cells to generate an immune response. Nanovaccines 
can be designed to tailor immune responses by specifi c targeting of immune cells. 
Thus, nanoparticles (NPs) can be decorated with antibodies directed to DCs or with 
adjuvants that interact with specifi c receptors on DCs (i.e., TLR ligands, or lectin 
receptor ligands) enhancing the immune response (Paulis et al.  2013 ). Multiple 
immunomodulators and antigens can be loaded onto a single NP, and the dose and 
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rate of antigen delivery can be adjusted (Ali et al.  2014 ). In addition, NPs can be 
designed to deliver chemokines or cytokines to recruit APCs fi rst and subsequently 
present tumor antigens (Ali et al.  2009 ). This strategy proved to be effective in 
murine models of cancer. Interestingly, the size and shape of the NPs can be modu-
lated so they can differentially target distinct DCs populations; small NPs (up to 
200 nm) target selected populations of DCs that better migrate to lymph nodes to 
present antigens to T cells (Manolova et al.  2008 ). Furthermore, NPs can penetrate 
tumors so they can be designed to target different subsets of cells (i.e., cancer stem 
cells) or the tumor microenvironment. 

 Since T cells are the most important effector cells in the immune response, adop-
tive therapy with ex vivo generated antigen specifi c T cells has become a promising 
strategy to treat cancer patients. In this regard, NPs can be designed to contain cyto-
kines promoting T cell function and survival (i.e., IL-15 or IL-21), so they can be 
ex vivo tethered to T cells before administration to patients (Stephan et al.  2010 ). 

 Nanovaccines are versatile complexes that have a broad array of immunological 
properties which make them promising candidates as cancer vaccines. Importantly, 
the ease of manufacturing and high quality production under GMP conditions, in 
addition to long-term storage properties, are of great value at the time of translation 
of these strategies into clinical trials for cancer patients.   

6.10     Conclusions 

 The considerable progresses made in the knowledge of the biology of DCs as well 
as effector T cell immunology clearly open the avenues for the development of 
greatly improved clinical protocols in cancer immunotherapy. The design of better 
adjuvants and the identifi cation of new tumor targets will be critical for the advance-
ment in the fi eld. While passive immunotherapies involving monoclonal antibodies 
or antigen-specifi c T cells are relatively straightforward, they have the limitation of 
the requirement for a known epitope surface expression. This can be overcome by 
active immunotherapy with cellular vaccines (i.e., DCs, recombinant viruses, and 
whole tumor cells) which may induce a T cell response against intracellular anti-
gens. Importantly, recent advances in the knowledge of T cell inhibitory molecules 
have led to the development of blocking antibodies that will likely enhance the 
antitumor effect of these cancer vaccines. 

 Finally, the recent development of biomaterials and nanoparticles has shown an 
enormous potential for cancer immunotherapy. Particles vaccines may have advan-
tages over cellular or viral-based vaccines: They can incorporate multiple immune 
modulators, including antigens and adjuvants; they can target specifi c cell popula-
tions and subcellular compartments, which may increase antigen-delivery to effec-
tor cells, thus reducing toxicity while improving the immune response against tumor 
cells. The use of nanoparticles with immunological properties may represent a 
promising strategy for the development of cancer vaccines.     
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    Chapter 7 
   Cancer Immune Modulation 
and Immunosuppressive Cells: Current 
and Future Therapeutic Approaches 

             Maria     Stella     Sasso    ,     Vincenzo     Bronte    , and     Ilaria     Marigo    

7.1            Introduction 

7.1.1     Role of the Immune System in Cancer Pathology 

    According to the theory of cancer immunosurveillance/immunoediting, the immune 
system is able to detect and destroy newborn neoplastic cells preventing the growth 
of incipient tumors (Schreiber et al.  2011 ). Therefore, tumors have to overcome the 
immune defense to reach a clinically detectable stage. The tumor ability of evading 
immune destruction has recently been proposed as an emerging hallmark of cancer 
(Hanahan and Weinberg  2011 ), stressing the increasing consideration that this con-
cept has received in the last decade. 

 Clinical epidemiologic data support the existence of an anti-tumor immune 
response at least in certain human cancers. Among the strongest evidence is the 
existence of a positive correlation between a dense T lymphocyte tumor infi ltrate 
and improved patient prognosis, which has been reported in different human tumors 
(Bindea et al.  2010 ). Remarkably, a study dated 2006 on colorectal cancer showed 
that immune cells type, density, and location in tumors dramatically infl uenced 
patient survival and these parameters represented better prognosis predictors than 
classical staging methods based on histopathology (Galon et al.  2006 ). 

        M.  S.   Sasso    
  Department of Surgery, Oncology and Gastroenterology, Oncology and Immunology Section , 
 University of Padova ,   35128   Padova ,  Italy     

    V.   Bronte    
  Department of Pathology ,  Verona University Hospital ,   37134   Verona ,  Italy     

    I.   Marigo      (*) 
  Istituto Oncologico Veneto, IOV-IRCCS ,   Via Gattamelata, 64 ,  35128   Padova ,  Italy   
 e-mail: ilaria.marigo@ioveneto.it  

mailto:ilaria.marigo@ioveneto.it


188

 Other data supporting the relevance of anti-tumor immune responses in humans 
come from the observation of an increased incidence of cancers, including forms of 
non-viral origin, in transplanted patients undergoing immunosuppressive treatments 
(Engels et al.  2011 ; Jiang et al.  2010 ; Moloney et al.  2006 ; Schrem et al.  2013 ; 
Vajdic et al.  2006 ) and human immunodefi ciency virus (HIV)-infected individuals 
(Chaturvedi et al.  2007 ; Kirk et al.  2007 ; Shiels and Engels  2012 ). Moreover, 
induced immunosuppression has been reported to cause the growth of previously 
undetectable tumors derived from donor tissues in transplantation cases (Desai et al. 
 2012 ; MacKie et al.  2003 ). 

 Along with the anti-tumor role described so far, the immune system has been 
shown to play an opposite and direct pro-tumor function. Tumors are usually char-
acterized by an infl ammatory microenvironment, which enables cancer growth and 
progression by supplying growth factors, pro-angiogenic mediators, extracellular 
matrix modifying enzymes, and signaling molecules, all favoring cancer cell inva-
sion and metastatization (Hanahan and Weinberg  2011 ). Innate immune cells includ-
ing granulocytes, monocytes, macrophages, and dendritic cells (DCs) are key players 
of tumor-associated infl ammation. Moreover, innate immune cells, including macro-
phages, DCs, and more immature cells, have been shown to exert a crucial immuno-
suppressive activity on T cell-mediated anti-tumor response, as discussed below.  

7.1.2     Immunosuppressive and Tumor-Promoting Immune 
Populations 

 Myeloid cells represent the innate arm of the immune system, which is the fi rst line 
of defense against pathogens and is required to activate and sustain the subsequent 
antigen-specifi c adaptive immune response. Moreover, myeloid cells contribute to 
tissue homeostasis by removing dying cells and debris and participating in tissue 
remodeling. 

 Tumors can alter the normal myeloid cell differentiation and function by releas-
ing multiple soluble factors, able to act both systemically and locally. Different 
cytokines, like granulocyte-macrophage colony stimulating factor (GM-CSF), gran-
ulocyte colony stimulating factor (G-CSF), macrophage colony stimulating factor 
(M-CSF), stem cell factor (SCF), and vascular endothelial growth factor (VEGF), 
have been shown to promote cancer-induced myelopoiesis. Pro-infl ammatory medi-
ators released by both tumor cells and tumor-infi ltrating immune cells, as 
interleukin - 1β (IL-1β), IL-6, IL-4, IL-10, IL-13, S100 calcium binding protein A8 
and A9 (S100A8 and S100A9), interferon gamma (IFN-γ), induce then the activa-
tion of immunosuppressive and tumor-promoting programs in myeloid cells 
(Gabrilovich et al.  2012 ). 

 One of the main consequences of these alterations is the accumulation of an 
heterogeneous population of immature, highly immunosuppressive myeloid cells 
termed myeloid-derived suppressor cells (MDSCs). Moreover, terminally differen-
tiated populations, such as DCs and macrophages, which are normally devoted to 
antigen presentation, pathogen killing, and pro-infl ammatory cytokines secretion, 
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become either poorly immunostimulating or overtly immunosuppressive. Beside 
cells of myeloid origin, a particular subset of T lymphocytes, named T regulatory 
cells (Tregs), has been shown to contribute to tumor-induced immunosuppression. 
Tregs and tumor-promoting myeloid populations are described singularly below, 
with a particular attention to MDSCs and macrophages, whose targeting will be the 
focus of this chapter. 

7.1.2.1      Tumor-Associated Macrophages 

 Macrophages are classically thought to differentiate from circulating monocytes, 
following their recruitment into peripheral tissues. In contrast with this paradigm, 
recent studies in mouse models have shown that certain tissue resident macrophage 
populations descend from primitive yolk-sack-derived macrophages or from fetal 
liver monocytes and are completely maintained by self-renewing during the adult 
life (Guilliams et al.  2013 ; Hoeffel et al.  2012 ; Schulz et al.  2012 ). Circulating 
monocytes poorly contribute to the maintenance of tissue-resident macrophages 
under steady state conditions, while they dramatically expand during infl ammation 
and give rise to infl ammation-associated macrophage and DCs (Shi and Pamer 
 2011 ; Wynn et al.  2013 ). Notably, in mouse tumor models, Ly6C high  infl ammatory 
monocytes have been shown to be the direct precursors of tumor-associated macro-
phages (TAMs) (Movahedi et al.  2010 ). 

 Macrophages are phenotypically defi ned by the presence/absence of specifi c cell 
surface markers. They are broadly identifi ed as CD11b + , F4/80 + , CD115 + , Ly6G −  
cells in mice and as CD68 + , CD163 + , CD16 + , CD312 + , and CD115 +  cells in humans. 
However, different subsets of macrophages exist, which can be identifi ed by a fi ner 
phenotypic characterization, together with functional and gene expression assays 
(Qian and Pollard  2010 ). 

 One of the fi rst macrophage classifi cations distinguishes between M1 (classi-
cally activated) and M2 (alternatively activated) macrophages. The M1 and M2 
states are induced by different environmental factors, including cytokines and toll- 
like receptor (TLR) ligands, and are characterized by specifi c functional properties. 
M1 macrophages have stronger antigen-presenting and killing abilities, higher pro-
duction of reactive oxygen and nitrogen species, express higher levels of pro- 
infl ammatory cytokines, and promote a “Th1-oriented” T cell response (Sica and 
Mantovani  2012 ). Th1 lymphocytes are, in turn, required for the activation of cyto-
toxic T cells that are crucial for tumor cell recognition and elimination (Vesely et al. 
 2011 ). M2 macrophages are characterized by effi cient phagocytic activity, high 
expression of scavenging surface molecules, low production of pro-infl ammatory 
cytokines, and high levels of the anti-infl ammatory cytokine IL-10, and are typi-
cally involved in either the resolution of infl ammation or maintenance of smolder-
ing chronic infl ammation (Sica and Mantovani  2012 ). 

 Although in most cases the M1/M2 distinction is not clear-cut and some cells 
may bear features of both types, there is strong evidence that TAMs, at least in 
advanced tumors, are mainly M2-oriented and have poor anti-tumor functions (Sica 
and Mantovani  2012 ). In addition, different pro-tumor properties have been ascribed 
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to TAMs, involving both immune and non-immune mechanisms (Gabrilovich et al. 
 2012 ). According to this, TAMs are a negative prognostic factor in human cancers 
(DeNardo et al.  2011 ; Steidl et al.  2010 ). 

 A fi rst immune mechanism by which TAMs promote cancer progression is the 
loss of an anti-tumor M1-oriented response. Since macrophage polarization in sus-
tained by positive feedback loops, the existence of a predominant M2 orientation 
further prevents the differentiation of M1 macrophages. For example, M2 macro-
phages support the development of Th2 cells, which secrete cytokines (as IL-4) that 
further drive M2 macrophage differentiation (DeNardo et al.  2009 ). 

 Moreover, TAMs are directly immunosuppressive through multiple mechanisms. 
First, tumor-associated monocytes/macrophages may express the membrane mole-
cule programmed death ligand 1 (PD-L1), which inhibits activated T cells express-
ing the PD1 receptor (Kuang et al.  2009 ). In human ovarian cancer, TAMs attract 
immunosuppressive Tregs through the secretion of CC-chemokine ligand 22 
(CCL22) (Curiel et al.  2004 ). In addition, mouse TAMs express the enzyme argi-
nase 1 (ARG1), which locally depletes  L -arginine thus impairing T cell activation 
and proliferation (Rodriguez et al.  2004 ), as further discussed below. 

 Non-immune, pro-tumor functions include promotion of tumor cell invasion, 
stimulation of angiogenesis, support of seeding and growth of metastatic cells (Qian 
and Pollard  2010 ). TAMs express high level of different proteases, which support 
tumor cell mobility and invasion through the degradation and remodeling of the 
extracellular matrix (Kessenbrock et al.  2010 ). Moreover, macrophages directly 
stimulate tumor cell migration, through the secretion of paracrine factors like the 
epithelial growth factor (Wyckoff et al.  2004 ) and favor the ingress of invasive cells 
into blood vessels (Wyckoff et al.  2007 ). Macrophages have been shown to contrib-
ute to tumor-induced neoangiogenesis, which is required for continuous tumor 
growth and progression to malignancy. A major contribution is due to the produc-
tion of VEGF, both by direct secretion (Lin et al.  2006 ,  2007 ) and by proteolytic 
mobilization of extracellular depots (Kessenbrock et al.  2010 ). 

 The mechanisms underlining the process of metastatization are still largely 
unknown; however, recent studies have suggested that myeloid cells are critically 
required for the formation of metastasis (Qian and Pollard  2010 ). Tumor-derived 
soluble factors, released systemically, can induce the accumulation of myeloid cells 
at distant sites, thus increasing the effi ciency of metastatic cell seeding at those 
sites, defi ned pre-metastatic niches (Hiratsuka et al.  2006 ; Kaplan et al.  2005 ). The 
presence of macrophages at the pre-metastatic niche may increase the effi ciency of 
circulating tumor cell extravasation and favor the subsequent growth of metastatic 
lesions (Qian et al.  2009 ).  

7.1.2.2      Myeloid-Derived Suppressor Cells 

 Cancer is associated with abnormal myeloid cell differentiation that leads to the 
accumulation of immature myeloid cells with immunosuppressive functions, the 
MDSCs. MDSC expansion has been reported in several mouse tumor models 
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(Gabrilovich and Nagaraj  2009 ) and in different human cancers (Montero et al. 
 2012 ). In mice, immunosuppressive myeloid cells accumulate both in peripheral 
lymphoid organs, mainly in the spleen, and at the tumor site (Gabrilovich and 
Nagaraj  2009 ; Gallina et al.  2006 ), although evidence suggests that they may reach 
their full immunosuppressive potential only within the tumor microenvironment 
(Gabrilovich and Nagaraj  2009 ). Moreover, at the tumor site MDSCs may differen-
tiate into TAMs, thus contributing to increase this tumor promoting population 
(Kusmartsev and Gabrilovich  2005 ). 

 The spleen is a unique site of cancer-associated extramedullary hematopoiesis in 
mice (Bronte and Pittet  2013 ). In mouse models, cancer induces the proliferation 
and expansion of splenic myeloid progenitors, which sustain the accumulation of 
immunosuppressive myeloid cells (Bronte et al.  2000 ; Cortez-Retamozo et al.  2012 ; 
Ugel et al.  2012 ). There is some evidence that similar splenic hematopoiesis may 
occur in humans, since myeloid precursor expansion has been reported in the spleen 
of patients with invasive cancers (Bronte and Pittet  2013 ; Cortez-Retamozo et al. 
 2012 ). Notably, in mice, the spleen has been reported to be essential for the induc-
tion of systemic T cell tolerance to tumor antigens, preventing the onset of a profi -
cient anti-tumor immune response (Ugel et al.  2012 ). 

 In mice, MDSCs include monocytic and polymorphonuclear (or granulocytic) 
populations, whose phenotype resembles the phenotype of infl ammatory mono-
cytes and neutrophils, respectively. Murine monocytic (M)-MDSCs are CD11b + Gr
1 int LY6C high Ly6G − CD49d + , while polymorphonuclear (PMN)-MDSCs are 
CD11b + Gr1 high Ly6C low Ly6G + CD49d −  (Gabrilovich et al.  2012 ). In tumor bearing 
mice, PMN-MDSCs are the most abundant population, but M-MDSCs have stron-
ger immunosuppressive abilities on a per cell basis (Dolcetti et al.  2010 ; Youn et al. 
 2008 ). Splenic Ly6C high  M-MDSCs have been shown to be a determinant for the 
induction of immune tolerance to tumor antigens (Ugel et al.  2012 ), stressing the 
relevance of this cell subset in cancer-associated immunosuppression. 

 Human MDSCs have been shown to be highly heterogeneous and express differ-
ent surface markers in different cancer types, depending both on the stage of myeloid 
development and on the differentiation context provided by factors secreted by can-
cer cells. As a general classifi cation, human MDSCs belong to three broad subsets, 
namely M-MDSCs, PMN-MDSCs, and immature MDSCs (Filipazzi et al.  2012 ; 
Montero et al.  2012 ). 

 M-MDSCs are identifi ed by the expression of the CD14 monocyte marker, plus 
common myeloid markers as CD11b and CD33. In addition, M-MDSC are often 
defi ned as interleukin 4 receptor α (IL4Rα) positive and/or human leukocyte antigen 
(HLA)-DR low-negative cells. PMN-MDSCs, as M-MSDC, express the myeloid 
antigens CD11b and CD33, but are distinguished by the expression of granulocyte 
markers such as CD15 and/or CD66b. Immature MDSCs have been identifi ed 
within the lineage negative (Lin − ) peripheral blood cell fraction (Lin −  cells defi ned 
as cells lacking the expression of lineage differentiation antigens, including 
CD3, CD14, CD19, and CD56 or CD57) and are CD11b + CD33 + HLA-DR −  cells 
(human MDSC phenotypes have been extensively reviewed in Filipazzi et al.  2012 ; 
Montero et al.  2012 ). 
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 MDSCs exploit different mechanisms to inhibit T cell recruitment, activation, 
and proliferation. A well-described mechanism is the depletion of  L -arginine from 
the local microenvironment through the expression of the enzyme ARG1. Amino 
acid starvation is sensed by T cells resulting in the suppression of cell growth and 
proliferation. Notably,  L -arginine depletion inhibits the expression of the ζ-chain of 
the T cell receptor (TCR) in T cells, thus preventing their activation (Bronte and 
Zanovello  2005 ). MDSC cell metabolism also results in the local depletion of cys-
teine, which is required for T cell activation and function (Srivastava et al.  2010 ). 

 Inducible nitric oxide synthase (iNOS/NOS2) is a second  L -arginine converting 
enzyme, critically involved in MDSC suppressive activity. Nitric oxide (NO) pro-
duced by iNOS is able to block the signaling pathway downstream of the IL-2 
receptor, thus impairing T cell proliferation, and high NO levels can constitute a 
direct pro-apoptotic signal for exposed cells (Bronte and Zanovello  2005 ). However, 
the strongest iNOS immunosuppressive function is exerted in the presence of a con-
comitant ARG1 activity in the same microenvironment, as it happens in the tumor 
microenvironment.  L -arginine depletion shifts iNOS activity from NO production to 
superoxide anion (O 2  − ) production; the superoxide anion in turn reacts with NO to 
produce peroxynitrite (ONOO − ) (Bronte and Zanovello  2005 ). Peroxynitrite is a 
potent nitrating agent that can nitrate TCR and CD8 molecules on the surface of T 
cells, thus impairing antigen-specifi c recognition (Nagaraj et al.  2007 ). Moreover, 
peroxynitrite nitrates CC-chemokine ligand 2 (CCL2) in the tumor microenviron-
ment, preventing T cell recruitment mediated by this chemokine (Molon et al. 
 2011 ). In addition to reactive nitrogen species (RNS), MDSCs also have an increased 
production of reactive oxygen species (ROS), mainly H 2 O 2 , which contributes to 
impair T cell functionality (Bronte and Zanovello  2005 ). 

 MDSC-dependent immune subversion also involves MDSC-mediated expansion 
of other immunosuppressive populations, such as Tregs and M2 macrophages, 
through multiple and not yet fully elucidated mechanisms (Pan et al.  2010 ; Serafi ni 
et al.  2008 ; Sinha et al.  2007 ).  

7.1.2.3     Dendritic Cells 

 DCs are the most potent antigen-presenting cells (APCs) with the unique ability to 
activate naïve T lymphocytes (Hivroz et al.  2012 ). Most DCs are of myeloid origin 
and derive from myeloid-committed bone marrow precursors. Classical DCs (cDCs) 
in lymphoid organs and some DC populations in non-lymphoid tissues differentiate 
from pre-cDCs, which are released from the bone marrow in the blood circulation. 
DCs in non-lymphoid tissues may also derive from circulating monocytes, espe-
cially during infl ammation (Geissmann et al.  2010 ; Liu and Nussenzweig  2010 ). 
Plasmacytoid DCs (pDCs) are a particular subset of DCs, specialized in responding 
to viral infections by producing large amounts of type I interferon. pDCs differenti-
ate in the bone marrow from myeloid precursors and migrate to peripheral lymphoid 
organs (Geissmann et al.  2010 ; Idoyaga and Steinman  2011 ). To induce T cell acti-
vation, DCs need fi rst to “mature” in presence of environmental signals derived from 
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pathogens or damaged cells and tissues, which are referred as pathogen- associated 
molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs), 
respectively. DC maturation is associated to the upregulation of costimulatory mol-
ecules, cytokine secretion, and higher antigen presenting and activating abilities 
(Reis e Sousa  2006 ). 

 In cancer, the previously described abnormal myeloid cell differentiation driven 
by high level growth factors and cytokines (including VEGF, GM-CSF, M-CSF, 
IL-6, IL-10) is also associated with an impaired terminal DC differentiation and 
with the prevalence of immature DCs, characterized by low costimulatory molecule 
expression and poor activating abilities (Gabrilovich  2004 ). Moreover, tumor 
microenvironmental factors such as hypoxia, low pH, increased level of lactate and 
adenosine also affect DC biology and contribute to the dysfunctional state of tumor- 
associated DCs (Gabrilovich et al.  2012 ). 

 Besides having reduced stimulating abilities, tumor-conditioned DCs may also 
exert an active suppression on T cells immunity. One of the major mechanisms of 
DC-mediated immunosuppression is the expression of the tryptophan-metabolizing 
enzyme indoleamine 2,3-dioxygenase (IDO) (Lee et al.  2003 ; Munn and Mellor 
 2013 ; Munn et al.  2004 ). Tryptophan depletion in the microenvironment induces sig-
naling events in T cells leading to anergy and apoptosis; moreover, tryptophan catabo-
lytes produced by IDO have direct immunosuppressive effects on T cells (Platten 
et al.  2012 ). In DCs, it has been shown that IDO expression and function are modu-
lated by a number of factors, including IFN-γ, transforming growth factor β (TGFβ) 
and adenosine levels (Hanks et al.  2013 ; Jasperson et al.  2009 ; Novitskiy et al.  2008 ; 
Pallotta et al.  2011 ). IDO may also be upregulated following the interaction of DCs 
with Tregs (Fallarino et al.  2003 ; Grohmann et al.  2002 ). Tumor- associated DCs were 
also reported to express ARG1 (Norian et al.  2009 ), the immunosuppressive enzyme 
upregulated in MDSCs and macrophages (see previous sections). 

 Even though DCs might exert active immunosuppression in cancer, the main 
immunomodulating approach to target DCs is based on inducing their maturation 
and activation, rather than developing strategies to eliminate the immunosuppres-
sive subsets. Functional DCs are indeed strictly required for the induction of a pro-
fi cient anti-tumor adaptive response, and their activation is one of the central aims 
of cancer vaccine research. Nanotechnology-based approaches aimed at activating 
DCs will be described in the context of vaccination in this book.  

7.1.2.4      T Regulatory Cells 

 Tregs are a particular population of T lymphocytes able to constrain the immune 
response. Tregs found in peripheral sites, including the tumor microenvironment, 
comprise subsets with different origins. Naturally occurring Tregs (nTregs) are gen-
erated in the thymus during the normal development of the immune system and are 
characterized by a high-level expression of the IL-2 receptor α chain (CD25) and 
the transcription factor forkhead box protein 3 (FOXP3). FOXP3 expression, in 
addition of being a phenotypic marker, plays a critical role in nTreg differentiation 
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and maintenance (Josefowicz and Rudensky  2009 ). nTregs may be recruited from 
lymphoid organs to the tumor sites under the infl uence of chemokines like 
CC-chemokine ligand 22 (CCL22) (Curiel et al.  2004 ) and proliferate locally. 
Moreover, CD25 + FOXP3 +  Tregs can be induced in peripheral sites (inducible Tregs, 
iTregs) through the conversion of conventional CD4 +  T cells in presence of cytokine 
stimuli such as IL-2 and TGF-β (Curotto de Lafaille and Lafaille  2009 ), which may 
be abundant in the tumor microenvironment. Also subsets of FOXP3 −  CD4 +  or 
CD8 +  T regulatory cells exist, some of which may be induced in the tumor microen-
vironment in the presence of immunosuppressive cytokines such as IL-10 and con-
tact with tumor-conditioned DCs (Zou  2006 ). 

 Tregs are necessary for the maintenance of the immune tolerance against self- 
antigens and commensal microorganisms, and loss-of-function mutations in the 
FOXP3 gene cause severe autoimmune disorders with early onset in both mice and 
humans (Wildin et al.  2001 ). However, in cancer Tregs usually play a negative role 
since they have been shown to contribute to the failure of naturally occurring anti-
tumor immunity. Treg depletion by anti-CD25 antibodies was shown to be associ-
ated with reduced tumor growth and improved anti-tumor immune response in 
different mouse tumor models (Zou  2006 ). Moreover, an increased frequency of 
Tregs in peripheral blood has been reported for different human cancers (Zou  2006 ). 
In these studies, Tregs were shown to be immunosuppressive ex vivo, thus support-
ing a functional role in human cancer pathology. 

 Different mechanisms of Treg mediated immunosuppression have been identi-
fi ed so far (von Boehmer  2005 ). These include the secretion of immunosuppressive 
cytokines, such as IL-10 and TGF-β, as well as cell contact-dependent mechanisms. 
The inhibitory receptor cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) 
expressed on Tregs binds CD80/CD86 molecules on the surface of T effector cells 
provoking a direct suppression of T cell activity. In addition, CTLA-4 binds the 
same molecules on APCs and induces the expression of the IDO immunosuppres-
sive enzyme. Treg cells might also be able to directly kill other T cells through 
granzyme and perforin secretion. Furthermore Tregs are thought to compete with 
effector T cells for environmental IL-2, since Tregs express a higher level of the 
high-affi nity IL-2 receptor, as said above. Since IL-2 is important for T cell prolif-
eration, its consumption by expanded Treg populations might contribute to impair T 
cell function (von Boehmer  2005 ). 

 Although different strategies to manipulate Tregs in cancer have been developed, 
ranging from low dose chemotherapy to targeted molecular inhibitors (von Boehmer 
and Daniel  2013 ), therapeutic approaches aimed at depleting Tregs will be not dis-
cussed in this chapter, since to date there are still few nanotechnology applications 
in this fi eld. Barriers to the exploitation of nanovehicles to Treg targeting include 
their limited uptake ability compared to professional phagocytes, like macrophages, 
and the absence of cell-specifi c surface markers. The CD25 antigen, which is con-
sidered as a major Treg surface marker, is actually not expressed by certain induced 
Treg subsets, as noted above. Moreover, this antigen is also expressed on the surface 
of activated effector T cells, although at lower amounts (Sakaguchi  2004 ). Therefore, 
CD25 targeting may cause off-target effects on the “good” effector lymphocytes 
(Jacobs et al.  2010 ).   
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7.1.3     Cancer Immunotherapy and Immunosuppressive Cells 

 The rationale behind cancer immunotherapy is to exploit the selective cytotoxicity 
of adaptive immunity (primarily dependent on CD8 +  T lymphocytes) to design anti- 
cancer therapies with high specifi city and low off-target toxicity. To date, different 
approaches have been developed to potentiate the host immune response against 
tumor cells, evaluated at clinical and preclinical levels. Approaches that have been 
studied in clinical trials include antibody-based therapies, cancer vaccines, and the 
adoptive transfer of tumor-specifi c T cells (adoptive cell therapy, ACT). 

 Ipilimumab, a blocking antibody targeting the inhibitory molecule CTLA-4 on T 
cell surface, was shown to produce survival benefi ts in patients with late-stage, met-
astatic melanoma with no other treatment options, and the drug was approved by the 
FDA in 2011 (Hodi et al.  2010 ; Sliwkowski and Mellman  2013 ). By blocking an 
inhibitory receptor, this antibody promotes prolonged activation of T cells despite 
the presence of constraining signals.    Moreover, the effi cacy of anti-CTLA-4 anti-
bodies may be in part also due to interference with Treg-mediated immunosuppres-
sion (Zou  2006 ) (see the Sect.  1.2.4 ). 

 Currently, antibodies targeting programmed death-1 (PD-1) receptor, another T 
cell negative regulator, or its ligand PD-L1 are in phase of clinical evaluation. A 
phase 1 clinical trial evaluating the antitumor activity and safety of a PD-1 blocking 
antibody reported an objective response rate of 1/4–1/5 in patients with non-small- 
cell lung cancer, melanoma, or renal cell cancer (Topalian et al.  2012 ). Moreover, 
the immunohistochemical analysis of tumor specimens from a subgroup of patients 
revealed the existence of a relationship between therapy effi cacy and PDL-1 expres-
sion in tumors, since none of the patients with PD-L1 negative tumors responded to 
the anti-PD1 treatment (Topalian et al.  2012 ). This result suggests the possibility to 
select patients eligible for PD-1 targeted immunotherapy on the base of the pres-
ence/absence of PD-L1 upregulation in the tumor mass. In parallel, also an antibody 
targeting PD-L1 was clinically evaluated and shown to induce durable tumor regres-
sion or prolonged stabilization of disease in patients with advanced solid tumors 
(Brahmer et al.  2012 ), stressing the importance of inhibiting the PD-1/PD-L1 
immunosuppressive pathway in cancer immunotherapy. 

 Therapeutic cancer vaccines are designed to immunize patients against tumor- 
associated antigens in order to boost host immune response against the disease. 
Differently, ACT directly supplies the patients with tumor-specifi c lymphocytes of 
exogenous origin, usually obtained ex vivo from patient-derived blood samples 
through passages of in vitro selection and expansion (Restifo et al.  2012 ). 

 While cancer vaccines have obtained limited results in late-stage clinical trials so 
far (Klebanoff et al.  2011 ), ACT was shown to mediate cancer regression in advanced 
melanoma patients with high response rates (around 50 %) and cases of durable regres-
sion (Restifo et al.  2012 ). Although these results on melanoma represent a milestone in 
the history of cancer immunotherapy, they leave important challenges unsolved. First, 
the reason why only some patients respond to the therapy remains unclear. Moreover, 
comparable results in other forms of cancer are still lacking, at least in part because of 
the lower immunogenicity of most human tumors compared to melanoma and the 
consequent diffi culty in isolating naturally occurring, tumor-specifi c lymphocytes. 
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To overcome this barrier, different approaches to generate genetically engineered, 
tumor-specifi c lymphocytes are currently under preclinical or clinical evaluation 
(Restifo et al.  2012 ). 

 The presence of an immunosuppressive tumor microenvironment has been 
 progressively recognized as a critical factor underlying the failure of cancer immu-
notherapy and in particular of ACT approaches. The depletion/alteration of immu-
nosuppressive cells has been proposed as one of the mechanisms explaining the 
effi cacy of lympho-myeloablating regimens in increasing the clinical response to 
ACT (Gattinoni et al.  2006 ). The advantage in using chemotherapy and/or total body 
irradiation to partially deplete the host immune system prior to ACT is supported by 
studies in both mouse models (Wrzesinski et al.  2010 ) and human patients (Dudley 
et al.  2002 ,  2008 ). The reduction of specifi c immunosuppressive populations, includ-
ing MDSCs (Ghansah et al.  2013 ; Ugel et al.  2012 ) and Tregs (Ghiringhelli et al. 
 2004 ), following treatment with selected chemotherapy agents, has been shown to 
increase the effi cacy of ACT and cancer vaccines in rodent models. 

 Of note, in the clinical trials on melanoma patients reported above, therapeutic 
effi cacy was achieved through the combination of ACT with preconditioning 
lympho- myeloablating regimens and IL-2 treatment, the latter being aimed at 
increasing the proliferation and survival of transferred T cells. However, these adju-
vant treatments may cause severe toxicity, thus limiting the applicability of the 
therapy to patients with good performance status (Restifo et al.  2012 ). 

 The development of more effective and widely applicable immunotherapies is 
therefore dependent on the availability of new adjuvant treatments with good effi -
cacy and low toxicity. The search for highly selective strategies to target and neu-
tralize immunosuppressive cells may provide a great advantage in this respect.   

7.2     Targeting TAMs 

7.2.1     Liposome Interactions with Macrophages 

 Liposomes are the most common vehicles employed to target monocytes and mac-
rophages. Liposomes are nanometric vesicles composed of one or more phospho-
lipid bilayers surrounding an aqueous core. These vesicles may have positive, 
neutral, or negative surface charge, depending on the composition. 

 A common in vivo fate of liposomes is opsonization and phagocytosis by mono-
nuclear phagocytes (monocytes and macrophages). Opsonization consists in the 
binding to the surface of foreign bodies (as pathogens and synthetic particles) of 
molecules (termed opsonins) that can make them recognizable to phagocytic cells. 
Main opsonins are immunoglobulins (IgG and IgM) and complement fragments, 
which are abundant in the blood stream. The constant portion of absorbed immuno-
globulins is recognized by Fc receptors, which are highly expressed by macro-
phages. Immunoglobulins usually recognize specifi c antigenic molecules, but they 
can also be absorbed on the surface of circulating particles through non-specifi c 
interactions, such as hydrophobic interactions (Hillaireau and Couvreur  2009 ). 
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 Complement fragments acting as opsonins are produced by the activation of the 
complement system, which can be triggered both by antigen-bound antibodies 
(classical pathway) and by the direct binding of complement proteins to the patho-
gen surface (alternative and lectin pathways). Highly charged liposomes have been 
shown to activate the complement more strongly than neutral ones, by both the clas-
sical and the alternative pathways (Chonn et al.  1991 ; Devine et al.  1994 ). 

 Circulating liposomes are typically easily opsonized and phagocytized by mono-
cytes and macrophages, unless they have a very small size (lower than 50–100 nm) 
and possess a hydrophilic coating able to repel opsonins, such as a polyethylenegly-
col (PEG) shell (Hillaireau and Couvreur  2009 ). The internalization rate of weakly 
charged PEGylated nanoparticles by macrophages has been suggested to positively 
correlate with particle size, with signifi cantly reduced particle uptake below 100 nm 
(Yu et al.  2012 ). This non-specifi c, size-dependent internalization involves, at least 
in vitro, the macrophage scavenger receptor A (CD204) (Yu et al.  2012 ). 

 Highly charged liposomes, besides having a higher rate of opsonization, also 
exert stronger direct interactions with the macrophage membrane. Positively 
charged liposomes electrostatically interact with the negatively charged cell surface, 
thus facilitating cell uptake. However, delivery nanosystems based on cationic lipids 
(including cationic liposomes, and cationic-lipid/nucleic acid lipoplexes) have been 
reported to have different drawbacks, which limit their in vivo application: fi rst, 
they may cause cell toxicity (Lv et al.  2006 ); moreover, their behavior may be modi-
fi ed in presence of serum, due to electrostatic interactions with anionic serum pro-
tein. Highly cationic liposomes were shown to severely aggregate in presence of 
serum, and in vivo liposome–serum interactions were found to cause reduced circu-
lation time of the nanovehicles and rapid accumulation in the lungs, while other 
sites, including the spleen and the tumor, were poorly reached (Zhao et al.  2011 ). 

 Liposomes containing negatively charged phospholipids, like phosphatidylserine 
and phosphatidylglycerol, are preferentially uptaken by macrophages, at least in part 
due to the engagement of scavenger receptors on their membrane (Kelly et al.  2011 ). 

 Liposomes loaded with bisphosphonates (primarily clodronate) have been used 
for “suicide” killing of macrophages since the end of the 1980s (Van Rooijen  1989 ). 
Macrophages internalize bisphosphonate-loaded liposomes and destroy the lipidic 
shell during the endosomal digestion, thus allowing the release of the drug. More 
recently, liposomes loaded with clodronate have been shown to successfully deplete 
monocytes/macrophages in different mouse tumor models, resulting in the reduc-
tion of primary tumor growth, impaired angiogenesis and decreased metastasis 
(Gazzaniga et al.  2007 ; Halin et al.  2009 ; Hiraoka et al.  2008 ; Kimura et al.  2007 ; 
Miselis et al.  2008 ; Zeisberger et al.  2006 ). In addition, bisphosphonates and amino-
bisphosphonates can regulate both Matrix Metalloprotease-9 (MMP-9) function 
and its expression in monocytic-macrophagic cells (Giraudo et al.  2004 ; Valleala 
et al.  2003 ). MMP-9 downregulation by the amino-bisphosphonate zoledronate was 
shown to reduce tumor infi ltration by myeloid cells (including F4/80 +  macrophages) 
and negatively impact MDSC expansion in a mouse breast cancer model (Melani 
et al.  2007 ). This immunomodulatory effect appears to rely on a MMP-9/VEGF 
regulatory axis: MMP-9 activity in the tumor microenvironment (mainly dependent 
on MMP-9 expression by bone marrow derived cells) increases the availability of 
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VEGF, which in turn stimulates bone marrow hematopoiesis. Amino-bisphosphonates 
interfere with this circuit, thus controlling tumor associated aberrant hematopoiesis 
(Melani et al.  2007 ).  

7.2.2     TAM-Targeted Liposomes and Nanoparticles 

 Although liposomes are naturally uptaken by macrophages their targeting effi ciency 
can be increased by adding ligands that bind to macrophage-specifi c surface mole-
cules. Moreover, the synthesis of nanovehicles selectively targeting TAMs may 
allow to face the major challenge of interfering with TAM function without damag-
ing other macrophage populations, which are instead required for normal homeo-
static and immune functions. 

 A fi rst approach is based on liposome or nanoparticle mannosylation, which con-
sists in incorporating mannoside groups that target the mannose receptor (MR) in 
particle formulations. The MR is a C-type lectin receptor, primarily expressed on 
the surface of macrophages and DCs. This receptor recognizes both endogenous 
ligands and pathogen-associated ligands, as the glucide mannose expressed on the 
surface of many microorganisms (Gazi and Martinez-Pomares  2009 ). Liposome 
mannosylation has been repeatedly shown to improve macrophage targeting, both 
in vitro and in vivo (Kelly et al.  2011 ). The functionalization of polymeric nanopar-
ticles for nucleic acid delivery with surface mannose has been reported to increase 
siRNA uptake by a human monocytic/macrophagic cell line and by mouse primary 
macrophages (Yu et al.  2013 ). In this work, MR-targeting nanoparticles optimized 
for nucleic acid delivery were obtained by combining three functionally distinct 
polymeric blocks: a core pH-sensitive block (capable of disrupting endosomes at 
low pH), a cationic block for condensation of nucleic acids, and an external azide- 
displaying block for conjugation of targeting molecules (Yu et al.  2013 ).  

 MR ligands are particularly suitable for TAM targeting, since this receptor is 
highly expressed in M2 macrophages compared to M1 macrophages (Mantovani 
et al.  2002 ). Mannosylated nanoparticles have been employed to specifi cally target 
TAMs in vivo, with reduced internalization by phagocytes in non-tumoral sites, by 
taking advantage of mannosylation combined with an acid-sensitive PEG shell (Zhu 
et al.  2013 ). Nanoparticle PEGylation was carried out by employing PEG-containing 
amphiphilic molecules that spontaneously hydrolyzed at acid pH. In the acidic 
extracellular tumor microenvironment (~pH 6.8) the PEG shell was shed, exposing 
the MR ligands (Zhu et al.  2013 ). 

 A different approach is based on liposome or nanoparticle coupling with 
 antibodies targeting TAM specifi c antigens. The hemoglobin scavenger receptor 
(CD163), as the mannose receptor, is overexpressed by M2 macrophages (Mantovani 
et al.  2002 ). PEG-coated liposomes coupled with anti-CD163 antibodies have been 
shown to effi ciently target human and mouse macrophages in vitro (Etzerodt et al. 
 2012 ) and might be employed for TAM targeting in vivo. 
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 Cell-specifi c targeting can be achieved also by the use of peptides. Different 
amino acid sequences have been shown to improve liposome uptake by monocytes 
and neutrophils (Kelly et al.  2011 ). Recently, an M2 macrophage-targeting peptide, 
named M2pep, was reported (Cieslewicz et al.  2013 ). In vitro, M2pep preferentially 
binds to M2 macrophages rather than M1 macrophages and DCs. Moreover, in a 
mouse in vivo model, this peptide was shown to target tumor-infi ltrating macro-
phages, but not liver and spleen macrophages. Although the ability of this peptide 
to mediate the uptake of nanovehicles remains to be assessed, it represents a promis-
ing candidate for the design of TAM-specifi c delivery systems.  

7.2.3     Prevent Macrophage Generation by Monocyte Targeting 

 As reported in    Sect.  1.2.1 , TAMs are primarily derived from infl ammatory mono-
cytes (Ly6C high  monocytes in mice) that are recruited to the tumor mass (Movahedi 
et al.  2010 ). It is, therefore, possible to impair TAM generation by targeting mono-
cytes, either in blood circulation or in lymphoid organs. 

 In mice, Ly6C high  monocyte recruitment to infl ammation sites depends on the 
chemokine/chemokine receptor axis monocyte chemoattractant protein-1 (MCP-1)/
CC-chemokine receptor type 2 (CCR2) (Shi and Pamer  2011 ). This signaling axis 
also is likely involved in the recruitment of human CD14 + CD16 −  monocytes, which 
share phenotypic features and homing potential with mouse Ly6C high  infl ammatory 
monocytes (Geissmann et al.  2003 ). To block CCR2 signaling, a small interfering 
RNA (siRNA) targeting CCR2 mRNA (siCCR2) loaded into optimized lipid 
nanoparticles was recently developed (Leuschner et al.  2011 ). This nanosystem was 
shown to rapidly reach mouse spleen and bone marrow after intravenous injection 
and effi ciently knock down CCR2 mRNA in splenic Ly6C high  monocytes. Moreover, 
repeated treatments with siCCR2 resulted in a reduced accumulation of TAMs in 
two different mouse tumor models, likely due to impaired monocyte recruitment at 
the tumor site (Leuschner et al.  2011 ). 

 Monocytes can be also selectively targeted by specifi c chemotherapy drugs 
administered at appropriate doses. Trabectedin, a recently approved chemotherapy 
agent, was shown to induce selective apoptosis in human and mouse monocytes, but 
not in other leukocytes such as granulocytes and lymphocytes (Germano et al. 
 2013 ). Prolonged treatment with trabectedin, at clinically relevant doses, caused the 
depletion of circulating and splenic Ly6C high  monocytes in four different mouse 
tumor models and eventually resulted in the reduction of TAMs (Germano et al. 
 2013 ). The impact of trabectedin on monocytes and TAMs was further confi rmed in 
soft-tissue sarcoma patients, supporting the clinical relevance of this fi nding 
(Germano et al.  2013 ). 

 Infl ammatory monocytes in mice are commonly identifi ed as Ly6C high CCR2 +  
mononuclear myeloid cells (Shi and Pamer  2011 ). This phenotype also identifi es 
M-MDSCs (see Sect.  1.2.2 ), which are functionally defi ned by their immunosuppres-
sive activity (Gallina et al.  2006 ; Ugel et al.  2012 ). It is then likely that these two 
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myeloid populations, at least in part, overlap each other, and MDSC-targeting strate-
gies (discussed in the next paragraph) also affect infl ammatory monocytes and vice 
versa. For instance, low-dose chemotherapy with selected anti-proliferative drugs, 
which has been reported to target M-MDSCs in the spleen (Ugel et al.  2012 ), might 
also affect TAM precursors and ultimately reduce the number of TAMs. Nevertheless, 
further studies are required to clarify this possibility.   

7.3     Targeting MDSCs 

 MDSC targeting may (1) inhibit the mechanisms of immunosuppression, (2) reduce 
MDSC number by either killing preexistent cells or preventing their generation, and 
(3) force the conversion of immature immunosuppressive cells into mature APCs. 

7.3.1     Inhibition of Immunosuppressive Mechanisms 

 The impairment of MDSC-mediated immunosuppression has been achieved in pre-
clinical mouse models by employing drugs that exert a double inhibitory effect on 
iNOS and ARG1, such as phosphodiesterase-5 (PDE5) inhibitors (Serafi ni et al. 
 2006 ), nitroaspirin (De Santo et al.  2005 ), and AT38 (Molon et al.  2011 ). PDE5 
inhibitors, such as sildenafi l, reduce iNOS and ARG1 expression through an incom-
pletely elucidated mechanism, possibly involving mRNA destabilization dependent 
on increased cGMP levels (Serafi ni et al.  2006 ). Nitroaspirin is a modifi ed aspirin 
molecule, covalently linked to a NO-releasing group. The NO release exerts a nega-
tive feedback inhibition on both iNOS activity and expression, while the salicylic 
portion of the drug is responsible of ARG1 inhibition, probably due to interference 
with the signaling pathways that induce the enzyme upregulation (De Santo et al. 
 2005 ). AT38 has been developed by modifi cation of the nitroaspirin molecule to 
increase the effi ciency of iNOS and ARG1 inhibition and obtain more potent in vivo 
effects (Molon et al.  2011 ). The use of nanocarriers to selectively deliver these 
drugs to the tumor site, while reducing their accumulation in off-target organs, 
could help to decrease the side effects associated to chronic administration and 
facilitate the translation to the clinic.  

7.3.2     Depletion of MDSCs 

 MDSC generation can be prevented by acting on the signaling pathways that drive 
their expansion and activation. The extracellular signaling molecules involved in 
this process are multiple and redundant, including different cytokines and growth 
factors (Gabrilovich et al.  2012 ). However, most of these signals converge in the 
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activation of transcription factors, some of which belong to the signal transducer 
and activator of transcription (STAT) family (Gabrilovich et al.  2012 ). For example, 
STAT3 activation has a primary role in promoting MDSC proliferation and survival, 
hence its inhibition by peptides and chemical compounds may be exploited to inter-
fere with cancer-induced MDSC accumulation (Ugel et al.  2009 ). Moreover, STAT3 
signaling has been reported to control MDSC function, by upregulating ARG1 
expression (Vasquez-Dunddel et al.  2013 ). 

 In addition, STAT3 is constitutively activated in different human cancers and is 
therefore a suitable molecular target for cancer therapy (Yu et al.  2007 ; Yue and 
Turkson  2009 ). STAT3 inhibitors may then exert an anti-cancer activity in two 
ways: by directly impairing tumor cell proliferation and survival and by reducing 
the expansion of tumor-promoting MDSCs. 

 To date, several STAT3 inhibitors have been developed and reported to exert anti- 
cancer activity in preclinical tumor models, but most of them still lack pharmaco-
logical and toxicological properties suffi ciently good for clinic applications (Yue 
and Turkson  2009 ). Among the most promising approaches there are 
 nucleic-acid- based STAT3 inhibitors, including antisense RNA, small interfering 
RNA (siRNA), and decoy oligodeoxynucleotide (ODN) (Sen and Grandis  2012 ). 
These systems provide high selectivity and specifi city, but their in vivo effi cacy is 
limited by low stability, due to nuclease degradation, and poor cellular uptake (Sen 
and Grandis  2012 ). The in vivo performance of STAT3-targeting oligonucleotides 
would hence take advantage of delivery nanosystems able to protect them from 
degradation and increase the uptake rate by both tumor and myeloid cells. 

 As mentioned above, different strategies may be used to affect STAT3 pathway. 
Curcumin, a natural polyphenol found in the rhizomes of  Curcuma longa  (turmeric), 
and its synthetic derivatives have been reported to inhibit STAT3 activation (Bharti 
et al.  2003 ; Bill et al.  2012 ; Wang et al.  2012 ; Yang et al.  2012 ). Curcumin can be 
delivered after encapsulation in exosomes. Exosomes are membrane-bound nano-
metric vesicles (30–100 nm) naturally released from normal, dead, and neoplastic 
cells, which are present in bodily fl uids and can be used as delivery vehicles (Zhang 
and Grizzle  2011 ). Exosomes derived from the murine lymphoma cell line EL-4 
were mixed with curcumin to prepare exosomal curcumin (Sun et al.  2010 ). This 
curcumin formulation was administered during lipopolysaccharide (LPS)-induced 
septic shock and caused a pathology reduction by inducing apoptosis of CD11b +  
Gr-1 +  myeloid cells in mouse lungs (Sun et al.  2010 ). Moreover, hydrazinocurcumin- 
loaded nanoparticles have been reported to inhibit STAT3 activation and reeducate 
in vitro conditioned RAW264.7 murine macrophages, skewing them from an M2 to 
an M1 phenotype (Zhang et al.  2013 ). 

 MDSC number has been shown to be reduced by low-dose chemotherapy with 
selected cytotoxic drugs, such as sunitinib, sorafenib, bortezomib, gemcitabine, 
fl udarabine, 5-fl uorouracyl (Ugel et al.  2012 ; Vincent et al.  2010 ), and docetaxel 
(Kodumudi et al.  2010 ). Among them, gemcitabine and 5-fl uorouracyl have been 
reported to exert the strongest cytotoxic activity against MDSCs, at doses that have 
a minimum or absent effect on tumor growth (Ugel et al.  2012 ; Vincent et al.  2010 ). 
Splenic M-MDSCs are particularly sensitive to low-dose chemotherapy, at least in 
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part due to a higher proliferation rate compared to PMN-MDSCs (Ugel et al.  2012 ). 
The splenic M-MDSC subset is particularly relevant to tumor-induced immune tol-
erance, since its depletion by splenectomy or low-dose chemotherapy results in the 
recovery of cytotoxic T cell function and in an improved response to immunother-
apy in mouse tumor models (Ugel et al.  2012 ). 

 On the basis of these results, targeting M-MDSCs in the spleen may represent an 
interesting approach for cancer immunomodulation. Pluronic-stabilized 
poly(propylene sulfi de) nanoparticles (PPS-NPs), administered intradermally to 
healthy mice, were shown to preferentially distribute to the blood, spleen, and kid-
ney, rather than the liver, likely due to the particle’s small size (30 nm) and PEG 
coating (Kourtis et al.  2013 ). These nanoparticles strongly associated with mono-
cytes and macrophages in the blood, spleen, and lymph nodes (LNs) of healthy mice 
and effi ciently targeted M-MDSCs in the spleen, tumor, and LNs of tumor-bearing 
mice (Kourtis et al.  2013 ). Of note, the analysis of PPS-NP distribution with respect 
to spleen cytoarchitecture showed a preferential location of the nanoparticles in the 
splenic red pulp and in the marginal zone of spleen follicles (Kourtis et al.  2013 ). 
The spleen marginal zone is particularly interesting when designing MDSC-targeted 
approaches, since this compartment has been proposed to be a critical site for the 
interaction between M-MDSC and memory CD8 +  T cells, leading to the establish-
ment of the immunological tolerance towards tumor antigens (Ugel et al.  2012 ). 

 PPS-NPS and other nanosystems with similar biodistribution proprieties at organ 
and cell-level could be exploited for the delivery of chemotherapy agents and other 
immunomodulating moieties to M-MDSCs, within the tumor and peripheral lym-
phoid organs. Nanosystems with enhanced tropism for the spleen might improve the 
delivery of MDSC-directed drugs and achieve a signifi cant effect with very low 
drug doses and minimal side effects. This spleen-targeted approach could be par-
ticularly relevant in cases in which reaching tumor sites by nanomedicine appears 
challenging due to physiologic barriers, for instance, poor tumor vascularization of 
certain tumor areas that reduces the enhanced permeability and retention (EPR) 
effect (Fang et al.  2011 ). 

 Besides chemotherapy, MDSC elimination by apoptosis can be induced by using 
IL-4Rα-binding aptamers to block the IL-4 receptor α (IL-4Rα/CD124) on their 
surface (Roth et al.  2012 ). RNA aptamers with specifi c affi nity for murine IL-4Rα 
were generated and shown to bind primarily to M-MDSCs in the spleen, and to 
M-MDSCs and TAMs in mouse tumors. Such binding resulted in the depletion of 
targeted cell populations (Roth et al.  2012 ). The IL-4Rα is highly expressed on 
MDSCs and TAMs, where it mediates the activation of STAT6 in response to IL-4 
and IL-13, resulting in the upregulation of ARG-1 and increased immunosuppres-
sive functions (Gabrilovich et al.  2012 ). In addition to these effects on cell function, 
the IL-4/STAT6 axis mediates pro-survival signals in MDSCs, so that its inhibition 
by IL-4Rα blocking aptamers causes increased MDSC apoptosis (Roth et al.  2012 ). 

 IL-4R targeting strategies have also been developed with the aim to directly kill 
IL-4R expressing tumor cells. A recombinant IL-4 cytotoxin, composed of a circu-
larly permuted IL-4 and a mutated form of  Pseudomona s exotoxin, was employed 
as antitumor agent to treat IL-4R expressing ovarian, pancreatic, prostatic, and 
hematologic tumors in mouse xenograft models (Husain et al.  2003 ; Kawakami 
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et al.  2005a ; Kioi et al.  2005 ; Shimamura et al.  2007 ). The same toxin showed anti- 
tumor activity in high-grade glioma patients following intratumoral administration 
(Rand et al.  2000 ). In these studies the effects of IL-4  Pseudomona s exotoxin 
administration on IL-4R expressing myeloid cells were not evaluated. Moreover, 
since all preclinical evaluations were performed in immunodefi cient mice (required 
to allow the growth of human tumor xenografts), in those settings the immunologi-
cal component was not supposed to play a signifi cant role in the therapeutic activity 
of IL-4 cytotoxin. However, it might be worthwhile to evaluate the effects of IL4-R 
targeting toxins on IL-4R expressing myeloid cells, as MDSCs and TAMS, in a 
tumor context. Of note, in murine models of glioma, MDSCs were recently proven 
to play a critical role in supporting tumor growth and to functionally depend on 
IL-4R signaling (Kohanbash et al.  2013 ). In the same work, human glioma samples 
were shown to be infi ltrated by IL-4Rα expressing MDSCs (Kohanbash et al.  2013 ). 
These results raise the possibility that the reported effects of IL-4 cytotoxin on gli-
oma patients, mentioned above (Rand et al.  2000 ), might be in part due to a toxin 
activity on immunosuppressive myeloid cells, besides the direct tumor cytotoxicity. 
However, further studies would be needed to clarify this point. 

 As said so far, IL-4Rα expression is increased in MDSCs and TAMs; neverthe-
less, this receptor subunit is also expressed by other immune cells, including T and 
B lymphocytes (Gessner and Rollinghoff  2000 ). Hence, IL-4R directed approaches, 
even though more selective than other commonly employed MDSC-targeting meth-
ods, still lack full selectivity and consequently are not potentially devoid of side 
effects. However, combining IL-4Rα targeting with drugs selective for MDSCs or 
TAMs might amplify specifi city. 

 In addition to the strategies described above, MDSC presence and function can be 
modulated indirectly by approaches that primarily target different immune cell sub-
sets. As an example, the intra-tumor administration of the CC-chemokine ligand 21 
(CCL21), encapsulated into ribonucleopreoteic recombinant nanoparticles, was 
shown to reduce tumor growth and shape the immune infi ltrate in a mouse orthotopic 
lung cancer model (Kar et al.  2011 ). CCL21 acts as chemo-attractant for CC-chemokine 
receptor type 7 (CCR7)-expressing cells, including mature DCs, naïve and memory 
T cells (Sallusto and Lanzavecchia  2000 ). Besides enhancing tumor infi ltration by 
these immune populations, CCL21 administration was shown to reduce the percent-
age of MDSCs and Tregs at the tumor site (Kar et al.  2011 ). The complex and still 
incompletely understood network of interaction that characterize the tumor microen-
vironment may account for these indirect immunomodulating effects, which should 
be evaluated carefully when examining new immunotherapy approaches.  

7.3.3     Conversion of Immunosuppressive Cells into Mature 
APCs 

  All-trans -retinoic acid (ATRA), a derivative of vitamin A, has been reported to pro-
mote the in vitro differentiation of mouse splenic MDSCs into more mature cells 
devoid of immunosuppressive activity (Gabrilovich et al.  2001 ). In mouse tumor 
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models, ATRA was shown to promote the differentiation of immature myeloid cells 
into mature DCs, macrophages, and granulocytes (Kusmartsev et al.  2003 ). The 
reduction in MDSC numbers was associated to the rescue of T cell-mediated anti- 
tumor responses and improved effi cacy of cancer vaccines (Kusmartsev et al.  2003 ). 

 ATRA effects on MDSCs appear to depend on the upregulation of glutathione 
synthase, which results in a dramatic increase in glutathione (GSH) levels and a 
consequent decrease in cellular ROS, as direct consequence of GSH antioxidant 
activity (Nefedova et al.  2007 ). As mentioned before, MDSCs typically have a high 
ROS production that contributes to their function (Bronte and Zanovello  2005 ), thus 
ROS neutralization reduces the immunosuppressive potential of these cells. 
Moreover, ROS scavenging appears to push MDSCs towards differentiation in more 
mature APCs (Kusmartsev and Gabrilovich  2003 ; Nefedova et al.  2007 ). 

 The possible relevance of ATRA as immunomodulating agent in clinical oncol-
ogy has been stressed in a pilot, phase I study on metastatic renal cell carcinoma 
(Mirza et al.  2006 ). In this study, patients having high plasma levels of ATRA after 
oral administration reported a decrease in circulating immature myeloid cells com-
pared to pre-treatment values (Mirza et al.  2006 ). This effect was associated to an 
improved ability of circulating mononuclear cells to stimulate T cell activation 
in vitro (Mirza et al.  2006 ). 

 ATRA is primarily employed in the treatment of acute myeloid leukemia (AML). 
Nevertheless, its effi cacy is limited by a progressive reduction of plasma drug levels 
following chronic oral administration, mainly because of the induction of enhanced 
drug catabolism (Muindi et al.  1992 ; Regazzi et al.  1997 ; Warrell  1993 ). Moreover, 
ATRA is a highly hydrophobic molecule, and its bioavailability after oral adminis-
tration depends on its release from the formulation and likely on the pH and fatty 
acid composition of intraluminal bile (Regazzi et al.  1997 ). All these factors lead to 
a wide inter-patient variability in ATRA pharmacokinetics and bioavailability after 
oral administration (Mirza et al.  2006 ). Of note, ATRA effects on tumor-induced 
MDSCs were observed only in patients with plasma levels of the drug higher than 
150 ng/ml, suggesting the relevance of an appropriate ATRA bioavailability for 
MDSC targeting (Mirza et al.  2006 ). Liposomal and polymeric micelle formulations 
of ATRA, administered intravenously, were shown to maintain higher ATRA plasma 
levels compared to oral or intravenous administration of the free drug (Kawakami 
et al.  2005b ; Ozpolat et al.  2003 ). Besides applications in the treatment of AML, the 
use of nanosystems for ATRA delivery could increase the effi cacy of this drug as 
MDSC-targeted agent and promote its use in the immunotherapy of solid tumors. 

 Immunological adjuvants are commonly employed either to potentiate or to mod-
ulate the immune response to vaccines, typically by promoting the maturation and 
activation of APCs. In virtue of their modulating activity on the innate immunity, 
these compounds might also affect MDSC phenotype and function in a tumor con-
text. By examining the effects of a nanoparticulated adjuvant, the very small size 
proteoliposomes (VSSPs), on mouse MDSCs, a proof of principle of this concept 
was recently provided (Fernandez et al.  2011 ). VSSPs were obtained by incorporat-
ing gangliosides into the outer membrane protein complex of  Neisseria meningitides  
(Estevez et al.  1999 ). This formulation was tested both in a phase I clinical trial as a 
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vaccine to induce an immune response against poorly immunogenic, tumor- related 
gangliosides (Carr et al.  2003 ) and as an adjuvant for immunotherapy protocols 
(Ramirez et al.  2006 ; Torrens et al.  2005 ). VSSPs were subsequently shown to dra-
matically reduce the immunosuppressive properties of splenic MDSCs in different 
mouse tumor models (Fernandez et al.  2011 ). In particular, VSSPs injection into 
healthy mice induced splenomegaly due to the accumulation of CD11b +  myeloid 
cells as a consequence of its immunostimulating activity. Nevertheless, these splenic 
myeloid cells did not exert any relevant immunosuppression on T cells (Fernandez 
et al.  2011 ). In addition, the injection of this adjuvant in tumor-bearing mice was 
able to modulate the phenotype of splenic MDSCs and strongly reduce their ability 
to impair T cytotoxic cell activation (Fernandez et al.  2011 ). 

 A different adjuvant comprising CpG oligonucleotides was similarly shown to 
induce the differentiation and reduce the immunosuppressive activity of M-MDSCs 
in tumor-bearing mice (Shirota et al.  2012 ). Nanoparticles loaded with either CpG 
or paclitaxel have been employed to specifi cally target tumor-draining lymph nodes 
(Thomas et al.  2014 ). In B16-F10 melanoma-bearing mice, these adjuvant nanopar-
ticles induced DC maturation and increased the CD8 + /CD4 +  T cell ratio, as well as 
the frequency of activated CD8 +  T cells (Thomas et al.  2014 ). 

 The delivery of CpG oligonucleotides and other immunological adjuvant through 
nanosystems could be thus considered in future studies as a strategy to interfere 
with MDSC differentiation and activity, both in peripheral lymphoid organs and at 
the tumor site.   

7.4     Conclusions 

 To date, there is still a limited application of nanotechnology to the targeting of 
immunosuppressive and tumor-promoting immune cells. Although a few promising 
TAM-targeted nanosystems have been developed, full experimental evidence of their 
in vivo immunological effects, either alone or in combination with other immuno-
therapy treatments, is still lacking. On the other side, while different pharmacological 
approaches either to deplete or modulate functionally MDSCs and TAMs have been 
studied at preclinical level, the combination of these approaches with nanotechnolo-
gies for drug delivery has not been fully exploited. Such combination might result in 
an improvement in terms of increased effi cacy and reduced off-target toxicity. 

 Most of the work in cancer nanomedicine has been oriented to the targeting of the 
tumor site. Nanosystems able to selectively accumulate within the tumor mass may 
be indeed highly useful to reach tumor-infi ltrating MDSCs and TAMs. However, 
together with tumor-infi ltrating immune cells, myeloid populations outside the 
tumor, and notably in the spleen, appear to be critical in sustaining tumor- induced 
immunosuppression. The spleen supports myeloid cell expansions and continuously 
provides the tumor with new immunosuppressive and tumor- promoting cells (Bronte 
and Pittet  2013 ). On the basis of these fi ndings, the spleen appears as a new relevant 
target for cancer nano-immunotherapy, easier to reach than the tumor mass. 
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 A better integration between researchers working in the fi elds of nanomedicine 
and cancer immunology would probably allow to fulfi ll experimental gaps on both 
sides and lead to the development of more powerful and selective immune cell tar-
geting strategies. Such integrated work is expected to ultimately lead to the transla-
tion of developed approaches to the clinic that to date is still lacking for most MDSC 
and TAM targeting therapies.     
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Immunotherapy and Immunomodulation 
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8.1            The Immune System and Cancer 

 Cancer is, without a doubt, one of the leading causes of mortality in the developed 
world. The increasing impact of this disease, estimated by the World Health 
Organization (WHO) as 12 million deaths by 2030, urges the search for improved 
and powerful therapies. The poor patient survival is directly attributable to wide-
spread metastasis, drug resistance, and the lack of effective treatment strategies 
(Jemal et al.  2011 ; Stewart and Wild  2014 ). Despite the attempts in drug discovery 
and drug delivery to optimize small drugs-based chemotherapeutics, as well as 
biomacromolecule- based therapies, the level of success achieved to date is limited 
and there is a clear need for novel ideas for fi ghting against cancer. 

 Cancer-related infl ammation and the ability of cancer cells to evade immuno-
logical destruction are considered an emerging hallmark of cancer (Colotta et al. 
 2009 ; Hanahan and Weinberg  2011 ), in addition to the six hallmarks previously 
proposed by Hanahan and Weinberg ( 2000 ) as distinctive and complementary 
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 capabilities that enable tumor growth and metastatic dissemination. Consequently, 
immunotherapy in a broad sense is now regarded as a promising strategy among the 
various novel anticancer therapies (Hanahan and Weinberg  2011 ; Seton-Rogers 
 2012 ; Vanneman and Dranoff  2012 ). 

 Active immunotherapy, or therapeutic vaccination, involves priming of the 
immune system in order to generate a T-cell response against the tumor-associated 
antigen (Winter et al.  2011 ; Boghossian and Von-Delwig  2012 ; De Pas et al.  2012 ; 
Goldinger et al.  2012 ). The effi cacy of this approach can benefi t from nonspecifi c 
immune activation mediated by immunostimulatory molecules such as Toll-like 
receptors (TLRs) agonists (Flemming  2011 ; Hamdy et al.  2011 ;    Silva et al.  2013a ). 

 Associated with this is the concept of immunogenic cell death (ICD), which 
takes advantage of conventional chemotherapies, since it is well known that certain 
chemotherapeutics can stimulate tumor-specifi c immune responses by mediating 
the immunogenic death of tumoral cells. This is characterized by the release of a set 
of molecules called damage-associated molecular patterns (DAMPs) (such as calre-
ticulin, HMGB1, and ATP), leading to an immunogenic profi le which contributes to 
effi cient antigen presentation and cytotoxic T-cell activation, therefore achieving a 
vaccine effect in vivo (Kepp et al.  2009 ; Garg et al.  2010 ; Galluzzi et al.  2012a ). 

 Passive immunotherapy, based on the use of therapeutic monoclonal antibodies 
(mAb), has become established as one of the most successful anti-cancer therapies 
(Weiner et al.  2010 ; Scott et al.  2012 ). Most commonly, mAb are given in combina-
tion with other anticancer drugs depending on the specifi c disease and status (Skak 
et al.  2008 ; Shuptrine et al.  2012 ; Vanneman and Dranoff  2012 ; National 
Comprehensive Clinical Cancer Network  2013 ). 

 Despite the recognized progress achieved with the so-called immunotherapies, it 
is broadly believed that further improvements are needed. These may come upon 
consideration of the complex interplay between cancer cells and their immunologi-
cal microenvironment, which is known to play a critical role in cancer progression 
and infl uence the response to cancer therapies (Shiao and Ganesan  2011 ; Junttila 
and de Sauvage  2013 ). Indeed, the progress made in the knowledge of the tumor 
microenvironment has led to the conclusion that a prominent component of solid 
tumors is represented by non-tumoral cells, including stromal cells (fi broblasts and 
endothelial cells) as well as several subtypes of leukocytes [i.e., tumor-associated 
macrophages (TAMs), dendritic cells (DCs), and myeloid-derived suppressor cells 
(MDSCs)], which are key initiators of the persistent infl ammation in the tumor 
microenvironment and play a pro-tumorigenic role (Mantovani et al.  2008 ; Shiao 
and Ganesan  2011 ; Vasievich and Huang  2011 ; Emens et al.  2012 ). 

 The improved knowledge of the tumor microenvironment has provided an expla-
nation for the so far limited success of cancer immunotherapy; this has been associ-
ated    with the nonselective immunosuppression generated, both in the tumor 
microenvironment and, systemically, in the subsequent fosterage of tumor develop-
ment and dissemination (Mantovani et al.  2008 ; Gabrilovich and Nagaraj  2009 ; 
Yaguchi et al.  2011 ; Benencia et al.  2012 ; Allavena and Mantovani  2012 ; Junttila 
and de Sauvage  2013 ). Several therapeutic strategies that specifi cally target the 
immunosuppressive tumor environment have already been described, including the 
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re-education of pro-tumoral immune cells. The effi cacy of these novel therapies will 
largely depend on the availability of a vector that enables the intracellular delivery 
of gene therapies, or the delivery of specifi c chemotherapeutics.  

8.2      Target Cells in Immunotherapy and Immunomodulation 
of Cancer (Good Cells and Bad Cells) 

 Immunocompetent cells are key players in the initiation of adaptive immune 
responses, and are therefore the target cells for therapeutic vaccination. 
Immunomodulatory therapies addressed to revert the immunosuppressive tumor 
microenvironment also target immunocompetent cells, which in this case behave as 
pro-tumoral cells since they have an altered phenotype and support tumor growth 
and dissemination. Passive immunotherapy targets cancer cells. A schematic view 
of the proposed therapeutics, target cells, and expected effects for each modality of 
therapy is presented in Fig.  8.1 .

8.2.1       Target Cells in Therapeutic Vaccination: 
Immunocompetent Cells (Good Cells) 

 Active cell immunotherapy involves activating the patient’s immune system with 
the intention of promoting an antigen-specifi c anti-tumor effect using the body’s 
own immune cells. This therapeutic intervention seeks to create a durable immune 
response that can protect against tumor recurrence. Therapeutic vaccination involves 
priming of the immune system in order to generate a T-cell response against the 
tumor-associated antigen. In this scenario, peripheral blood mononuclear cells, 
which include lymphocytes [T cells, B cells, and natural killer (NK) cells] and 
monocytes (precursors to dendritic cells and macrophages), play a critical role. 
Antigen-presenting cells (APCs), i.e., macrophages and immature dendritic cells, 
initiate the mechanism of humoral and cellular immunity. They internalize and 
digest antigens, exposing the resulting peptides at their surface. While this process 
takes place, dendritic cells undergo a maturation process and migrate to the nearest 
draining lymph node. The exposure of the antigen onto mature dendritic cells and 
recognition by T lymphocytes, CD4+ T-helper lymphocytes and CD8+ cytotoxic T 
lymphocytes, mediate humoral and cellular responses; recognition by helper T cells 
promotes B cell differentiation into plasma cells and the production of antibodies 
(humoral responses), while recognition by cytotoxic lymphocytes or killer T cells is 
responsible for cellular responses (kill the tumor cells). For therapeutic cancer vac-
cination, an induction of CD8+ T-cell responses against tumor antigens is required 
(Foged et al.  2012 ; Silva et al.  2013b ). Additionally, antibodies may bind to tumoral 
APCs, causing them to express more antigens for destruction by macrophages or 
attack by natural killer cells.  

8 Nanotechnology Approaches for Cancer Immunotherapy and Immunomodulation



218

  F
ig

. 8
.1

  
  Pr

op
os

ed
 th

er
ap

ie
s,

 ta
rg

et
 c

el
ls

, a
nd

 e
xp

ec
te

d 
th

er
ap

eu
tic

 e
ff

ec
ts

 in
 im

m
un

ot
he

ra
py

 a
nd

 im
m

un
om

od
ul

at
io

n 
of

 c
an

ce
r. 

 C
D

C
  c

om
pl

em
en

t-
de

pe
nd

en
t 

cy
to

to
xi

ci
ty

,  A
D

C
C

  a
nt

ib
od

y-
de

pe
nd

en
t c

el
l-

m
ed

ia
te

d 
cy

to
to

xi
ci

ty
,  T

A
M

s  
tu

m
or

 a
ss

oc
ia

te
d 

m
ac

ro
ph

ag
es

,  M
D

SC
s  

m
ye

lo
id

-d
er

iv
ed

 s
up

pr
es

so
r 

ce
lls

       

 

M. de la Fuente et al.



219

8.2.2     Target Cells in Passive Immunotherapy: 
Cancer Cells (Bad Cells) 

 Passive immunotherapy is based on the delivery of monoclonal antibodies that 
interact with tumor antigens expressed at the surface of cancer cells, such as growth 
factor receptors, or with ligands to these receptors, which are secreted by cancer 
cells (Weiner et al.  2010 ; Shuptrine et al.  2012 ; Dienstmann et al.  2012 ). The main 
purpose of passive immunotherapy is therefore to block ligand binding and/or sig-
naling through these receptors (signaling perturbation). Complement-dependent 
cytotoxicity (CDC) and antibody-dependent cell-mediated cytotoxicity (ADCC) are 
other important contributions to the anti-tumor activity of many therapeutic anti-
bodies. In addition, the hypothesis of the induction of adaptive immunity responses 
has also been suggested by several groups, as recently reviewed by Shuptrine et al. 
( 2012 ). Mechanistically, CDC and ADCC lead to tumor cell fragments and the 
release of tumor cell antigens, which could therefore contribute to effi cient antigen 
presentation and cytotoxic T-cell activation (as described for ICD). Additionally, 
they can act as opsonins, triggering the phagocytosis of tumor cells by APCs.  

8.2.3     Target Cells for Immunomodulatory Therapies: 
Altered Immunocompetent Cells (Bad Cells) 

 An altered phenotype of immune cells reverts their role in immunotherapy, since, 
instead of fi ghting tumor cells, they promote the conditions known to favor tumor 
growth and progression, thereby interfering with the effi cacy of the therapy. These 
altered immunosuppressive cells have been identifi ed in the primary tumor, as they 
form part of the tumor microenvironment (for illustration see Fig.  8.2 ), and are also 

  Fig. 8.2    Illustration of the tumor microenvironment. Tumor cells are surrounded by numerous 
cells including immune cells.  BMDCs  bone marrow-derived cells,  MDSCs  myeloid-derived sup-
pressor cells,  TEMs  TIE2-expressing monocytes,  MSCs  mesenchymal stem cells. Adapted from 
Joyce and Pollard ( 2009 ) with permission       
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present in metastatic sites, as well as in secondary organs where metastases are 
subsequently generated, forming what is known as a pre-metastatic niche. Their 
complex interplay with the tumor is now recognized to play a critical role in the 
limited success of cancer therapy (Kaplan et al.  2006 ; Yaguchi et al.  2011 ; Hanahan 
and Weinberg  2011 ; Peinado et al.  2011 ; Vasievich and Huang  2011 ; Laoui et al. 
 2011 ; Montero and Diaz-Montero  2012 ; Junttila and de Sauvage  2013 ). Hence, 
targeted therapies to manipulate these cells are gaining increasing importance to 
improve the effi cacy of anticancer therapies and address the process of metastasis.

8.2.3.1       Tumor-Associated Macrophages 

 TAMs represent the major infl ammatory component of the stroma, and constitute a 
driving force in the initiation, proliferation, metastasis, angiogenesis, matrix remod-
eling, and suppression of adaptive immunity of various tumors (Pollard  2004 ; 
Leimgruber et al.  2009 ; Coffelt et al.  2009 ; Vasievich and Huang  2011 ). The tumor 
milieu strongly infl uences the recruitment of macrophages and shapes several of 
their features. Tumor-derived chemotactic factors (CC-chemokines, e.g., CCL2), 
macrophage colony stimulating factor (M-CSF), and vascular endothelial growth 
factor (VEGF) actively recruit circulating blood monocytes at the tumor site. CCL2 
is probably the most frequently found CC chemokine in tumors, and its levels of 
expression correlate with the increased infi ltration of macrophages. Other CC che-
mokines produced by tumors, which are related to CCL2, such as CCL7 and CCL8, 
have also been shown to recruit monocytes. Interestingly, CCL2 production has also 
been detected in TAMs, indicating the existence of an amplifi cation loop for their 
recruitment (Sica et al.  2006 ; Solinas et al.  2009 ,  2010 ). 

 Macrophages are heterogeneous cells, functioning in distinct differentiation 
forms that can change their functional state in response to microenvironmental cues 
(Laoui et al.  2011 ). Indeed, macrophage heterogeneity has been simplifi ed in the 
macrophage polarization concept where the two extreme phenotypes, the M1 and 
M2 macrophages, have distinct features. While M1 or pro-infl ammatory macro-
phages are stimulated by bacterial products and T helper type 1 (Th1) cytokines, M2 
or alternatively activated macrophages differentiate in microenvironments rich in 
Th2 cytokines (e.g., IL-4, IL-13) (Allavena and Mantovani  2012 ). Interestingly, 
TAMs present in the tumor microenvironment display hallmarks of M2 macro-
phages and establish a symbiotic relationship with the tumor by means of genetic 
information and cytokines that are transported to cancer cells (Coffelt et al.  2009 ; 
Solinas et al.  2009 ,  2010 ; Schmieder et al.  2012 ).  

8.2.3.2     Dendritic Cells 

 Dendritic cells are professional APCs that play a sentinel role both in the peripheral 
organs and in the blood. Upon triggering by microbial products, by infl ammatory 
cytokines, or by tissue damage, they move to secondary lymphoid organs where 
they meet T cells and initiate the infl ammatory response. Tumor-infi ltrating 
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dendritic cells have also been identifi ed and contribute to the complex mononuclear 
phagocyte infi ltrate of tumors (Vicari et al.  2004 ; Vasievich and Huang  2011 ; Laoui 
et al.  2011 ; Benencia et al.  2012 ). Due to their potential capacity to activate tumor- 
specifi c T-cell responses, DCs play an important role in cancer immunosurveillance. 
Interestingly, circulating and tumor-infi ltrating DCs from cancer patients appear to 
be phenotypically and functionally defective. The tumor environment seems to lack 
angiogenesis-inhibitory myeloid DCs, whereas angiogenesis stimulatory DCs, such 
as plasmacytoid DCs are present. Several tumor-derived factors have been shown to 
be responsible for systemic and local DCs defects. Also, DCs are able to actively 
down-regulate an immune response or to induce immune tolerance by infl uencing 
the activity of other cell types (Fricke and Gabrilovich  2006 ).  

8.2.3.3     Myeloid-Derived Suppressor Cells 

 The name highlights the two strongest features of MDSCs, making clear both their 
origin and function. MDSCs are a heterogeneous population of myeloid-cell pro-
genitors and precursors of myeloid cells, identifi ed in peripheral lymphoid organs 
(mainly in the spleen), in peripheral blood, and in the tumor microenvironment. 
MDSCs have a common biological activity: suppressing the immune response in 
cancer (Gabrilovich and Nagaraj  2009 ; Solito et al.  2011 ; Montero and Diaz- 
Montero  2012 ; Gabrilovich et al.  2012 ). 

 Tumor cells mediate bone marrow stimulation and the production of MDSCs, 
and likewise emit signals to recruit these cells, which will be part of the tumor 
microenvironment. The activation of MDSCs results in the up-regulated expression 
of immunosuppressive factors such as arginase (ARG1), inducible nitric oxide syn-
thase (iNOS), nitric oxide (NO), and reactive oxygen species (ROS). The interac-
tion of these cells with the primary tumor causes changes in their microenvironment, 
leading to alterations in signaling cascades, thus enhancing tumor progression 
(Kaplan et al.  2007 ; Gabrilovich and Nagaraj  2009 ; Schmid and Varner  2010 ; 
Montero and Diaz-Montero  2012 ). Moreover, MDSCs play an essential role in 
tumor invasion and metastasis, and have been associated with the formation of pre- 
metastatic niches, through the induction of matrix metalloproteinases (MMPs) and 
chemoattractants that contribute to the generation of an ideal pre-metastatic envi-
ronment for subsequent colonization by tumor cells (Wels et al.  2008 ; Peinado et al. 
 2008 ,  2011 ; Joyce and Pollard  2009 ).    

8.3      The Value of Nanotechnology in Cancer Immunotherapy 

 In the area of cancer therapy, and also in the area of vaccination, nanocarriers have 
shown a specifi c promising behavior with regard to their ability to help active com-
pounds to overcome biological barriers and reach their tissue and cell targets. Below, 
we summarize some key biological features that are critical for their use in cancer 
immunotherapy. 
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8.3.1     Tumor Targeting 

 Nowadays there is signifi cant evidence of the potential for nanotechnology in the 
development of novel oncological treatments (Wang et al.  2012 ; Schroeder et al. 
 2012 ). Most of the research activity in the fi eld has been oriented to the design of 
nanocarriers for the passive targeting of small hydrophobic anticancer drugs to the 
tumor environment. This passive targeting has been mainly attributed to the long cir-
culation and enhanced penetration of the nanocarriers in highly infl amed and vascu-
larized tumor tissue and has been the basis for the clinical development of a number 
of nanomedicines (Eifl er and Thaxton  2011 ). Currently, there are several nanomedi-
cines on the market which use a variety of nanocarriers, including liposomes 
(Myocet ® , Doxil ® , Doxisome ® , Daunoxome ® , Depocyt ® ), albumin nanoparticles 
(Abraxane ® ), polymeric micelles (Genexol-PM ® ), and polymer- (Oncaspar ® ) and 
monoclonal antibody-drug conjugates (Ontak ® , Mylotarg ® , Zevalin ® , Bexxar ® ). There 
is also evidence of hundreds of clinical studies based on the application of nanotech-
nology to the development of novel anticancer therapies (  www.clinicaltrials.gov    ). 
Overall, this passive targeting approach has led to a signifi cant reduction in the toxic-
ity of classical cytotoxic drugs and has opened new avenues in cancer treatment. 

 Nanoparticles can also be designed to overcome systemic barriers and reach the 
tumoral tissue in a specifi c manner. Indeed, research into cancer nanomedicine has 
shown the possibility of improving the effi cacy of cytotoxic drugs using an active 
targeting strategy; by identifying those biomarkers that are aberrantly expressed at 
the surface of cancer cells, it is possible to prepare surface-functionalized nanopar-
ticles with the ability to recognize cancer cells and, thus, with the potential ability 
to release their cargo into them. As an example, PLGA-PEG nanoparticles targeting 
PSMA (prostate specifi c membrane antigen), for the treatment of prostate cancer, 
are currently undergoing Phase II clinical trials (Hrkach et al.  2012 ).  

8.3.2     Intratumoral Diffusion 

 The tumor microenvironment compromises the effi cacy of cancer therapies. In par-
ticular, the high interstitial pressure and specifi c extracellular matrix (ECM) repre-
sent severe microenvironmental obstacles for the drugs to reach their targets. 

 During tumor development, fi broblastic stroma progression, also known as stro-
magenesis, results in signifi cant changes in the surrounding mesenchyme, i.e., 
remodeling of the ECM, which are believed to promote tumorigenesis. The rapidly 
proliferating stromal fi broblasts (as well as other cells recruited to the tumor- 
associated site) undergo morphological changes and begin to express myofi broblas-
tic markers. This myofi broblastic differentiation leads to an increased deposition of 
ECM proteins such as collagen-I and fi bronectin, resulting in a signifi cantly denser 
tumor microenvironment, which is less penetrable than the normal or non- 
tumorigenic extracellular environment. As a consequence, diffusion of chemothera-
peutics following drug extravasation into the tumor microenvironment is highly 
restricted. Several experimental approaches have been described for enhancing the 
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effi cacy of treatments by improving their access to cancer cells, including the use of 
nanocarriers, which avoid unspecifi c interactions of the drugs with extracellular 
proteins/glycosaminoglycans and allow the co-encapsulation of tumor-associated 
stromal-depleting drugs to overcome resistance (Cukierman and Khan  2010 ; 
Holback and Yeo  2011 ). Nevertheless, the size threshold and surface properties that 
are appropriate for tumor penetration still need to be defi ned. 

 Nanoparticles could be designed to facilitate transport by adapting to each physi-
ological barrier. As an example, gelatin-coated quantum dots were prepared with a 
mean size of 100 nm for preferential extravasation from leaky regions of the tumor 
vasculature. Gelatin would be degraded in the presence of metalloproteases (MMP- 2) 
in the tumor surroundings, thus releasing small nanoparticles (quantum    dots with a 
mean size of 10 nm) for improved penetration into the tumor parenchyma (Wong 
et al.  2011 ). The use of specifi c peptides, such as RGD and Lyp-1, called tumor-
homing penetration peptides, has been proposed for nanoparticles’ decoration 
(Ruoslahti  2012 ). Lipid micelles (Sugahara et al.  2009 ), PAMAM dendrimers 
(Waite and Roth  2011 ), and iron oxide nanoparticles (Roth et al.  2012 ) decorated 
with these peptides have shown improved accumulation and penetration into the 
tumor parenchyma after intravenous administration to mice, thus leading to an 
improved therapeutic effi cacy. Positive results have also been reported for nano-
complexes of siRNA with tandem tumor-penetrating and membrane-translocating 
peptides (Ren et al.  2012 ).  

8.3.3     Interaction with Immunocompetent Cells 

 Nanostructured materials have shown interesting potential as adjuvants in preven-
tive and therapeutic vaccination. Particles in the viral size range are known to facili-
tate antigen uptake by APCs in peripheral tissues, and there is also evidence of their 
potential to target the antigen directly to the lymph node-associated T-cells. In addi-
tion to this targeting capacity, the association of antigens to specifi c nanocarriers 
offers attractive features to them, such as the ability to overcome mucosal barriers, 
protection against degradation, and controlled delivery inside the immunocompe-
tent cells (Gonzalez-Aramundiz et al.  2012 ). These recognized properties are in 
alignment with the presence of antigen nanocarriers in the clinical development 
pathway as well as on the market, as illustrated in a number of review articles 
(Plebanski et al.  2013 ; Correia-Pinto et al.  2013 ). On the other hand, it is currently 
known that the inherent adjuvanticity of nanocarriers, associated with their interac-
tion with the APCs, can be further enhanced or modulated by combination with 
immune response modulators, such as TLRs ligands or cytokines (Schlosser et al. 
 2008 ; Hamdy et al.  2008 ; Salem and Weiner  2009 ; Flemming  2011 ; Nguyen-Hoai 
et al.  2012 ; Rosenthal et al.  2014 ). As an example, chitosan nanocapsules that asso-
ciate the recombinant hepatitis B surface antigen and co-encapsulate the TLR7 ago-
nist imiquimod provided a protective effect upon intranasal administration to mice 
(Vicente et al.  2013b ). 
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 Nanostructures can be designed to improve their interaction with the immune 
system, in such a way that it is possible to obtain the desired immunomodulation. The 
great diversity of nanostructures that can be synthesized, in terms of composition and 
structural organization, makes it diffi cult to generalize about the behavior that a spe-
cifi c prototype might have with regard to its interaction with the immune system. In 
terms of composition, biodegradable biomaterials with a good safety record have 
widely been explored for the development of nanovaccines. Poly(lactic-co   - glycolic 
acid) (PLGA) and chitosan nanoparticles have received a great deal of attention for 
systemic and mucosal vaccination and can elicit antibody and cytotoxic T-cell 
responses    (Csaba et al.  2009 ; Foged et al.  2012 ; Ma et al.  2011 ; Silva et al.  2013b ; 
Vicente et al.  2013a ; Wen et al.  2011 ; Zhang et al.  2011 ). With respect to physico-
chemical properties, several studies have been carried out to understand the impor-
tance of particle size and superfi cial charge. Even though there is still some controversy, 
it is generally assumed that small and large nanoparticles reach the lymph nodes by 
different mechanisms and interact differently with APCs, with the modulation of these 
interactions being particularly important for the induction of combined cellular and 
humoral responses (Shen et al.  2006 ; Xiang et al.  2006 ; Li et al.  2011 ). On the other 
hand, a cationic surface has been indicated to positively affect particle interactions 
with immunocompetent cells (Vila et al.  2004 ; Waeckerle- Men and Groettrup  2005 ; 
Prego et al.  2010 ; Li et al.  2013 ; Vicente et al.  2013a ; Correia-Pinto et al.  2013 ; Silva 
et al.  2013a ), although this might also represent a hurdle for particle diffusion across 
specifi c bio-environments, i.e., intratumoral or subcutaneous tissue. 

 Overall, the lessons learned from the use of nanostructured biomaterials for vac-
cination provide us with key elements for the control of the way in which immuno-
active molecules can be presented to the immune system and, thus, for their use in 
oncological immunotherapy. Although there is not yet a recipe for the most appro-
priate nanocarrier for a specifi c immunotherapy, well-defi ned comparative studies 
are expected to drive progress forward towards the development of novel 
nano-immunotherapies.   

8.4     Specifi c Applications of Nanotechnology 
in Immunomodulation and Immunotherapy of Cancer 

 Nanotechnology approaches have already been explored for the different modalities 
of immunotherapy and immunomodulation of cancer. In this section, we attempt to 
summarize the specifi c achievements in the fi eld, which may help to defi ne the path-
way for future developments of novel cancer therapies. 

8.4.1     Active Immunotherapy 

 As indicated above, therapeutic vaccination involves priming of the immune system 
in order to generate an immune response against a tumor-associated antigen, and 
seeks to create a durable response that can protect against tumor progression and 
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recurrence (Winter et al.  2011 ; Boghossian and Von-Delwig  2012 ; De Pas et al. 
 2012 ; Goldinger et al.  2012 ). Therapeutic vaccination can be proposed to treat 
either metastatic patients in an advanced setting or disease-free patients in an adju-
vant setting. Even if the ideal setting might be the adjuvant one, it is currently 
accepted that therapeutic vaccination may also be benefi cial in advanced disease in 
combination with other therapeutic options. This as yet hypothetical benefi t is justi-
fi ed by the increasing number of proposed vaccines for the treatment of many types 
of cancers, which are expected to be widely studied in the coming years (Boghossian 
and Von-Delwig  2012 ; Vanneman and Dranoff  2012 ; De Pas et al.  2012 ; Kvistborg 
et al.  2013 ; Silva et al.  2013a ). It is important to highlight that Sipuleucel-T 
(Provenge ® ), an autologous DC-based vaccine targeting the antigen prostatic acid 
phosphatase (PAP), is the fi rst vaccine approved for cancer therapy in advanced 
prostate cancer (autologous DCs are removed from patients, exposed to PAP, and 
then re-infused back into the body). The approval of this novel vaccine represents a 
key milestone in the new era of active cancer immunotherapy. 

 As expected and justifi ed by the comments in Sect.  3 , the early development of 
therapeutic vaccines has been associated with the use of antigen nanocarriers, in 
particular liposomes. Indeed, among the most advanced prototypes in clinical trials, 
there are three liposomal formulations, namely Emepepimut-S (Stimuvax ® ), 
MAGE-A3, and PRAME, all of which are indicated for non-small cell lung cancer 
(De Pas et al.  2012 ). 

 On the other hand, polymeric nanostructures are also gaining increasing atten-
tion in the development of therapeutic vaccines (De Temmerman et al.  2011 ; Silva 
et al.  2013a ). In this sense, the knowledge    accumulated from the use of poly(lactic-
co - glycolic acid) (PLGA)-based micro- and nanoparticles in vaccination for 
 infectious diseases has led researchers to anticipate their potential benefi ts in cancer 
immunotherapy (Csaba et al.  2009 ; Zolnik et al.  2010 ; Gonzalez-Aramundiz et al. 
 2012 ). This potential has been made visible by the presence of the fi rst formulation 
of cancer vaccines based on PLGA microparticles under clinical development for 
the specifi c indication of breast cancer (intradermal or subcutaneous vaccinations of 
HER-2 derived p369-377 peptide, incorporated into PLGA microparticles with 
adjuvant sargramostim, in patients with stage III or IV HER-2-expressing cancers) 
(  http://clinicaltrials.gov/ct2/show/NCT00005023    ). 

 Several studies have shown the possibility of incorporating tumor antigens and 
tumor lysates within PLGA nanoparticles. For example, following the encapsula-
tion of peptides such as MART-1 (Ma et al.  2011 ) and MHC class Ia, Ib, and class 
II-restricted peptides (Ma et al.  2012 ) into PLGA nanoparticles, Ma et al. ( 2011 ) 
found a specifi c CD8+ T cell response and an antitumor response in prostate adeno-
carcinoma challenged mice (TRAMP-C2) after intraperitoneal immunization. 
PLGA nanostructures have also been engineered to provide a prolonged release of 
synthetic long peptides (SLPs), a new class of peptide antigens that cover the entire 
amino acid sequence of tumor-associated protein antigens (Silva et al.  2013b ). The 
in vivo effi cacy of this approach remains to be investigated. In other instances, 
PLGA nanostructures were designed for encapsulation of the whole tumor lysates 
obtained from immortalized cell lines and also from patients (Hanlon et al.  2011 ; 
Prasad et al.  2011 ,  2012 ). Results show that these nanoparticles were able to stimu-
late isolated DCs and activate a CD8+ T-cell response. 
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 A double antigen/adjuvant encapsulation approach has been explored for specifi c 
antigens with additional adjuvants, TLRs agonists. For example, intradermal immu-
nization of a combination of the murine melanoma antigenic peptide (p180- 188) 
derived from the tyrosinase-related protein 2 (TRP2) with monophosphoryl lipid A 
(a TLR4 ligand), encapsulated into PLGA nanoparticles, signifi cantly delayed the 
growth of subcutaneously inoculated B16 melanoma cells in mice in a prophylactic 
setting (Zhang et al.  2011 ). Indeed, a combined treatment with these nanosystems 
(intradermal injection) plus recombinant IFN-γ (intraperitoneal injection from day 1 
after the tumor inoculation), for the prevention of tumor escape via MHC class I 
down-regulation, was highly effective for controlling tumor growth in challenged 
mice (B16-F10 melanoma tumor cells). Similarly, the co-encapsulation of a novel 
synthetic analogue of lipid A (7-acyl lipid A) with the antigenic peptide TRP2 into 
PLGA nanoparticles produced positive responses in mice (Hamdy et al.  2008 ). More 
precisely, following the subcutaneous administration of this novel formulation to 
tumor-bearing mice (B16-F10 melanoma tumor cells), the authors found increased 
levels of pro-infl ammatory T helper 1 (Th1)-related cytokines and decreased levels 
of VEGF, which were all related to an enhanced therapeutic anti- tumor effect. 

 Acrylate polymers have also received attention as carriers for cancer vaccination. 
A study has made use of a polyacrylate star-polymer for the delivery of the HPV16 
E7 peptide, an antigen against cervical cancer (Liu et al.  2013a ). The same antigen 
was co-encapsulated with CpG into poly(ethylene glycol)-polylactide (PEG-PLA)-
stabilized squalene oil-in-water emulsions (Chen et al.  2014 ; Song et al.  2014 ). In 
all cases, enhanced antigen-specifi c T-cell responses and the ability of the nanovac-
cines to stop tumor growth were shown. 

 Polyamino acids, such as poly-glutamic acid (PGA) and poly- L -lysine (PLL), 
have also been used for the encapsulation of cancer antigens. Self-assembled amphi-
philic nanoparticles composed of a co-polymer of PGA and  L -phenylalanine ethyl 
ester (Yoshikawa et al.  2008a ,  b ) and PGA/benzalkonium chloride nanoparticles 
(Kurosaki et al.  2012 ) were both used for the encapsulation of ovalbumin. The 
antigen- specifi c CTL responses and anti-tumor effects observed by subcutaneous 
immunization into either mice bearing melanoma B16-OVA cells (Yoshikawa et al. 
 2008b ) or mice challenged with intradermally (Yoshikawa et al.  2008a ) or subcuta-
neously (Kurosaki et al.  2012 ) injected lymphoma E.G7-OVA cells led the authors 
to conclude about their potential as anticancer vaccines. This potential was subse-
quently illustrated for the EphA2-derived peptide (Yamaguchi et al.  2010 ). The 
results show a delayed growth of colon carcinoma MC38 cells (EphA2-positive), 
injected in the liver when mice were previously immunized by intraperitoneal 
administration of EphA2-loaded PGA-related nanoparticles (Yamaguchi et al. 
 2010 ). Interestingly, these nanoparticles have also been proposed for needle-free 
mucosal vaccination, in view of the antitumor effi cacy observed after intranasal 
immunization (Matsuo et al.  2011 ). 

 A different vaccination approach that is expected to greatly benefi t from the use 
of polymer-based nanocarriers is that based on genetic vaccines. The polyamino 
acid poly- L -lysine (PLL) has already been described for the association of genetic 
vaccines (Tang et al.  2007 ; Perche et al.  2011 ). PLL linked to OxMan and RedMan 
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conjugates (mannan conjugated to Mucin 1 fusion protein in the oxidized form, 
OxMan, or in the reduced form, RedMan) were used as carriers for pDNA (Tang 
et al.  2007 ). After intradermal immunization with ovalbumin encoding pDNA asso-
ciated with the complexes, mice were challenged with a subcutaneous injection of 
lymphoma EG7-OVA cells. The results were positive in terms of tumor growth for 
both OxMan-MUC1 and RedMan-MUC1 PLL/pDNA nanoparticles (OxMan-PLL- 
DNA and RedMan-PLL-Man conjugates). Another example refers to the prepara-
tion of mannosylated and histidylated PLL lipopolyplexes with mRNA encoding 
MART-1 melanoma antigen (Perche et al.  2011 ). Mice immunized with this formu-
lation by intravenous injection had a prolonged survival after they were challenged 
with B16-F10 melanoma cells. 

 The polysaccharide chitosan (CS) has also been extensively studied as a bioma-
terial for anticancer genetic vaccination (Morille et al.  2008 ; Heuking et al.  2009 ; 
Chen et al.  2012 ; Garcia-Fuentes and Alonso  2012 ; Liu et al.  2013b ; Buschmann 
et al.  2013 ). A CS-polyethylenimine (CS-PEI) conjugate has been reported for the 
transfection of DCs with a plasmid encoding gp100, a melanoma-associated anti-
gen protein. The transfected cells were used for intradermal immunization in mice 
bearing melanoma orthographs (Chen et al.  2012 ). Unfortunately, this dendritic 
cell- vaccination approach did not lead to satisfactory results in terms of tumor vol-
ume and growth. Alginic acid-coated CS nanoparticles have also been described as 
carriers for the oral delivery of a DNA vaccine for breast cancer (Liu et al.  2013a ). 
In this case, DNA encoding legumain, an asparaginyl endopeptidase, which is 
 signifi cantly overexpressed on TAMs and tumor cells, was encapsulated into the 
nanostructures. The results observed upon oral vaccination with this nanosystem 
provided evidence of the inhibition of tumor growth and the increase in survival 
rate in an orthotopic mouse model of breast cancer (Liu et al.  2013a ). In another 
study, a CS derivative, 6- O -carboxymethyl- N , N , N -trimethyl-chitosan (CM-TMC), 
was selected to complex a model plasmid DNA expressing green fl uorescent pro-
tein (GFP) and form nanostructures, which were additionally decorated with a 
TLR2 agonist, Pam3 Cys. The resulting nanostructures showed the capacity to 
stimulate human macrophages in vitro (IL-8 release) due to the TLR2 agonist pres-
ent on their surface (Heuking et al.  2009 ). With respect to the association of pep-
tides for vaccination, CS nanoparticles decorated with the antigen K-ras mutant 
peptide (K-ras+peptide) have been developed for the sensitization of DCs for pan-
creatic cancer vaccination (Tan et al.  2011 ).    DCs loaded with different antigens 
(whole tumor cell antigen, K-ras+peptide, and K-ras+peptide-loaded nanoparti-
cles) were used to induce CTLs, which were subsequently injected intraperitone-
ally to mice bearing pancreatic xenografts. In all cases, CTLs were able to kill 
tumor cells, and were more effective than those induced by DCs loaded with whole 
tumor lysates. K-ras antigen showed greater specifi city for the target cells, and it 
was more effective when linked to the nanoparticles. 

 In a different formulation, a DNA vaccine encoding calreticulin together with the 
HPV16 E7 peptide antigen was associated with poly(methyl methacrylate) (PMMA) 
nanoparticles (Lou et al.  2009 ). The in vivo responses following intradermal admin-
istration were positive in terms of tumor growth restriction.  
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8.4.2     Passive Immunotherapy 

 Passive immunotherapy consists in the delivery of therapeutic monoclonal antibod-
ies, which are designed to recognize tumor antigens expressed at the surface of 
cancer cells. The most well-known antitumoral monoclonal antibodies have been 
designed to interfere with the activity of tyrosine kinase (TK) receptors present in 
cancer cells, such as the epidermal growth factor receptor (EGFR) or the insulin 
growth factor receptor-1 (IGFR-1), as well as to TK ligands secreted by tumor cells, 
such as VEGF. By binding to either the extracellular domain of the receptor or the 
ligand itself, these monoclonal antibodies prevent receptor-ligand interactions or 
receptor activation and signaling, which affects tumor growth and progression 
(Weiner et al.  2010 ; Shuptrine et al.  2012 ; Dienstmann et al.  2012 ). Other antibodies 
have the potential to trigger tumor death through mechanisms of antibody- dependent 
cellular cytotoxicity; they attach to surface antigens on cancer cells, acting as a 
marker for the attraction of immune cells to destroy them (Alderson and Sondel 
 2011 ; Seidel et al.  2013 ; Shuptrine et al.  2012 ). Other mechanisms that have been 
described to account for the antitumoral activity of mAbs are complement- dependent 
cellular cytotoxicity, when two or more mAbs bind to a cell and the classical com-
plement pathway is activated, along with the induction of adaptive immunity 
(Shuptrine et al.  2012 ). 

 The use of monoclonal antibodies (mAb) has been established as one of the most 
promising anticancer therapeutic strategies for both solid tumor and hematologic 
malignancy therapies, with more than 10 mAbs having already been approved by 
the US and EU regulatory agencies, as a single agent or in combination with radio- 
or chemotherapy (  www.nccn.org    ) (Galluzzi et al.  2012b ; Shuptrine et al.  2012 ; 
Scott et al.  2012 ; Dienstmann et al.  2012 ). However, it is broadly assumed that fur-
ther improvements of this type of therapy are still needed. Unfortunately, mecha-
nisms of resistance (tumor-associated resistance and host-associated resistance) 
have already been identifi ed, and research that is already underway is aiming to 
circumvent such an important limitation (Villamor et al.  2003 ; Reslan et al.  2009 ). 

 Nanotechnology might offer the opportunity to potentially circumvent resistance 
and also to control the delivery of mAbs, hence increasing the effi cacy of mAb- 
based therapies (Bhattacharyya et al.  2010 ; Owen et al.  2013 ). In fact, releasing 
antibodies with high spatial and temporal accuracy could result in low systemic 
off-target effects and improved therapeutic effects. Interestingly, despite this, only a 
few isolated reports have been found to describe the use of nanosystems for this 
   purpose. Lee et al. ( 2009 ) reported the use of self-assembled micelles made of 
(poly{( N -methyldiethanolamine sebacate)- co -[(cholesteryl oxocarbonylamino 
ethyl) methyl bis(ethylene) ammonium bromide] sebacate), for the simultaneous 
delivery of paclitaxel and Herceptin, a monoclonal antibody that targets human epi-
dermal growth factor receptor type 2 (HER2). Similarly, Liu and Feng ( 2011 ) pro-
posed the association of docetaxel and Herceptin to polylactide- D -α-tocopheryl 
polyethylene glycol succinate (PLA-TPGS) nanoparticles, and observed a synergis-
tic effect in cell culture. A step forward with this type of PLA-TPGS nanostructure 
involved the additional incorporation of iron oxide nanoparticles for hyperthermia 
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therapy (Mi et al.  2012 ). These types of nanocarriers were further optimized to pre-
cisely modulate the surface density of Herceptin (Zhao et al.  2012 ). 

 Despite the few studies on the application of nanotechnology for passive immu-
notherapy, monoclonal antibodies have been widely used for specifi c targeting of 
nanostructures to tumor cells overexpressing the receptors, for a targeted delivery 
approach (Fay and Scott  2011 ; Altintas et al.  2012 ). For example, surface decorated 
albumin nanoparticles (Taheri et al.  2012 ), lipid nanocapsules (Sánchez-Moreno 
et al.  2013 ), poly(vinyl alcohol) nanocapsules (Chiang et al.  2014 ), polymalic acid 
(PMLA) nanobioconjugates (Ding et al.  2013 ), and P(LA- co -TMCC)- g -PEG-furan 
micelles (Owen et al.  2013 ) all incorporate monoclonal antibodies for improved 
interactions with cells expressing HER2. However, the contribution of the monoclo-
nal antibodies themselves to the effi cacy of the therapy has not been taken into 
consideration, thus disregarding any potential therapeutic effect due to the mAbs in 
combination with the encapsulated antitumoral drugs.  

8.4.3     Targeting Immunosuppressive Cells 

 As indicated above, cancer therapeutic strategies have been classically directed 
towards tumor cells; however, in recent years, the key recognized role of immuno-
suppressive cells (TAMs, DCs, and MDSCs) (see Sect.  2 ) in tumor progression has 
led to the search for novel therapies specifi cally targeted to these cells. 

 In the case of TAMs and DCs, the proposed therapeutic interventions aim at inter-
fering with the recruitment of immune cells to the tumor surroundings and with their 
conversion to immunosuppressive cells, and at re-educating these cells towards an 
immunologically active phenotype. For example, the inhibition of certain transcrip-
tion factors such as c-Myc, NK-B, and Stat-3, or immunosuppressive molecules 
such as the B7 family, has been described for curtailing the pro-tumoral functions of 
TAMs and DCs and stimulating the immune system (Zou and Chen  2008 ; Hagemann 
et al.  2008 ; Yu et al.  2009 ; Pello et al.  2012 ). Delivery of microRNAs (miRs), such 
as miR-155, has also been proposed for reverting the immunosuppressive tumor 
microenvironment (Lindsay  2008 ; He et al.  2009 ; Ha  2011 ; Cubillos-Ruiz et al. 
 2012 ; Cai et al.  2012 ). Apart from gene therapies, certain chemotherapeutics, such 
as curcumin and trabectedin, have also been evaluated for their ability to re-educate 
and deplete TAMs (Germano et al.  2013 ; Zhang et al.  2013 ). These and other thera-
peutic strategies are described with more details in the previous chapter. 

 In the particular case of MDSCs, several therapeutic strategies have been 
described for targeting this cell compartment and restoring antitumor immunity. In 
brief, these strategies have been oriented (1) to promote MDSCs differentiation into 
mature APCs that do not have suppressive abilities (e.g., all-trans retinoic acid and 
Vitamin D), (2) to inhibit MDSCs expansion (e.g., tyrosine kinase inhibitors) and 
function (e.g., cyclooxygenase 2 inhibitors, phosphodiesterase 5 inhibitors, and ROS 
inhibitors), and (3) to deplete MDSCs (e.g., chemotherapeutic agents such as gem-
citabine, curcumin, docetaxel, and 5-Fu) (Gabrilovich and Nagaraj  2009 ; Kao et al. 
 2011 ; Gabrilovich et al.  2012 ) and are extensively reviewed in the previous chapter. 
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 Overall, these therapeutic options are viewed as novel anticancer immunotherapies, 
and research involving the use of nanotechnology to manipulate these cells is in a very 
early stage, as disclosed in the next paragraphs and detailed in Table  8.1 .

8.4.3.1       Nanocarriers Targeted to TAMs 

 Despite the enormous potential of targeting TAMs as a novel immunotherapeutic 
strategy, to date there are only a few reports dealing with the development of nano-
carriers specifi cally engineered for this purpose. The use of biomarkers expressed 
at the surface of TAMs as a target has been the focus of attention of nanotechnolo-
gists. To avoid recognition by peripheral macrophages, some studies have dealt 
with the shield of surface-decorated nanocarriers using polymers that degrade due 
to environmental changes in the tumor microenvironment, such as a more acidic pH 
(Huang et al.  2012 ; Zhu et al.  2013 ). Biomarkers aberrantly expressed at the surface 
of TAMs include the mannose receptor (Movahedi et al.  2012 ; Locke et al.  2012 ; 
Zhu et al.  2013 ), the galactose-type lectin (Mgl) receptor (Huang et al.  2012 ), the 
folate receptor beta (   Nagai et al.  2009 ), scavenger receptors such as CD163 
(   Etzerodt et al.  2012 ), and legumain (Luo et al.  2006 ; Gomez-Cabrero et al.  2013 ; 
Zhang et al.  2013 ). 

 With the aim of preventing the nanoparticles recognition by peripheral macro-
phages, PLGA nanoparticles decorated with mannose ligands were shielded with 
PEG moieties attached via a linker that degrades at the acidic pH of the tumor 
microenvironment (Zhu et al.  2013 ). The biodistribution results obtained after intra-
venous administration to mice have pointed out the potential of this strategy; how-
ever, no effi cacy data have been reported so far. 

 Similarly, galactosylated cationic dextran nanocomplexes, engineered for oligo-
nucleotide delivery to MgI receptor expressing TAMs (Huang et al.  2012 ), were 
coated with a second material, pH-sensitive PEG-histidine-modifi ed alginate 
(PHA), in order to trigger the delivery specifi cally into the acidic tumor microenvi-
ronment. The proposed therapy was designed to inhibit IL-10 signaling, to switch 
the phenotype of TAMs from M2 pro-tumoral to M1 pro-infl ammatory, and simul-
taneously activate macrophages and dendritic cells via TLR9. The therapeutic effi -
cacy of this approach was reported in terms of tumor growth in an experimental 
mice model of hepatoma after intravenous administration. 

 Other examples deal with the use of liposomes for targeting legumain, an aspa-
raginyl endopeptidase that is overexpressed on TAMs. In particular, curcumin- 
loaded legumain-targeted liposomes (Zhang et al.  2013 ) have demonstrated the 
ability to revert M2 polarization to an M1 phenotype, which translates in a decreased 
tumor cell proliferation, migration, and invasion and increased apoptosis, as shown 
in a mice model of metastatic breast cancer after intravenous administration. 
Legumain-targeted liposomes for the delivery of an imidazole derivative of the syn-
thetic oleanane triterpenoid (CDDO-Im), an inhibitor of Stat3 activation, have also 
been recently reported to improve the antitumor effects of a HER-2 DNA vaccine 
(Liao et al.  2011 ).  
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8.4.3.2     Nanocarriers Targeted to DCs 

 In the case of DCs, most of the reported works refer to the use of gene therapies. 
Polyethylenimine (PEI) and stearic acid-modifi ed polyethylenimine (PEI-StA) were 
selected for preparation of siRNA complexes to mediate Stat3 down- regulation in 
DCs (Alshamsan et al.  2010 ). These complexes were additionally encapsulated into 
PLGA nanoparticles. Stat-3, one of the members of the Stat family (cytoplasmic tran-
scription factors that are key mediators of cytokine and growth factor signaling path-
ways), has emerged as a negative regulator of infl ammatory responses (Kortylewski 
et al.  2005 ,  2009 ; Kujawski et al.  2008 ; Lee et al.  2011 ). It is overexpressed in tumor 
cells, stromal cells, and infi ltrating hematopoietic cells of many types of tumors, con-
tributing to tumor survival, proliferation, and dissemination. Stat-3 activation in 
TAMs and DCs has a profound anti-infl ammatory effect by preventing their complete 
maturation and blocking their ability to produce many pro- infl ammatory cytokines 
such as IL-12 (Yu et al.  2009 ). In vitro studies have shown the effi cacy of PEI-based 
gene nanocarriers to decrease the expression of Stat3 and restore DCs functionality 
(Alshamsan et al.  2010 ). A posterior in vivo study with PEI-StA polyplexes (intratu-
moral injection) aimed to assess the immunological impact, DCs activation, and ther-
apeutic response of this approach, using cell culture models and mice bearing 
melanoma allografts for that purpose (Alshamsan et al.  2011 ). 

 PEI polyplexes have also been reported for the delivery of siRNA to down- 
regulate the programmed cell death ligand 1, PD-L1 (Cubillos-Ruiz et al.  2009 ). 
Binding of programmed death-1 (PD-1) receptor on activated T cells to its ligand 
PD-L1, which is expressed on DCs, is a key negative regulator of T-cell activity 
(Pen et al.  2014 ). The aim of the study was to reprogram DCs from an immunosup-
pressive phenotype to effi cient APCs that activate tumor-reactive lymphocytes and 
exerted direct tumoricidal activity in aggressive ovarian carcinoma-bearing hosts 
(Cubillos-Ruiz et al.  2009 ). The authors reported that PEI-based nanoparticles were 
preferentially and avidly engulfed by CD11c+ DCs at tumor locations after intrave-
nous delivery and mediated the maturation of tumor-associated DCs. 

 Lastly, PEI nanocomplexes were also evaluated for carrying oligonucleotide 
duplexes mimicking the bulged structure of endogenous pre-miRNA. After intrave-
nous administration to a model of ovarian cancer, the authors reported a dramatic 
augmentation of miR-155 activity and silencing of multiple immunosuppressive 
mediators (Cubillos-Ruiz et al.  2012 ). Accordingly, tumor-infi ltrating DCs were 
transformed from immunosuppressive to highly immunostimulatory cells capable 
of triggering potent antitumor responses that abrogated the progression of estab-
lished ovarian cancers.  

8.4.3.3     Nanocarriers Targeted to MDSCs 

 Despite the potential of nanotechnology to develop the therapeutic options available 
to target MDSCs, to the best of our knowledge, only two examples can be provided 
so far. 
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 One example refers to a vaccine nanoparticulate adjuvant based on the combina-
tion of outer membrane vesicls (OMPs) from  Neisseria meningitidis  with GM3 gan-
glioside (very small size proteoliposomes—VSSP), which is currently under 
investigation in clinical trials as part of the formulation of several cancer vaccine 
candidates (renal carcinoma, breast cancer, prostate cancer, and cervical intraepi-
thelial neoplasia grade III). VSSP were proved to modulate the suppressive activity 
of tumor-derived MDSCs in mice by inducing their differentiation to APCs 
(Fernández et al.  2011 ,  2013 ), and on the basis of these results, the development of 
a vaccine able to target these immunosuppressive cells whilst eliciting an immune 
response towards the associated antigen has been proposed. 

 A second example relates to the use of ultra-small pluronic-stabilized 
poly(propylene sulfi de) nanoparticles, with a mean size of 30 nm, which preferen-
tially accumulate in MDSCs in draining nodes, spleen, and tumor, after intradermal 
administration to immunocompetent mice bearing lymphoma and melanoma tumors 
(Kourtis et al.  2013 ). Despite the fact that therapeutic data have not yet been 
reported, this formulation seems very promising for the delivery of immunomodula-
tory therapies to MDSCs.    

8.5     Conclusions 

 The advancements in immunology and cancer have made clear the complexity of 
their relationship and the necessity to tune the immune system in order to improve 
the effectiveness of current immunotherapies. In this review, we have shown some 
examples that highlight the potential of nanomedicines for the development of 
improved active and passive immunotherapies to treat cancer. Additionally, we 
focused our attention in an emerging fi eld, the design of novel therapeutic strategies 
to deal with immunosuppressive cells and the tumor microenvironment. In conclu-
sion, nanotechnology could play a critical role for generating novel immunothera-
peutics in the coming years, since nanomedicines could indeed be tailored to 
manipulate two arms of the immune system: promoting the access of antigens and 
humoral and cellular responses, and manipulating the tumor microenvironment by 
targeting immunosuppressor cells, i.e., TAMs, DCs, and MDSCs.     
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Chapter 9
RNAi-Based Nano-Oncologicals:  
Delivery and Clinical Applications

Katharina Müller and Ernst Wagner

9.1  Introduction

RNA interference (RNAi) is a natural process triggered by small double-stranded 
RNAs including microRNAs (miRNA, miR) and siRNA in several ways. It is a 
major mechanism of sequence-specific, post-transcriptional gene silencing in ani-
mals (using miRNA) and plants (using siRNA). miRNA have also been shown to be 
involved in the evolution of various human cancers, such as breast, colon, and lung 
cancer (Croce 2009). Both, loss and overexpression of miRNAs, can enhance tumor 
development leading to poor clinical prognosis of cancer patients. Many cases are 
known, where miRNAs act as tumor suppressor, when they are deleted or mutated 
in diverse human malignancies (Croce 2009). The first example of miRNA entan-
glement in human cancer was reported by Calin et al. in 2002. They showed that 
miR-15a and miR-16-1 are involved in chronic lymphocytic leukemia (CLL), the 
most common form of adult leukemia in the western world. Both miRNAs are 
located at chromosome 13q14, which is frequently deleted or down-regulated in 
more than half of B cell CLL. The loss of miR-15a and miR-16-1 leads to an upreg-
ulation in cancer genes (such as MCL1, BCL2, ETS1, or JUN) that disturb apopto-
sis (Calin et al. 2002, 2008; Iorio and Croce 2012). Another tumor suppressor is 
miRNA-200c. The loss of miRNA-200c and other members of the miRNA-200 
family promotes epithelial to mesenchymal transition (EMT) in cancer cells, such 
as breast, endometrial, or ovarian cancer. miRNA-200c directly targets Zeb1 and 
Zeb2, which are transcriptional repressors of E-cadherin, a calcium-dependent cell 
adhesion protein (Howe et al. 2011; Gregory et al. 2008; Guilford et al. 1998). 
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Inhibition of miRNA-200c was also shown to increase doxorubicin resistance by 
targeting TrkB and Bmi1 in BT474 and MDA-MB 436, two breast cancer cell lines 
(Kopp et al. 2012). Therefore restoration of miRNA-200c reduces migration, inva-
sion, and chemoresistance in aforesaid cancer cells.

miRNAs can also act as oncogenes, when overexpression of these miRNAs 
causes tumor development. miR-155 is a prominent example for miRNA onco-
genes, because its upregulation occurs in diffuse large B cell lymphoma (DLBCL) 
(Eis et al. 2005), lung cancer (Zheng et al. 2011; Kong et al. 2012), breast cancer 
(Iorio et al. 2005), and other forms of cancer. DLBCL patients with high levels of 
miR-155, which is processed from BIC, a noncoding transcript highly expressed in 
activated B and T cells (Tili et al. 2009), have a poor clinical prognosis (Eis et al. 
2005). In lung cancer the level of miR-155 has shown to be higher in the plasma 
from lung cancer patients with metastasis than in those without metastasis (Zheng 
et al. 2011). miR-21 is overexpressed in cancer, such as breast cancer (Iorio et al. 
2005), pancreas cancer (Bloomston et al. 2007), colon cancer (Asangani et al. 
2008), or others. In colorectal cancer cell lines miR-21 downregulates the tumor 
suppressor Pdcd4. Therefore, upregulation of this miRNA leads to invasion, intrava-
sation, and metastasis (Asangani et al. 2008).

These recently unraveled natural RNAi processes can be capitalized for develop-
ment of a new class of anticancer medicines, RNAi-based nano-oncologicals. The 
findings listed above suggest that re-expression of lost tumor suppressor miRNAs 
(by introduction of pre-miRs or miRNA mimics) or repression of oncogenic miR-
NAs (by antisense molecules, antagomirs) could provide therapeutic benefit, which 
has already been proven in various studies. In addition, artificial siRNAs can be 
directed very specifically against any anticancer target molecule, irrespective of 
whether it is druggable or not druggable with conventional medicines.

The delivery of pDNA has been successfully accomplished in the last years (Lori 
2011). Although siRNA and miRNA form polyplexes with oligomers through elec-
trostatic interactions like pDNA, the delivery of these small RNAs is more challeng-
ing. To a large extent this is due to the smaller size of these RNAs. Whereas pDNA
consists of several kilo bp, siRNA and mature miRNA count 21–23 bp. Therefore 
the electrostatic interaction with cationic carriers of RNA is not as strong as with 
pDNA which often leads to less stable polyplexes. Another factor influencing the 
stability of RNA polyplexes is the different structure of sugars. The deoxyribose in 
DNA is quite stable, the additional hydroxyl group in 2′-position of the ribose in 
RNA decreases stability (Scholz and Wagner 2012). Furthermore, the size of pDNA 
and siRNA or miRNA polyplexes influences the delivery. pDNA forms coiled poly-
plexes of 30–100 nm (Spagnou et al. 2004), whereas siRNA or miRNA forms 
smaller polyplexes (Dohmen et al. 2012) or even bigger ones due to aggregation 
(Scholz and Wagner 2012). Favorable for siRNA or miRNA delivery is their site of 
action. In comparison to pDNA they do not have to be transported and enter the 
nucleus but operate in the cytoplasm. Therefore, an important requirement for effi-
cient siRNA or miRNA carriers is the early release of their nucleic acid cargo. 
However, once in the nucleus the effect of pDNA is enhanced due to amplification 
through transcription and translation, whereas siRNAs or miRNAs lack these 
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 mechanisms. For this reason a higher amount of siRNA or miRNA is needed for 
effective gene silencing compared to gene expression of pDNA (Scholz and Wagner
2012; Schwake et al. 2010).

The grand solution to be found for a broad medical translation of microRNA and 
siRNA is the development of effective and safe delivery systems (Wagner 2013).

9.2  Mechanism of RNAi by microRNA and siRNA

Sequence-specific, post-transcriptional gene silencing in animals (miRNA) and 
plants (siRNA) proceeds in significantly different fashion (Fig. 9.1). In animals, 
endogenous miRNAs regulate gene expression during embryonal development and 
cellular differentiation. miRNA genes derive from independent transcription units 
or from introns of protein-coding genes (Krol et al. 2010). They are mainly clustered 
in the human genome and miRNAs within a cluster are often related to each other 
(Treiber et al. 2012). miRNA genes are transcribed by RNA polymerase II (Pol II) 
into long primary transcripts (pri-miRNAs) (Fig. 9.1a) in the nucleus (Ma et al. 2004). 
Here they are processed firstly by a RNase-III-type endonuclease termed Drosha, 
along with the double-stranded (ds) RNA-binding protein of DiGeorge syndrome 
critical region gene 8 (DGCR8) into so-called miRNA precursor (pre-miRNA), a 
~70 nt stem-loop structure (Meister and Tuschl 2004). Afterwards pre-miRNA is 
transported into the cytoplasm by exportin 5, a dsRNA- binding protein. Once in the 
cytoplasm, pre-miRNA is recognized by another RNase III, called Dicer. Dicer and 
its ds-RNA-binding protein partners, HIV-1 TAR RNA- binding protein (TRBP) and 
protein activator of protein kinase PKR (PACT) process pre-miRNA into ~22 nt 
mature miRNA (Kim and Rossi 2007). This RNA duplex possessing a 5′phosphate 
and ~2′nt 3′overhang, which is characteristic of a RNase III product (Bartel 2009) 
is then loaded into the RNA-induced silencing complex (RISC). RISC contains one 
member of the Argonaute protein family (Ago 1 to Ago 4). Only one of the Argonaute 
proteins (Ago 2) provides the RISC with endonuclease activity under special condi-
tions (see below). The so-called antisense or guide strand of miRNA which enters 
the RISC is the one whose 5′end is less firmly paired (Khvorova et al. 2003). If the 
guide strand shows imperfect sequence homology, the passenger strand is unwinded 
and discarded by a bypass mechanism that necessitates helicase activity. If the guide 
strand has perfect sequence complementary to its passenger strand and Ago 2 is part 
of the RISC, the passenger strand is cleaved.

The extent of sequence complementary also influences the further procedure of 
RISC. In the rare case of perfect or near perfect Watson–Crick base pairing between
the miRNA and the 3′untranslated region (3′UTR) of its target mRNA, this leads to 
direct sequence specific cleavage of the mRNA, comparable to the siRNA pathway 
(see below). However, the more common mechanism of miRNA induced gene 
silencing occurs with miRNA binding with imperfect base pairing. The first 2-7 or 
2-8 nucleotides from the 5′end of the miRNA, the seed sequence, must have perfect 
complementarity. Mismatches at the 3′end of the miRNA are tolerated. In this case 
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Fig. 9.1 Mechanism of RNAi in mammalian cells. (a) miRNA pathway. Endogenous miRNA 
genes are transcribed by RNA polymerase II into primary miRNA (pri-miRNA). The endonuclease 
Drosha and ds-RNA binding protein DGCR8 then process pri-miRNA into precursor miRNA (pre- 
miRNA), which is exported into cytoplasm by Exportin 5. In the cytoplasm pre-miRNA is cut by 
the RNase III, Dicer, together with TRBP (HIV-1 TAR RNA-binding protein) and PACT (protein 
activator of protein kinase PKR) into a dsRNA consisting of ~22 nt and a 5′phosphate and ~2 nt 
3′overhang. The miRNA guide strand is then loaded into the RISC (RNA-induced silencing com-
plex)- Argonaute (Ago 1 or Ago 2) complex and recognizes its targeting mRNA. In mammalian 
cells, the guide strand has imperfect complementary to the target mRNA, which leads to transla-
tional repression and therefore less protein. (b) siRNA pathway. Analogous to pre-miRNA exog-
enous dsRNA is processed in the cytoplasm by Dicer, TRBP, and PACT into siRNA. Alternatively 
exogenous siRNA can be directly delivered. siRNA/Ago 2 RISCs require perfect complementary 
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miRNA induces mRNA degradation and therefore translational repression (Kim 
and Rossi 2007). Because of their gene silencing capability without perfect match, 
one miRNA can regulate up to hundreds of different mRNAs (Krol et al. 2010). In 
2005 Lim et al. already observed this effect using microarray analysis (Lim et al. 
2005). Moreover, Dicer can process pre-miRNA in miRNAs altering their length in 
1–2 nt. This length difference influences the miRNA seed sequences as well as 
guide strand loading into the RISC, thus increasing the target mRNAs for a single 
miRNA (Yates et al. 2013). In contrast, different miRNAs can silence a common 
single mRNA (Kim 2005). Therefore, reestablishment or overexpression of a single 
miRNA or silencing of miRNAs using antagomirs in cancer could lead to off-target 
effects (OTEs) that must be considered carefully.

The siRNA mechanism is also based on endogenous double-stranded RNAs, 
which often derive from mRNAs, transposons, viruses, or heterochromatic DNAs 
(Bartel 2004). These RNAs are processed by Dicer (Fig. 9.1b) but, in contrast to 
miRNA, request a perfect match with the target mRNA along about 20 nucleotides 
and therefore, at least in theory, each siRNA has only one specific mRNA target. 
siRNA triggered gene silencing mainly serves as an innate immune defense protect-
ing nematodes, insects, and plants against invasive nucleic acids from pathogens 
(Guzman-Villanueva et al. 2012). The siRNA guide strand always has to have per-
fect complementary to its target mRNA and therefore leads to mRNA cleavage. The 
guide strand interacts with the catalytic, RNase H-like PIWI domain of Ago 2 at the
5′end and with a PIWI-Argonaute-Zwille (PAZ) domain at the 3′end (Ma et al. 
2004). The targeting mRNA is cleaved between bases 10 and 11 relative to the 5′end 
of the siRNA guide strand (Kim and Rossi 2007). In contrast to miRNA, targeted 
cleavage sites can be both translated and untranslated regions of the target mRNA.

Mammalian cells do not express siRNAs or miRNAs with perfect match to 
mRNA targets. However artificially delivered or transfected perfectly matched 
exogenous dsRNA can be processed in the cytoplasm similar to pre-miRNA by 
Dicer into siRNA of 21–25 nucleotides in length (Elbashir et al. 2001). The siRNA 
duplex is then incorporated into the RISC and the passenger strand is cleaved and 
expelled. Sequence-specific gene silencing by such artificial RISCs is found. As 
short 21 bp siRNAs, when introduced into the cytoplasm, can directly intervene 
with the RNAi pathway without need for cleavage by Dicer, synthetic 21 bp siRNAs 
are widely used for research and therapeutic applications of RNAi (Guzman- 
Villanueva et al. 2012). The gene knockdown caused by a siRNA is often temporary. 
Edinger et al. (2014) found a maximum downregulation at mRNA level after 24 h 
and at protein level after 48 h in in vitro studies. In other studies a silencing of 3–4 
weeks in nondividing liver cells was observed in vivo, indicating that the transient 
gene knockdown is due to dilution effects of siRNA concentration in the cytosol 
through cell division (Bartlett and Davis 2006). Zimmermann et al. (2006) observed 
silencing of apolipoprotein B for 11 days, when they applied a liposomal siRNA 
formulation systemically into cynomolgus monkeys. Considering these different 
findings, the dose regime for RNAi based nanodrugs should be calculated carefully, 
when transferred to clinical application (Bartlett and Davis 2006).
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9.3  Delivery of siRNA and miRNA as Therapeutic Agents

9.3.1  Limitations to Direct Therapeutic Use of siRNA 
and miRNA

There are several barriers that restrict the direct use of miRNA or siRNA for thera-
peutic application. First of all, naked RNA is rapidly cleaved by ribonucleases 
(RNases) enzymes which are commonly occurring in a wide variety of organism. 
RNase interacts with the RNA backbone catalyzing its hydrolysis (Yazbeck et al. 
2002). Therefore, the poor RNase resistance limits the application of non-modified 
RNA in vitro and in vivo. Moreover, synthetic miRNAs or siRNAs are eliminated 
from the bloodstream by excretion in urine or bile. Due to their small size RNA mol-
ecules are able to pass the capillaries of the kidney glomerulus easily (Kanasty et al. 
2012). The biological half-life of siRNA has been reported to be 2–6 min, whereas 
chemically stabilized siRNA circulates for 30–50 min (Soutschek et al. 2004).

Another limiting factor concerning siRNA and miRNA is toxicity. Naked dsR-
NAs are able to cause OTEs. For example one siRNA can regulate numerous unin-
tended transcripts. This emerges when siRNA acts in a miRNA-related manner with 
partial sequence complementary. It has been reported that many off-targets silenced 
by siRNA showed 3′UTR perfect complementary to the seed region of the siRNA 
but not throughout the entire guide strand (Jackson et al. 2006; Birmingham et al. 
2006). In addition, siRNA can induce an innate immune response. This immunoge-
nicity is divided into two groups: activation of toll-like receptors (TLR) or non-
TLR- mediated immune response (Pecot et al. 2011). This immunogenicity derives 
from the stimulation of pattern recognition receptors (PRRs). PPRs recognize 
invariant molecular structures of pathogens (Medzhitov and Janeway 2002; Kanasty 
et al. 2012). Relating to siRNA, two classes of PPRs are affected: TLRs and cyto-
plasmic receptors. TLR3, TLR7, and TLR8 recognize synthetic siRNA (Rettig and 
Behlke 2012). TLR3 located in endosomes and cell surfaces is only activated by 
dsRNA, which is typically for viruses (Seth et al. 2006). After siRNA detection 
TLR3 activates interferon-γ (INFγ) and interleukin-12 (IL-12), causing anti- 
angiogenic effects (Pecot et al. 2011). TLR7 and TLR8 are stimulated by either 
single-stranded RNA (ssRNA) or RNA duplexes. They are expressed in endosomes 
and lysosomes and in the endoplasmic reticulum of plasmacytoid dendritic cells, B 
cells, and myeloid cells (Kanasty et al. 2012). TLR7 and TLR8 cause nuclear trans-
location of nuclear factor κ-light-chain-enhancer of activated B cells (NF-κB) and 
downstream activation of interferon-α (INFα) and inflammatory cytokines (Hornung 
et al. 2005; Pecot et al. 2011). siRNAs can also provoke a non-TLR-mediated 
immune response by activating cytoplasmic receptors. dsRNA-binding protein 
kinase (PKR) leads to inhibition of protein translation and interferon response after 
recognizing siRNA. In addition, retinoic acid-inducible gene 1 (RIG-1), another 
cytoplasmic PRR, causes interferon response and upregulation of other inflamma-
tory mediators (Kanasty et al. 2012). Chemical modification and variations in 
siRNA design reduce the risk of OTEs and immune responses (Rettig and Behlke 
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2012). In correlation to siRNA, the risk of miRNAs causing toxicity is likely to be 
lower since physiologic gene expression networks have managed to adapt to regula-
tory effects of endogenous miRNAs (Kota et al. 2009). Nevertheless, side effects of 
miRNA-based therapies have to be examined before usage in clinical application.

Naked siRNA or miRNA in the circulation have to find their site of action, such 
as a specific tissue or cancer cells. Since these molecules do not possess any target-
ing domain and, because of their polyanionic nature, do not passively enter cells 
across cell membranes, they have to be delivered by conjugation or formulations 
with targeting ligands and shielding domains (Gallas et al. 2013). Animal cells are 
surrounded by the complex extracellular matrix (ECM), a dense mesh of fibrous 
proteins and glycosaminoglycans, which has to be overcome by the RNA mole-
cules, as well (Zamecnik et al. 2004). Next, after siRNA and miRNA entered their 
target cell via endocytosis, they must escape from endosomes, avoiding entrapment 
and degradation in lysosomes (Shim and Kwon 2010). These extracellular and intra-
cellular barriers have to be addressed during the development of potent delivery 
systems (Wagner 2013).

9.3.2  Chemical Modifications of siRNA and miRNA

Chemical changes in the backbone of siRNA and miRNA were introduced to 
improve stability and reduce immunogenicity of these molecules. A common strat-
egy comprises the modification of the ribose 2′-OH group of siRNA (Fig. 9.2), 
which is involved in the hydrolysis mechanism of many serum RNases. The substi-
tution of this functional group with 2′-O-methyl (2′OMe), 2′-deoxy (2′H), 2′-fluoro 
(2′F), or 2′-methoxyethyl (2′-MOE) ribonucleotides (Fig. 9.2a) has proven to 
increase RNase resistance without losing the ability to enter the RISC and to inter-
act with Ago 2 (Behlke 2006; Rana 2007). Furthermore, 2′-OMe uridine or guano-
sine modifications have been shown to prevent stimulation of the innate immune 
system by avoiding activation of TLRs (Judge et al. 2005). Other established proce-
dures are the incorporation of phosphorothioate backbone linkages at the 3′-end of 
the siRNA strand to improve the stability against endonucleases, or the replacement 
of a nonbridging phosphodiester oxygen by an isoelectronic borane (BH3

−) moiety 
to increase activity and RNase resistance (Fig. 9.2b) (Bumcrot et al. 2006).

Locked nucleic acid (LNA) (Fig. 9.2c) includes a methylene bridge linking the 
2′-oxygen to the 4′-carbon of the ribose ring. This modification ensures that the ribose 
ring is locked in the 3′-endo conformation and therefore increases nuclease resistance 
to RNA oligonucleotides. Moreover, LNAs are processed by the siRNA machinery, 
because they maintain an A-form helix geometry typical for RNA–RNA duplexes, in 
a normal way and reduce unintended OTEs (Elmen et al. 2005). LNAs are widely 
used as antagomirs because of their thermodynamic stability and therefore efficient 
binding to miRNA seeds. Antagomirs are single-stranded oligonucleotides with per-
fect complementary to a miRNA. If hybridized with its corresponding miRNA, target 
mRNA recognition and therefore gene regulation is hampered (Obad et al. 2011).
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Another strategy to increase the delivery of RNA molecules comprises their con-
jugation to small molecules or peptides. A prominent example is the attachment of 
lipophilic moieties to siRNA. Cholesterol was linked to the 3′-end of the siRNA 
sense strand, resulting in silencing of its target apolipoprotein B (apoB) in vitro and 
in vivo in the liver and jejunum (Soutschek et al. 2004). This is accomplished by 
interactions of siRNA with lipoproteins in the circulation and uptake into cell by low-
density-lipoprotein-receptor (LDL-receptor). Long-chain fatty acids and bile acids 
conjugated to apoB-siRNA also mediate silencing of apoB in mice and hamsters 
(Wolfrum et al. 2007). Furthermore, improved delivery due to cholesterol conjuga-
tion has been reported for antisense oligonucleotides (Oberhauser and Wagner 1992). 
Krützfeldt et al. successfully silenced miR-122, frequently expressed in hepatocytes, 
by treating mice with a chemically modified cholesterol antagomir. In liver, levels of 
miR-122 and 3-hydroxy-3-methylglutaryl-CoA-reductase (Hmgcr), a miR-122 tar-
get, were decreased after tail-vain injection of miR-122 antagomir. Furthermore, due 
to the fact that Hmgcr is involved in endogenous cholesterol biosynthesis, cholesterol 
levels in plasma were significantly reduced (Krutzfeldt et al. 2005).
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To improve endosomal escape Dohmen et al. conjugated Inf-7, an acidic peptide 
analogue of the amino terminus of the influenza virus hemagglutinin, to the 5′-end 
of the siRNA sense strand (Fig. 9.2d). This Inf7-siRNA showed pH-dependent lytic 
activity and therefore an increased gene silencing efficiency when delivered with 
sequence defined oligomers in vitro (Dohmen et al. 2012).

9.3.3  Various RNA Delivery Strategies

In the last one and a half decades several delivery systems for siRNA and miRNA 
have been developed to overcome the barriers restricting successful therapeutic 
application (Aigner 2006; Behlke 2006; de Fougerolles et al. 2007; Gao and Huang 
2009; Whitehead et al. 2009; Burnett et al. 2011).

One strategy is the delivery of RNAi-inducing agents via viruses. Adenovirus- 
associated viral (AAV) based and lentiviral based vector systems are commonly 
used as vesicles to introduce nucleic acid into cells. They are able to transduce 
dividing and nondividing cells leading to stable expression of siRNAs in these cells 
(Morris and Rossi 2006). For instance, lentiviral vector systems based on the human 
U6 small nuclear promoter (U6) have been reported to induce efficient gene silenc-
ing of green fluorescent protein (GFP) in vitro and in vivo persistent for several 
months (Makinen et al. 2006). miR-26a has been successfully delivered into hepa-
tocellular carcinoma (HCC) cells via an AAV vector. HCC cells having low levels 
of miR-26a have shown suppressed cell proliferation and activated tumor-specific 
apoptosis in vivo after AAV-mediated miR-26a delivery due to downregulation of 
cyclins D2 and E2 and induction of G1 arrest (Kota et al. 2009). Nevertheless, thera-
peutic nucleic acid delivery via viral vectors is fraught with some risks. Viral vector 
systems are recognized by the innate immune system, they are capable to insert 
mutagenesis (Shim and Kwon 2010) and they are restricted in size and payload.

An alternative nonviral delivery strategy is utilized by polymer therapeutics 
(Duncan and Vicent 2013). Due to their negative charges siRNAs and miRNAs are 
able to form complexes with polycationic agents (Wagner 2012). Polyethylenimine 
(PEI) is one of the most commonly used polymers for the delivery of nucleic acids 
(Bolcato-Bellemin et al. 2007). PEI is a linear or branched polymer with protonable 
amino groups in every third position forming complexes with siRNA and miRNA 
through electrostatic interactions. Its buffering capacity supports endosomal escape 
of nucleic acids by osmotic swelling and rupture of the endosome called proton 
sponge effect (Sonawane et al. 2003; Wagner 2012). Complexes consisting of low 
molecular weight PEI and siRNA targeting c-erbB2/neu (HER-2) receptor have 
shown successful delivery in vivo. HER-2 belongs to the epidermal growth factor 
(EGF) receptor family and is frequently overexpressed in human cancer. After 
intraperitoneal injection of PEI/siRNA complexes in mice with subcutaneous 
SKOV-3 ovarian carcinomas, tumor growth was reduced due to downregulation of 
HER-2 (Urban-Klein et al. 2005). PEI has also been reported to deliver 
miRNA. Ibrahim et al. applied complexes of PEI and miR-145 or miR-33a in mice 
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with colon carcinoma. miR-145 delivery repressed its targets c-Myc and ERK5 and 
led to diminished tumor proliferation and enhanced apoptosis. Application of PEI/
miR-33a complexes repressed Pim-1 and showed antitumor effects (Ibrahim et al. 
2011). However, nucleic acid delivery using PEI is afflicted with certain disadvan-
tages regarding toxicity and biocompatibility. Due to its strong positive charge and 
its tendency to form aggregates PEI leads to interaction with cell surfaces leading 
to liver necrosis, activation of lung endothelium, adhesion of aggregated platelets, 
and shock after systemic injection (Gunther et al. 2011).

The nature-derived polymer chitosan shows a better biocompatibility and also 
high efficiency in siRNA delivery (Howard et al. 2006; Gao et al. 2009). Another 
biopolymer based delivery strategy uses cyclodextrin-based carriers. Cyclodextrins 
are cyclic oligomers consisting of glucose providing an overall amphipathic structure 
with high biocompatibility and low toxicity (Pecot et al. 2011; Guzman- Villanueva 
et al. 2012). Heidel et al. used a cyclodextrin polycation system with transferrin (Tf), 
serving as a targeting ligand to deliver siRNA. Cyclodextrin/siRNA nanoparticles 
were applied systemically and in multiple doses into non-human primates. Even at 
high siRNA levels (27 mg siRNA/kg) no toxic effects were observed (Heidel et al. 
2007). In another study applying siRNA targeting EWS-FLI1 mRNA, tumor growth
was shown to be reduced in mice with Ewing’s carcinoma upon intravenous delivery 
of Tf-targeted cyclodextrin nanoparticles (Hu-Lieskovan et al. 2005).

Cationic lipids present another class of non-viral carriers for the delivery of 
nucleic acids. Cationic lipids comprise a positive charged headgroup, a hydrophobic 
chain, and a linker connecting the polar and non-polar regions (Lv et al. 2006). They 
form lipoplexes with oligonucleotides via electrostatic interactions (Gao and Huang 
2009; Gallas et al. 2013). These lipoplexes are characterized by high transfection 
efficiency, resistance to nucleases, and improved endosomal escape due to interac-
tions with phospholipids within the endosome. However, as with PEI, the strong 
positive charge of cationic lipids presents a reason for their cytotoxicity and there-
fore limited use in vivo. They have the tendency to aggregate with anionic serum 
proteins, causing an immune response (Guzman-Villanueva et al. 2012). To over-
come these drawbacks, surface modifications and different compositions of lipids 
have been investigated.

An important lipid system that has entered advanced preclinical and already 
clinical studies is based on the encapsulation of oligonucleotides in stable nucleic 
acid lipid particles (SNALPs), consisting mainly of 1,2-dilinoleyloxy-3- 
dimethylaminopropane (DLinDMA). siRNA targeting apolipoprotein B (ApoB), a 
protein essential for the cholesterol transport and metabolism, has been delivered 
systemically in non-human primates using SNALPs. The efficiency of this system 
has been demonstrated in significant reductions of ApoB, serum cholesterol, and 
LDL levels (Zimmermann et al. 2006).

For surface modification, liposome-polycation-hyaluronic acid (LPH) nanopar-
ticles have been used to bring siRNA and miRNA together into lung metastasis 
bearing mice. Tumor-targeting single-chain antibody fragments (scFv) have been 
adapted to the LPH nanoparticles. miRNA-34a together with siRNAs targeting 
c-Myc, MDM2, and VEGF has been encapsulated with these particles. Intravenous 
injection resulted in downregulation of the siRNAs target genes. miRNA-34a 

K. Müller and E. Wagner



255

delivered with LPH nanoparticles leads to apoptosis and reduced tumor growth in 
the lung (Chen et al. 2010).

Hydrogels present an interesting strategy to improve the delivery of siRNA. Krebs 
et al., for example, integrated siRNA in three different biodegradable hydrogels: 
calcium crosslinked alginate, photocrosslinked alginate, and collagen. The hydro-
gels released bioactive siRNA that could silence GFP in stably transfected HEK293 
cells to less than 20 % (Krebs et al. 2009). Furthermore, chitosan hydrogel was used 
to deliver siRNA against tissue transglutaminase (TG2). The biodegradable hydro-
gel loaded with siRNA and docetaxel was injected intra-tumoral in melanoma or 
breast cancer bearing mice and reduced tumor growth significantly (Han et al. 
2011). Another approach is the delivery of hydrogel nanoparticles. Dunn et al. 
encapsulated siRNA in particles prepared with a method known as particle replica-
tion in nonwetting templates (PRINT). siRNA was delivered as polymerizable pro- 
drug with reducible disulfide linkages to prevent its dissociation from hydrogel 
nanoparticles before reaching its site of action. The nanoparticles efficiently released 
siRNA that silenced luciferase when transfected in HeLa/luc cells in vitro without 
harming cell viability (Dunn et al. 2012).

9.3.4  RNA Delivery via Sequence Defined Oligomers

As multiple different barriers have to be overcome in therapeutic nucleic acid deliv-
ery, carriers need to comprise diversified functions. Using classical polymers it is 
impossible to incorporate various functional domains in precise manner. As a solu-
tion, sequence defined oligomers have been designed which combine multifunc-
tionality with chemical precision. These potent nucleic acid delivery vehicles are 
obtained via solid phase-supported peptide synthesis (SPPS). This method has been 
adapted by Hartmann et al. (2006) for the synthesis of defined polyamides starting 
from a fixed resin and alternate assembly of diacids and diamines. Schaffert et al. 
(2011a) extended the strategy to the synthesis of larger cationic oligomers using 
Fmoc-protected artificial polyamino acids. Different artificial oligoamino acids 
were generated (Fig. 9.3a) based on the idea to lend an effective microdomain from 
PEI: the protonatable diaminoethane motif (Fig. 9.3a bottom left). The artificial 
building blocks differ in the type of acid (glutaric acid, phthalic acid, succinic acid) 
and in the number of protonable amine repeats: triethylene tetramine (tt), tetraeth-
ylene pentamine (tp), and pentaethylene hexamine (ph). Artificial cationic building 
blocks such as Gtp, Stp, Ptp, or Sph could be easily merged with natural peptide 
sequences or lipidic domains, resulting in precise and pure carriers for nucleic acid 
delivery. Because of the ease of synthesis, small libraries of hundreds of carriers 
with different topologies (Fig. 9.3b) have been generated (Schaffert et al. 2011b; 
Salcher et al. 2012; Fröhlich et al. 2012; Troiber et al. 2013). The oligoamine com-
ponents are only partly cationic at physiological neutral pH, but sufficiently charged 
for binding nucleic acids via electrostatic interactions. Upon endosomal acidifica-
tion they gain additional cationic charges required for destabilizing lipid membranes 
and escape from endolysosomes to the cytoplasm.
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For stable polyplex formation using different nucleic acid cargos (such as siRNA 
versus pDNA), in general, different polymer requirements have been observed 
(Kwok and Hart 2011; Scholz and Wagner 2012). Also with sequence-defined 
oligomers, additional stabilization was required for siRNA (as opposed to pDNA) 
in forming stable polyplexes. Oligomers modified with two fatty acids (oleic acid or 
linoleic acid) at central (T-shape) or terminal (i-shape, U-shape) positions show 
enhanced stability due to hydrophobic interactions. In addition, terminal cysteines 
(two-arms, three-arms) which are able to form disulfide bridges after siRNA 
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complexation stabilize polyplexes in a covalent manner. With regard to the artificial
amino acids, Stp or Sph containing oligomers showed a higher transfection effi-
ciency than Ptp or Gtt (Salcher et al. 2012; Fröhlich et al. 2012). High stability is a 
very important feature for polyplex application in vivo. Incorporation of tyrosine 
trimers increased stability in vitro, in full serum (as evaluated by FCS), and in vivo 
(as evaluated by NIR fluorescence bioimaging in mice) (Troiber et al. 2012, 2013; 
Fröhlich et al. 2012).

Modifications of oligomers with lipid moieties did not only improve the stability 
of polyplexes but also their endosomal escape. The lipooligomers due to their 
amphiphilic character cationization at endosomal pH of 5–6 are able to lyse lipid 
membranes in a favorable pH-specific manner (Schaffert et al. 2011b). Oleic or 
linoleic acid emerged as most potent fatty acids in gene silencing without significant 
cytotoxicity (Fröhlich et al. 2012).

Alternatively, lytic peptides can be introduced to enhance endosomal escape due 
to their ability to directly disrupt endosomal membranes (Kos and Wagner 2013). 
For example, influenza peptide-siRNA conjugates (as mentioned before) can suc-
cessfully enhance endosomal escape when delivered with oligomers (Dohmen et al. 
2012). A pH-responsive endosomolytic form of the peptide melittin has been previ-
ously shown to improve transfection efficiency when incorporated into polymers. 
The amines of melittin had to be modified with dimethylmaleic anhydride (DMMAn) 
to reduce extracellular toxicity. In the acidic endosome these protecting groups are 
cleaved and the lytic activity of melittin is restored (Meyer et al. 2008, 2009).

Polyplexes are usually positively charged because of surplus of cationic oligo-
mer at the surface, which can lead to aggregation and unspecific interaction with 
blood compounds and non-target cells. Hydrophilic polyethylene glycol (PEG) is 
widely used for nanoparticle shielding to overcome this drawback. Furthermore, the 
incorporation of PEG protects polyplexes from recognition by the innate immune 
system, decreases cytotoxicity, and increases solubility, stability, and circulation 
time (Lee and Kim 2005; Meyer et al. 2008; Whitehead et al. 2009). PEG can also 
serve as spacer between a targeting ligand and the cationic oligomers, increasing the 
binding of ligand and receptor (Lee and Kim 2005; Dohmen et al. 2012).

In sequence-defined oligomers, incorporation of targeting ligands was proven as 
useful. For example, peptide B6 targeting the transferrin receptor, or cyclopeptide 
c(RGDfK) targeting αvβ3 integrin, was coupled to oligomers using PEG spacers. 
These targeted oligomers showed high ligand-dependent transfection efficiency for 
pDNA (Martin et al. 2012). To elaborate the targeting concept for siRNA delivery, 
Dohmen et al. developed folic acid modified oligomers, targeting the folic acid 
receptor overexpressed in tumor cells. The polyplexes consisting of these oligo-
mers and Inf7-siRNA showed efficient and ligand specific gene silencing in vitro 
and an increased retention in KB tumor tissue due to targeting effects in vivo 
(Dohmen et al. 2012).

Screening oligomer efficiencies in vitro does not necessarily inform about effi-
ciencies in the real in vivo situation (Fröhlich et al. 2012). Edinger et al. (2014) 
examined the in vitro and in vivo siRNA delivery and antitumoral effects of three 
oligomers: one T-shaped lipo-oligomer containing two terminal cysteines, four Stp 
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units, and two oleic acids (49); one i-shaped lipo-oligomer containing two terminal 
cysteines, three Stp units, and two linoleic acids (229); and one branched three-arm 
oligomer containing terminal cysteines and nine Stp units (386). In vitro the oligo-
mers showed similar gene downregulation in murine neuroblastoma cells when 
delivered with siRNA targeting RAS related nuclear protein (Ran). Ran is a small 
Ras-related GTPase protein involved in many aspects of nuclear functions, such as 
transport in and out of the nucleus or postmitotic nuclear assembly required for cell 
survival. Knockdown was found to result in preferential cell death in activated 
K-Ras mutant tumor cells (Morgan-Lappe et al. 2007). In vivo in the same neuro-
blastoma tumor model, 386 showed the best antitumoral efficiency reducing tumor 
growth. Oligomer 49 emerged as second best delivery vesicle in vivo, whereas 229 
failed in vivo tumor treatment (Edinger et al. 2014). These first data demonstrate the 
encouraging potential of precise sequence-defined oligomers to serve as delivery 
vesicles for therapeutic nucleic acids.

9.4  Clinical Application of RNAi for Cancer Therapy

Several human clinical trials using RNAi or related RNA-modulating nano- 
oncological drugs for cancer therapy are currently carried out (see Table 9.1). Major 
investments in the development of these therapeutics have been made in the last years 
with the prospect of commercial drugs in the next 5–10 years (Haussecker 2012).

9.4.1  siRNA Therapeutics

Davis and colleagues firstly reported systemic siRNA delivery in humans for cancer 
treatment via targeted nanoparticles. Their formulation consisted of a cyclodextrin- 
containing polymer (CDP); adamantane conjugated to PEG (AD-PEG) for steric 
stabilization; AD-PEG with the targeting ligand transferrin binding to transferrin 
receptors, which are frequently upregulated in cancer cells; and siRNA targeting the 
M2 subunit of ribonucleotide reductase (RRM2), a crucial factor of tumor malig-
nancy. These nanoparticles, named CALAA-01, were systemically administered to 
patients with solid cancers. The study was carried out on three patients receiving 
different doses (18, 24, and 30 mg/m2) on days 1, 3, 8, and 10 of a 21-day cycle by 
a 30 min intravenous infusion. Biopsies from tumor tissues were analyzed and a 
reduction of mRNA and protein levels of RRM2 were observed. The RNAi was 
confirmed by 5′-RNA-ligand-mediated RACE PCR technique detecting a RRM2 
mRNA fragment in tumor tissue of the patient receiving the highest dose (Davis 
2009; Davis et al. 2010).

Atu027 is a lipid-based siRNA nanoparticle approach which has recently been 
tested in a phase I clinical trial. Atu027 contains siRNA targeting protein kinase N3 
(PKN3). PKN3 mediates malignant cell growth (Santel et al. 2006). Atu027 has been 
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shown to silence PKN3 when it was systemically delivered in mice, rats, and 
 non-human primates without stimulation of the innate immune system. In pancreatic 
and prostate cancer mouse models Atu027 decreased tumor growth and lymph node 
metastasis formation (Aleku et al. 2008). In a phase I clinical trial 24 patients suffer-
ing from advanced solid tumors were treated with Atu027. Atu027 was well toler-
ated, one patient showed disease stabilization and one patient showed reduction of 
pulmonary metastases demonstrating the potential of this siRNA delivery system. 
Currently participants are recruited for a clinical trial examining the effects of Atu027 
with Gemcitabine in advanced and pancreatic cancer (www.clinicaltrials.gov).

A lipidic dual siRNA formulation was recently investigated in a phase I oncology 
trial. The formulation (ALN-VSP) consists of a lipid nanoparticle with two siRNAs, 
one targeting vascular endothelial growth factor A (VEGF) and the other one target-
ing kinesin spindle protein (KSP). RNAi specific effectiveness of ALN-VSP as well 
as antitumor activity has been proven previously in preclinical animal studies. In a 
phase I dose-escalation study 41 patients with advanced tumors and hepatic and 
extrahepatic metastases were intravenously treated with ALN-VSP with doses of 
0.01–1.5 mg/kg every 2 weeks. ALN-VSP was generally well tolerated, and occur-
ring adverse events were comparable to other targeted chemotherapies. Furthermore, 
both siRNAs and cleavage products of VEGF mRNA could be detected in hepatic 
and extrahepatic tumor biopsies, indicating that the antitumoral effects of ALN- 
VSP underlie an RNAi mechanism. Fifty percent of patients treated with doses 
greater than 0.7 mg/kg achieved stable disease including one patient with endome-
trial cancer and multiple liver metastases, who attained a major response, meaning 
disappearance of all target and nontarget lesions (Tabernero et al. 2013).

9.4.2  miRNA Replacement Therapy

MRX34 was developed to deliver miR-34 mimic, a synthetic double stranded 
miRNA of 20–25 nucleotides, which will be the first microRNA assessed in a clini-
cal phase I study. MRX34 is a delivery system based on a mixture of different lipids, 
such as palmitoyl oleoyl phosphatidyl choline or cholesterol. miR-34 is frequently 
downregulated in many human cancer types leading to metastasis, anti-apoptosis, 
chemoresistance, and tumor proliferation (Bouchie 2013). Anti-tumor activity of 
miR-34 has been shown in non-small cell lung cancer (NSCLC) in mice. miR-34 
was systemically delivered using a neutral lipid emulsion, which led to a decrease 
of proliferation markers, increased apoptosis of tumors, and therefore reduced 
tumor burden (Trang et al. 2011). The efficiency of MRX34 has been proven in 
preclinical studies. In a survival study MRX34 was intravenously delivered in mice 
with HCC. All treated animals stayed alive and appeared healthy in comparison to 
control groups. Patients suffering from primary liver cancer and liver metastasis 
from other cancers are currently recruited for a multicenter phase I clinical trial  
to investigate safety, pharmacokinetics, and pharmacodynamics of MRX34  
(see www.clinicaltrials.gov for details).
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9.4.3  RNAi Oligonucleotide Based Therapeutics

Two phase I clinical trials have been initiated for EZN-2968, a RNA antagonist. 
Chemically it is an oligonucleotide of 16 nucleotides, of which 6 are exchanged by 
LNA nucleotides. EZN-2968 downregulates the expression of the α-subunit of 
Hypoxia-inducible factor-1 (HIF-1α). Upregulation of HIF-1α signals hypoxia or 
activation of growth factor pathways and therefore malignant development of many 
cancer types. Intravenous application of EZN-2968 in mice led to dose-dependent 
downregulation of HIF-1α mRNA in the liver and tumor reduction (Greenberger 
et al. 2008). A phase I study on patients with solid tumors showed well tolerability 
of EZN-2968 and tumor shrinkage in two patients (of 18). Another pilot study of 
EZN-2986 has been performed on patients suffering from solid tumors with liver 
metastases and completed in September 2013, but the results are not published yet 
(see www.clinicaltrials.gov for details).

OGX-427 is an antisense oligonucleotide targeting the chaperone protein Hsp27. 
Hsp27 is upregulated in many cancer types such as breast and prostate cancer due 
to enhanced cellular stresses. Shiota et al. reported that Hsp27 causes EMT in pros-
tate cancer and silencing of Hsp27 decreases migration in vitro and in PC-3 M 
tumor-bearing mice. They found that Hsp27 enhances EMT by mediating IL-6- 
dependent STAT3 phosphorylation, nuclear translocation, and STAT3 binding to the 
Twist promoter. In a phase I study patients with metastatic castration-resistant pros-
tate cancer (mCRPC) received 400–1,000 mg of OGX-427, and levels of circulating 
tumor cells (CTC) were analyzed. OGX-427 treatment reduced CTC counts indicat-
ing the first evidence of anticancer potential of OGX-427 in the clinics (Shiota et al. 
2013). In another phase I study patients with CRPC, NSCLC, or ovarian cancer 
were treated intravenously with OGX-427 alone or with docetaxel in order to exam-
ine adverse effects and dose for phase II trials. OGX-427 treatment led to infusion 
reactions but was overall well tolerated. Furthermore OGX-427 showed antitumoral 
effects like changes in tumor markers and CTC levels (Hotte et al. 2010). In a phase 
II study patients suffering from mCRPC were treated with OGX-427 plus predni-
sone or with prednisone alone. 82 % of patients receiving the combined therapy 
showed a decrease in prostate-specific antigen (PSA), and 60 % had a CTC conver-
sion from ≥5 to <5/7.5 ml compared to 40 and 20 % respectively of patients treated 
with prednisone alone (Chi et al. 2012).

9.5  Conclusions

The modulation of mRNA levels using siRNA, miRNA, antagomirs, or antisense 
oligonucleotides offers the opportunity to treat various diseases. In many cancer 
types the natural upregulation of onco-miRs or loss of suppressor-miRs leads to 
invasion, metastasis, chemoresistance, and poor clinical prognosis for patients. 
Delivery of exogenous suppressor-miRs or anti onco-miR antagomirs may revert 
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cancer aggressiveness by modulating translation of multiple target gene mRNAs. 
Complementary, artificial siRNAs can be designed for specific downregulation of 
basically any target gene that promotes tumor development. Despite the great poten-
tial of these RNAs the therapeutic application still faces considerable drawbacks, 
like instability in vivo, immune response, weak tissue targeting, and inefficient cel-
lular uptake. Various synthetic delivery strategies are taken to overcome these bar-
riers. Modern chemistry using solid-phase supported synthesis provides the 
possibility to produce chemically modified oligonucleotides with enhanced stabil-
ity, potency, and reduced side effects. Also sequence-defined oligomers as nucleic 
acid carriers containing stabilizing, lytic, and targeting moieties can be designed in 
a pure and precise way by solid-phase supported synthesis.

While RNAi nanodrugs have already shown very encouraging clinical effects
especially in liver-based diseases, up to now no RNAi-based formulations are on the 
market for cancer treatment. In the last 15 years, billions of dollars have been spent 
on the development of RNAi therapeutics indicating the significance but also the 
complexity of this field of research. However, several promising RNAi-based or 
RNAi-modulating drugs for treating human cancer are now in the pipeline of phase 
I and phase II clinical studies, hopefully leading to efficient and safe nano- 
oncologicals in the near future.
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    Chapter 10 
   Nano-Platforms for Tumor-Targeted Delivery 
of Nucleic Acid Therapies 

             Arun     K.     Iyer    ,     Shanthi     Ganesh    , and     Mansoor     M.     Amiji    

10.1            Introduction 

 The treatment of several types of cancer has remained elusive even after persistent efforts by 
researchers and clinicians to combat this deadly disease. In an insightful analysis, Hanahan 
and Weinberg ( 2011 ) have described the hallmark features of cancers and the multitude of 
deregulation and signaling pathways that are involved in the development and progression 
of tumors. Although very different in nature, all forms of cancer are derived from normal 
cells that have acquired abnormal phenotypes (Varmus and Weinberg  1993 ). Either by 
enhanced proliferation or reduced apoptosis, these neoplastic cells begin to neo-vascularize 
forming new blood vessels, establishing subpopulation of virulent cells, with the capability 
to invade and infi ltrate into adjacent normal cells and tissues. Also, the genomic instability 
in cancers causes several types of mutations that lead to intra-tumoral heterogeneity in suc-
cessive generations of tumors (Cahill et al.  1999 ; Loeb et al.  2003 ). In addition, tumor cells 
are smart in reprogramming themselves to cater to demanding conditions, such as an ability 
to survive and often thrive in hypoxic conditions and/or highly acidic low pH microenviron-
ment of the tumors (Milane et al.  2011a ; Vaupel and Mayer  2007 ; Dang et al.  1997 ; 
Asosingh et al.  2005 ; Martinez-Zaguilan et al.  1996 ; Gatenby and Gawlinski  2003 ). 
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 While the micro-environmental selection pressures lead to development of mul-
tidrug resistance (MDR) (Donnenberg and Donnenberg  2005 ), the derivation of 
tumors from normal tissue poses another major barrier in the safe and effective 
eradication of tumors and cancerous cells. Both molecular and physical boundaries 
between normal and cancerous tissue are often diffused, rendering many of the 
 current treatments highly unspecifi c. Also, conventional forms of chemotherapy 
using small molecule drugs and anticancer agents do not differentiate tumor and 
normal tissues and cells causing acute systemic side effects, necessitating the need 
for the development of novel targeted strategies and therapeutics for more effective 
management of cancers. 

 In response to the failures of conventional chemotherapies in the clinics, there 
has been a growing interest in devising advanced targeted delivery systems based on 
nano-medical technologies for early detection, diagnosis, and treatment of cancers 
(Printz  2012 ; Bakht et al.  2012 ; Parhi et al.  2012 ; Kolhe and Parikh  2012 ; Schroeder 
et al.  2012 ; Wang et al.  2009 ). Since the microenvironment and physiological prop-
erties of solid tumors are uniquely different from the (healthy) normal tissues, it is 
possible to design nano-sized delivery platforms that specifi cally transport drugs 
and genes to the sites of tumors (Danhier et al.  2010 ). Furthermore, nanoparticle 
systems have the ability to achieve temporal and spatial site-specifi c drug delivery 
(Couvreur and Vauthier  2006 ). These unique properties of nanoparticle systems not 
only enhance the effi cacy of chemotherapy but also signifi cantly reduce the adverse 
side effects associated with the free drug and allow for fewer doses of drug admin-
istration to cancer patients. In this review we will discuss the development of some 
such nanoparticles based delivery systems such as polymeric micelles and nanopar-
ticles, liposomes, and multifunctional nanoparticle systems with emphasis on 
nucleic acid therapeutics.  

10.2     Mechanisms of Tumor Selective Delivery 

10.2.1     Passive and Active Targeting to Tumors 

 The development of tumors involves several anatomical and pathophysiological 
changes that could be utilized for selective tumor targeting (Iyer et al.  2006 ). As the 
tumor cells multiply and grow to a size of ~1 mm in diameter, they start to form neo-
vasculatures (Voest  1998 ). In order to sustain their growth, the so-formed tumor nod-
ules develop more complex network of blood vessels around them, a process called 
angiogenesis (Folkman  1990 ). The endothelial cells lining the tumor blood vessels 
are highly disorganized and defective in architecture. Moreover, the tumor blood ves-
sels have wide gap junctions leading to “leaky” vascular architectures (Dvorak  1990 ; 
Nagy et al.  1989 ). Apart from the unique anatomical features described above, tumor 
cells secrete elevated levels of permeability mediators such as vascular endothelial 
growth factor (VEGF) [also known as vascular permeability factor (VPF)], bradyki-
nin (BK), prostaglandins (PGs), matrix metalloproteinases (MMPs), nitric oxide 
(NO), and peroxynitrite (Iyer et al.  2006 ; Greish et al.  2003 ; Maeda et al.  2000 , 
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 2001 ). The overproduction of permeability mediators coupled with the anatomical 
and pathophysiological abnormalities leads to extensive accumulation of blood 
plasma components, macromolecules, and nanoparticles into the tumor interstitium 
(Iyer et al.  2006 ; Greish et al.  2003 ; Maeda  2001 ; Yuan et al.  1994 ). This phenome-
non was coined the  enhanced permeability and retention  (EPR) effect, fi rst discov-
ered by Matsumura and Maeda more than three decades ago (Matsumura and Maeda 
 1986 ) (Fig.  10.1 ). In this regard, it is also important to note that polymeric drugs and 
macromolecules with molecular weights >40 kDa (which is above the renal excretion 
threshold) are able to circulate longer in the blood and show prolonged accumulation 
in the solid tumors (Greish et al.  2003 ; Maeda et al.  2001 ; Maeda  2001 ,  2012 ; 
Torchilin  2011 ). The EPR phenomenon was later observed for many types of poly-
mer-drug conjugates, micelles, nanoparticles, and liposomal delivery systems (Iyer 
et al.  2006 ; Maeda et al.  2001 ; Duncan  2003 ; Jain  1987 ; Noguchi et al.  1998 ). Also, 
the tumor tissues were found to have impaired lymphatic clearance due to which the 
accumulation and retention of nanoparticles continued to occur in the tumor as long 
as they could circulate in the blood. Furthermore, the EPR effect was found to be 
more effective if the nanoparticles could escape mononuclear phagocytic systems 
(MPS) and show prolonged circulation half-life in the blood. In this regard, incorpo-
ration of amphipathic molecules such as poly(ethylene glycol) (PEG) on the surface 
of nanosystems was found very useful in facilitating MPS escape and rendering long 
plasma residence time, thus enhancing tumor accumulation (Pasut and Veronese 
 2009 ; Veronese and Pasut  2005 ). For instance, PEG-modifi ed “stealth” liposomes 
encapsulated with doxorubicin could circulate for prolonged periods in the blood and 
exhibited improved tumor accumulation in addition to lowering the toxicities associ-
ated with free form of doxorubicin (Gabizon  1992 ). In general, nanosystems in the 
size range of 20–200 nm have been found effective in permeating and accumulating 
in the solid tumor tissue (Danhier et al.  2010 ), although there has been some indica-
tion that the hyperpermeability of tumor vasculature with wide gap junctions can 
facilitate particles as large as 700 nm to accumulate effectively in solid tumors (Yuan 
et al.  1994 ; Gao et al.  2012 ; Hobbs et al.  1998 ).

     Fig. 10.1    Concept of EPR effect for tumor targeted delivery of polymeric drugs (adapted from 
Iyer et al.  2006  with permissions ©Elsevier B.V.)       
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   Although EPR effect provides a “fi rst pass” for selective accumulation of 
nanoparticles, micelles, and liposomal formulations into the tumor interstitium, their 
intracellular delivery still remains challenging (Torchilin et al.  2001 ). It is critical for 
nanoparticle system to enter into the cancer cells and more importantly, release the 
drug/gene cargo in the right location, for effective cell killing. Intracellular delivery 
to specifi c location within the cells and organelles is essential for almost all antican-
cer drugs and genes. For instance, intracellular delivery of siRNAs and its release in 
the cytoplasm is a key for the success of RNA interference (RNAi) based gene 
silencing strategies (Ganesh et al.  2013a ). In this regard the specifi city and targeting 
ability of nanosystems can be remarkably improved when tumor-targeting ligands 
are used as part of the nano-delivery systems (Fig.  10.2 ) (Torchilin et al.  2001 ; Pasqualini 
et al.  1997 ). Such targeted delivery systems can selectively home to tumor cells that 

  Fig. 10.2    Passive and active tumor drug targeting. The schematic shows the passive and active 
targeting mechanisms of multifunctional image guided nanoparticles and the difference in the 
vasculature of normal and tumor tissues; drugs and small molecules diffuse freely in and out of 
the normal and tumor blood vessels due to their small size, and thus the effective drug concentra-
tion in the tumor drops rapidly with time. Macromolecular drugs and nanoparticles can passively 
target tumors due to the leaky vasculature or the EPR effect; however, they cannot diffuse back 
into the bloodstream due to their large size and impaired lymphatic clearance, leading to enhanced 
tumor accumulation and retention. Targeting molecules such as antibodies or peptides present on 
the nanoparticles can selectively bind to cell surface receptors/antigens overexpressed by tumor 
cells and can be taken up by receptor-mediated endocytosis (active targeting). The image guiding 
molecules and contrast agents conjugated/encapsulated in the nanoparticles can be useful for 
targeted imaging and (noninvasive) visualization of nanoparticle accumulation/localization, as 
well as for mechanistic understanding of events and effi cacy of drug treatment simultaneously 
(reprinted with permissions from Iyer et al.  2012   © Bentham Science)       
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overexpress specifi c receptors or antigens (Marcucci and Lefoulon  2004 ), thereby 
promoting intracellular delivery (Torchilin et al.  2001 ; Ganesh et al.  2013a ; Milane 
et al.  2011b ; Magadala and Amiji  2008 ). Use of such mechanism is called “active” 
tumor targeting (Fig.  10.2 ) (Danhier et al.  2010 ). Thus, active targeting in effect aids 
in more specifi c “secondary” targeting after “primary” targeting based on the 
 EPR-effect and in combination, passive and active targeting provide for increased 
accumulation and penetration of nanoparticles at the tumor site, thereby facilitating 
improved maintenance of high intracellular drug concentrations. Such systems pro-
vide several fold increased effectiveness as compared to free drug administration 
(Dang et al.  1997 ). Indeed currently, active targeting has become a widely recog-
nized potential route for increasing therapeutic indexes in cancer treatment.

   Several ligands or targeting agents can be used to surface decorate nanoparticle 
systems for active targeting to tumors (Lue et al.  2010 ; Rihova  1998 ; Farokhzad 
et al.  2006 ). For example, RGD peptide coupled nanoparticles can target integrin 
receptors (α v β 5  or α v β 3 ) overexpressed on vascular endothelial cells of angiogenic 
blood vessels and tumor cells (Ruoslahti and Pierschbacher  1987 ). In a recent study 
we functionalized poly(epsilon-caprolactone) (PCL) microparticles containing col-
loidal gold with RGD peptide that specifi cally homes to colon tumors overexpress-
ing integrin receptors (Fig.  10.3 ) (Lue et al.  2010 ; Iftimia et al.  2012 ). These particles 
could increase the localization of fl uorescent probes loaded in them for the diagnos-

  Fig. 10.3    RGD peptide functionalized poly(epsilon-caprolactone)-gold microparticle design for 
colon cancer screening. ( a ) Fabrication steps; ( b ) 3D design; and ( c ) scanning electron micrograph 
(SEM) revealing a size of ~1.5 μm for the microparticle. See Lue et al. ( 2010 ) and Iftimia et al. 
( 2012 ) for details          
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tic imaging and screening of colon cancers. There are several such examples in the 
literature where a combination of active and passive targeting has been utilized for 
tumor targeted drug delivery (Danhier et al.  2010 ; Torchilin et al.  2001 ; Ganesh 
et al.  2013a ; Magadala and Amiji  2008 ; Torchilin  2010 ; Keereweer et al.  2012 ; Kim 
et al.  2010 ; Cho et al.  2008 ; Chen et al.  2010a ). In this chapter, we will be discussing 
the use of various targeted and non-targeted delivery systems that are being cur-
rently used for the effective delivery of various nucleic acid drugs.

   Delivery of nucleic acids into cells to alter functions at the genetic level is a 
powerful approach to treat variety of genetic diseases. It can be achieved by intro-
ducing a transgene into specifi c cells of the patient where the endogenous gene is 
under expressing or by introducing a therapeutic agent such as antisense oligonucle-
otides (AON), small interfering RNA (siRNA), or miRNA to inhibit transcription 
and/or translation of an overexpressing endogenous gene or a cancer causing 
 oncogene. Nucleic acids have also been utilized as vaccines for the treatment of 
several diseases, including cancer. However, there are many hurdles to overcome in 
developing effective nucleic acid based therapies, including cellular barriers, enzy-
matic degradation, and rapid clearance after administration. Successful transfer of 
plasmid DNA, siRNA, miRNA, and vaccines into cells therefore needs effi cient 
carriers. The ideal carrier should be safe and ensures that the nucleic acid survives 
the extra-/intracellular environment and can effi ciently transfer the payload to the 
appropriate cellular compartments.  

10.2.2     Barriers to Nucleic Acid Delivery 

 Developing safe and effi cient carriers for nucleic acid delivery (such as plasmid 
DNA, siRNA, miRNA, etc.) for the applications in human therapy has been and still 
remains a major challenge. Although the viral vectors are very effi cient delivery 
vehicles, and have distinct advantages over nucleic acid delivery, they can be toxic, 
immunogenic, potentially activate oncogenes, and/or deactivate tumor suppressor 
genes (Li and Huang  2006 ; Schaffert and Wagner  2008 ). Because of these issues, 
the non-viral/synthetic nanoparticle system has become an increasingly popular 
alternative for nucleic acid delivery. Therefore, synthetic lipids and polymers have 
been developed to offer alternatives to viral vectors for nucleic acid delivery appli-
cations. These non-viral nanoparticle systems are designed and formulated very 
carefully to have appropriate dimensions for cell entry and endocytosis. They are 
also built to avoid stimulation of the immune system. Clearance of larger molecular 
mass lipids/polymers requires them to be biodegradable. The use of biodegradable 
materials would have linkages that can be cleaved inside the cell to reduce toxicity. 
Some of the commonly used delivery systems include lipid based carriers, polymer 
systems, peptides/proteins, and conjugates. Although these non-viral vehicles over-
come number of issues that the viral vectors have, they still struggle to achieve the 
same high transfection effi ciencies. Several attempts have been made over the years 
to improve the systems. Nucleic acid delivery involves similar processes such as 
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condensation, protection, and endosomal release. The mechanism of release from 
the carrier for other nucleic acids such as siRNA, miRNA, and ODNs is however 
different from the plasmid DNA release. Both siRNA and ODNs need to reach the 
cytosol to be a part of the action, whereas the plasmid DNA requires further trans-
port to the nucleus; thus, the siRNA requires an early release (Scholz and Wagner 
 2012 ). Plasmid DNA is condensed in polymeric or peptide based vectors to improve 
the ability to penetrate the nuclear membrane. More commonly, nuclear localization 
signals (NLS) have been exploited for the active transport of plasmids through 
NPC. Various genetic elements can be inserted into the expression cassette to facili-
tate nuclear targeting and modulate transgene expression. 

 Systemic delivery of RNAi therapeutics to the targeted tissue and cells has also 
been proven challenging and has many barriers. Intravascular barriers include engulf-
ment of naked siRNAs by macrophages or degradation by serum nucleases (Czech 
et al.  2011 ). Extracellular nanoparticles, on the other hand, encounter degradation by 
immune cells and ECM. Particles that escape these barriers preferentially traffi c to 
tumors by the EPR effect (Figs.  10.2  and  10.4 ). Naked siRNAs with large molecular 
weight (about 13 kDa) and net negative charge can neither readily enter the cells nor 

  Fig. 10.4    Biological barriers of RNAi delivery (reprinted with permission from Pecot et al.  2011  . 
Nature Reviews Cancer , 11: 59–67, 2011)       

 

10 Nano-Platforms for Tumor-Targeted Delivery of Nucleic Acid Therapies



276

easily escape from the lumen of intracellular membranes. Even with direct injection 
into a targeted site, such as the vitreous humor of the eye, or inhalation directly into 
the lung, siRNAs must evade nuclease activities, penetrate the interstitial space of 
cell matrices, cross cell plasma membranes, escape from endosomes, and then load 
into the RISC complex within the cell cytoplasm to be effective (Peer and Lieberman 
 2011 ). Another problem is that double-stranded RNAs induce undesirable off-target 
effect, like infl ammatory response. Thus, unprotected and unmodifi ed native siRNA 
by far is not used for gene silencing in directed in vivo applications.

   To understand this, we will illustrate appropriate non-viral delivery systems that 
are being currently pursued for the delivery of various nucleic acids and discuss 
how these different systems overcome the issues to mediate effective delivery.   

10.3     Multifunctional Targeted Nano-Platforms 
for Nucleic Acid Delivery 

10.3.1     Plasmid DNA Delivery and Gene Therapy 

 Generally the appropriate synthetic carrier is chosen based on the type of therapeu-
tic molecule. In majority of the studies, the plasmid DNA was delivered to express 
therapeutic transgenes. Electrostatic complexation of plasmid DNA with cationic 
polymers, such as poly(ethyleneimine) (PEI), forms the so-called polyplexes by 
simple electrostatic interactions. Since these are just complexes formed with elec-
trostatic interactions, they might not be stable enough to withstand the harsh serum 
conditions and also could be toxic due to the higher positive charge. Fine-tuning the 
ratio of PEI chain with PEG molecules can stabilize these particles. DeRouchey 
et al. ( 2006 ) showed that they could construct monomolecular plasmid DNA com-
plexes by fi ne-tuning the PEI chain length of a PEG-PEI copolymer resulting in a 
high PEG grafting density and correspondingly to a good stability in salt and serum 
without any aggregation tendency. Apart from the approaches based on PEI based 
polymers, hyper-branched polyamidoamine (PAMAM) dendrimers were also used 
as polymer carriers for plasmid DNA delivery (Patil et al.  2008 ; Lee et al.  2003 ; Sun 
and Zhang  2010 ). To reduce the toxicity and increase the stability of dendrimers, 
amine modifi ed dendrimers have been used. In addition, chitosan was also used as 
an attractive delivery system for plasmid DNA, which shows high biocompatibility 
(Lavertu et al.  2006 ). It was found from previous studies that the high molecular 
weight chitosan offers better nucleic acid complexation and extracellular stability, 
whereas the lower molecular weight ones allow for a more effi cient intracellular 
release. Thus fi nding a balance between these effects is actually important in fi nding 
the right chitosan carrier. 

 In another study, a group from Hopkins has designed and synthesized a series of 
biocompatible and biodegradable polyphosphoramidate (PPA) gene carriers that 
self-assemble with DNA to form micellar nanoparticles (Jiang et al.  2013 ). These 
contain a DNA/PPA complex core and a PEG corona rendering particles more 
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 stability. To have direct access to liver parenchyma cells and to avoid the particles 
being scavenged by the Kupffer cells, researchers undertaking the study used an 
alternative injection route such as retrograde intrabiliary infusion (RII) to transport 
these particles (Jiang et al.  2013 ). By this method, they managed to overcome 
 several key limitations of intravenous (i.v.) delivery and showed signifi cantly higher 
levels of transgene expression in the liver. Authors from the study claim that the 
uniform size and high stability of PEG-PPA/DNA micellar nanoparticles in bile 
containing medium make them excellent candidate for delivering genes through RII. 

 Apart from plasmid DNA-polymer based particles, stealth liposomes could pro-
vide a stable and safe alternative to cationic DNA complexes for effective DNA 
delivery (Li and Szoka  2007 ). Such systems are also easily modifi ed with targeting 
ligands for improved site-specifi c delivery. Direct complexation of plasmid DNA 
with cationic lipids results in self-assembly of the so-called lipoplexes. This again 
leads to physically unstable nanoparticles with irregular morphologies. Alternatively, 
the encapsulation of plasmid DNA in PEG shielded cationic liposomes seems a 
great improvement leading to small particle size and controlled structures of regular 
morphology and good stability. One such example is the stable nucleic acid lipid 
particles (SNALP) formulations consisting of a lipid bilayer including a mixture of 
cationic and neutral lipids and a PEG lipid coating (Morrissey et al.  2005 ). The 
particles were found to be around 140 nm in size, independent of the payload. Some 
previous work has also shown that the plasmid DNA can be encapsulated in neutral 
liposomes that were functionalized with targeting peptide. To improve the pharma-
cokinetics and infl ammatory toxicity of the nanoparticles, PEG has been added to 
the surface of the particles.  

10.3.2     Nucleic Acid Vaccines 

 Effective use of naked nucleic acids as vaccines was one of the most important 
advances in the history of vaccinology. This has been promoted as a new approach 
to prime specifi c humoral and cellular responses to protein antigens. Although the 
nucleic acids showed promise for use as vaccine vectors in experimental animal 
models, they have lacked potency in human clinical trials (Restifo et al.  2000 ). 
Recombinant viral vectors have the advantage of effi cient delivery of the nucleic 
acid payload, but their utility is hampered by antiviral immunity and safety con-
cerns. Injection of naked mRNA or self-amplifying RNA in vivo induces gene 
expression and generates immune responses. However, due to the instability of 
these RNA in vivo, this method resulted in limited potency. Hence, one effective 
way is to formulate the nucleic acid vaccines in synthetic delivery vehicles to 
increase the delivery effi ciency and potency. Among them, nanoparticles such as 
lipid/polymer based and micro-/nanoparticles have emerged as effective vaccine 
adjuvants for cancer therapy (Bodles-Brakhop and Draghia-Akli  2008 ). Cationic 
polymers/lipids can be combined with DNA or RNA to form particulate complexes 
capable of gene transfer into the target cells. Upon systemic administration, a TLR 
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directed cationic lipid/DNA complex (JVRS-100) enters dendritic cells (DCs) and 
macrophages where the DNA binds to and activates Toll like receptors and results 
in anti-tumor responses generated by the innate immune system. This vaccine adju-
vant also induces strong cytotoxic T lymphocyte response. The effi cacy of this vac-
cine has been evaluated in Phase 1 trial for the treatment of leukemia (Bolhassani 
et al.  2011 ). Cationic polymers such as PLL and PEI were most widely used for 
gene therapy and have been utilized for vaccine delivery as well. When they are 
PEG-modifi ed and targeted, they can effectively deliver the nucleic acids to the 
target cells with reduced toxicity (Brown et al.  2000 ). Cationic polymers are gener-
ally effective by non-specifi c stimulation of host immune response as well as by 
direct electrostatic cytotoxic interaction with tumor cells. Another approach to 
deliver nucleic acid vaccines is using microparticle based technology to target anti-
gen presenting cells, APCs (Ulmer et al.  2006 ). Microencapsulation of nucleic acids 
leads to enhancement of CTL responses to encoded proteins (Doria-Rose and 
Haigwood  2003 ). Biodegradable, non-antigenic PLGA microspheres are known to 
be a good choice for this purpose. Antigens encapsulated or complexed with the 
PLGA particles are capable of enhancing humoral and cellular immune responses. 
These nanoparticles have been shown to stimulate immune response as measured by 
an increase in IL2 and IFN-gamma in spleen (Morrissey et al.  2005 ). These PLGA 
polymers can offer long-term release of the contents too. It has been shown that 
these polymers can effectively deliver antigens or adjuvants to a desired location at 
predetermined rates and durations, effectively regulating the immune responses 
over a period of time (Bolhassani et al.  2011 ). It was also reported in the literature 
that these polymers can effectively direct the antigens to APCs by traffi cking 
through local lymphoid tissue for uptake by DCs. Similar to microspheres, PLGA 
NPs are also known to effectively enhance immune responses. In addition, multi- 
functional nano-based dendrimers and biodegradable chitosan nanoparticles are 
also being evaluated for variety of similar cancer therapies (Baker Jr  2009 ). Overall, 
these nanoparticulate forms of delivery promise the advantage of enhanced tumor 
selectivity and longer half-lives, thereby enhancing the effectiveness of the immune 
responses and reduction of systemic toxicity. 

 Apart from delivering plasmid DNA and RNA, a group at Novartis Vaccines 
managed to deliver a self-amplifying RNA using clinically suitable synthetic lipid 
nanoparticles as a means to increase the effi ciency of antigen production and immu-
nogenicity in vivo (Geall et al.  2013 ). For this purpose, researchers involved in the 
study used a self-amplifying RNA based on an alpha virus genome. This contains 
the genes encoding the alpha virus RNA replication machinery but lacks the genes 
encoding the structural proteins. They replaced the structural genes with genes 
encoding antigens. They produced this in vitro by an enzymatic transcription reac-
tion method and encapsulated that in the lipid nanoparticles. Using this system, the 
researchers demonstrated effective delivery of a 9 kb self-amplifying RNA and sub-
stantial increase in immunogenicity compared with unformulated RNA. The same 
group also explored the utility of electroporation method to deliver the self- 
amplifying mRNA. By this method, the investigators involved in the study demon-
strated reported gene expression and immunogenicity of genes encoding HIV 
envelope protein that is comparable to EP delivery of plasmid DNA.  
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10.3.3     siRNA Delivery and Gene Silencing 

 As previously described, therapeutic applications of any type of nucleic acid require 
successful delivery to the host cell and subsequent release in the target components. 
Although there are considerable mechanistic similarities in the delivery of various 
nucleic acids, the mechanism of release from the carrier is different for plasmid 
DNA versus siRNA (Scholz and Wagner  2012 ). As pointed out before, the siRNA 
should be released in the cytosol to be a part of the action, thus requiring an early 
release from the endosome. Synthetic carriers should therefore be designed care-
fully by modulating chemical and physical properties. Just like in plasmid DNA 
delivery, most of the carriers used for siRNA delivery also include cationic lipo-
somes, polymers, etc. siRNA should be encapsulated in these particles to prevent 
the enzymatic degradation by nucleases in the blood circulation and the destabiliza-
tion by electrostatic interactions with serum proteins. The particles need to be accu-
mulated at the target site by EPR effect. Targeting may be necessary to facilitate the 
effective receptor mediated endocytosis followed by the crucial step of endosomal 
release of the siRNA in the cytosol. 

 Several delivery systems have been described for siRNA delivery over the years. 
Of all carriers, currently available, the most widely validated system is the cationic 
lipid-based nanoparticles (LNP) (Bodles-Brakhop and Draghia-Akli  2008 ). These 
lipid based nanoparticles are known to enter the cells by endocytosis, and the theory 
is that certain cationic lipids mediate endosome escape by destabilizing the endosome 
membrane or by causing endosomal rupture via proton sponge mechanism. These 
lipid-based carriers are being used successfully to deliver siRNA to targets such as 
liver and solid tumors. Investigators at Alnylam Pharmaceuticals have advanced its 
RNAi therapeutics (ALN-VSP) using their LNP system into clinic for the treatment 
of liver cancers. ALN-VSP targets two key genes (KSP and VEGF) involved in pro-
gression of liver cancer. The Phase I study demonstrated that the ALN-VSP was well 
tolerated in patients at doses from 0.1 to 1.5 mg/kg. The investigating team also 
showed that the two siRNAs were detected in nearly all the biopsy samples collected 
from livers of the patients. Authors claim that these levels are pharmacologically 
relevant since pre-clinical studies have shown that the same siRNA levels of 1 ng/g 
tissue are associated with 50 % gene silencing (Landesman et al.  2010 ). In addition, 
multiple patients achieved stable disease or better including a patient with endome-
trial cancer metastasis to the liver achieved a complete response in this study. 

 The Alnylam team recently reported the clinical trial data of the fi rst generation 
and second generation nanoparticle formulations, ALN-TTR01 and ALN-TTR02, 
for the treatment of transthyretin (TTR)—a protein that transports thyroxine and 
retinol—mediated amyloidosis (ATTR) in a recent issue of the  New England 
Journal of Medicine  (Coelho et al.  2013 ). In this study, the authors found that the 
second generation nanoparticles ALN-TTR02 showed exceptional improvement in 
gene silencing effi cacy without any loss in tolerability and reported that they 
achieved 94 % reduction of serum TTR and nearly 80 % level of suppression sus-
tained for 1 month with just a single siRNA dose. The investigating team also 
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reported evidence showing that as little as 50 % reduction of the disease causing 
protein can result in disease improvement. 

 In addition ,  researchers at Alnylam and MIT have also recently developed a class 
of lipid like carriers that are currently 100 times more effi cient at delivering siRNA 
than the previously described cationic liposome systems (LNP) (Akinc et al.  2009 ). 
They screened a novel combinatorial cationic lipidoid library and found a number 
of effective systemic deliverable vehicles for siRNA. In addition to demonstrating 
in vitro activity in multiple cell lines, they also demonstrated in vivo effi cacy against 
multiple targets in multiple animal species including non-human primates. 

 Although these cationic liposomes/lipidoids are the most popular siRNA deliv-
ery agents so far, there are some concerns still remaining regarding their safety for 
therapeutic use. Excessive positive charge is thought to be associated with certain 
negative consequences in vivo. They are most likely to non-specifi cally bind with 
biological surfaces, serum proteins and lead to rapid clearance. 

 Conjugating small molecules, peptides, proteins, polymers, and aptamers to 
siRNA are another class of carriers and are known to improve the stability, cellular 
internalization, or cell specifi c active targeting delivery (Jeong et al.  2009 ; Akhtar 
and Benter  2007 ; David et al.  2010 ). Cholesterol conjugated siRNA, upon systemic 
administration, silenced the expression of an endogenous gene encoding ApoB in 
the liver and jejunum, and reduced the plasma apoB levels as well as the total cho-
lesterol level, whereas the naked siRNA did not show any activity in these tissues 
(Anderson et al.  2004 ). However, it has been demonstrated that these conjugates 
need to be administered at very high doses to be active in mice. Surprisingly, no 
off-target effect or immune stimulation was reported despite the higher doses used. 
Alnylam recently attached monosaccharides called  N -acetylgalactosamine 
(GalNAc) to the siRNA that helps to cross the membrane. The conjugated siRNA- 
GalNAc conjugates targeted the liver as hepatocytes express the asialoglycoprotein 
receptor (ASGPR) to which GalNAc binds. This endocyte cell membrane receptor 
is known to be triggered by the GalNAc binding event to internalize the conjugate 
by endocytosis and mediate drug delivery. Alnylam recently implemented this 
approach in its drug called ALN-AT3 for the treatment of hemophilia in clinic. 

 Cationic polymers also readily bind and condense large nucleic acids and serve 
as effi cient transfection agents. Because of this cationic nature, they were also 
shown to stimulate endocytosis and endosome escape. These polymers are widely 
divided into 2 classes such as natural polymers (chitosan, atelocollagen, or cyclo-
dextrin) and synthetic polymers (PEI, PLL, and dendrimers) (Wang et al.  2010 ). 
Cyclodextrin, a natural polymer, has been developed as a delivery vehicle to effi -
ciently deliver siRNA to tumors (Hu-Lieskovan et al.  2005 ). β-cyclodextrin 
 containing polycations has been self-assembled with adamantane conjugated with 
PEG5000 and transferrin ligand to target transferrin receptors on the cell surface. 
These nanoparticles seemed to be stable in the bloodstream. Unlike the cationic lipo-
somes, transferrin targeted cyclodextrin polymer particles did not elicit any immune 
stimulatory effects in mouse models. They also demonstrated good safety profi le in 
nonhuman primates (Heidel et al.  2007 ). Not only did they demonstrate good effi cacy 
in a number of different pre-clinical models, they also showed activity and effi -
cient gene silencing in human cancer patients in clinic recently (Davis et al.  2010 ). 
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PEI is a synthetic polymer and it has been broadly investigated for nucleic acid 
delivery. PEG-modifi ed PEI with RGD ligand has been extensively studied by 
Schiffelers et al. for siRNA delivery to target angiogenesis (Temming et al.  2005 ). 
Since the commonly used branched PEI is generally known to cause severe toxicity, 
the use of higher molecular weight unmodifi ed PEI is likely to be limited. Several 
groups have been successful in minimizing the toxicity by using low-molecular 
weight or biodegradable PEI, although this favors the plasmid delivery than the 
siRNA delivery in mouse models. As an alternative to PEI carriers, PLGA is another 
extensively studied copolymer for delivery. As compared to cationic polymers and 
lipids, it has the advantage of lower toxicity. Tertiary amine modifi ed polyvinyl 
alcohol backbones grafted to PLGA yielded rapid degradation properties for siRNA 
release. Incorporation of PEI into PLGA nanoparticle further improved the loading 
and activity. Dendrimers are another class of synthetic, cationic macromolecules 
that are being used as a carrier for small molecular drugs and large biomolecules 
(Wang et al.  2010 ). Although the most advanced delivery system at present includes 
a cationic group for ionic interaction with siRNA (PEG for steric hindrance, an 
endosomolytic group for endosome escape and a targeting ligand for specifi c deliv-
ery), several researchers have been working to come up with a non-condensing 
lipid/polymer agent as an siRNA/miRNA carrier to minimize the toxicity effects 
coming from the cationic charged molecules. 

 In addition, we have developed a self-assembled hyaluronic acid (HA) based 
nanosystem to effectively deliver siRNA and chemotherapeutic drugs specifi cally to 
tumors (Ganesh et al.  2013a ,  b ). HA, also called hyaluronan, is a naturally occurring 
polysaccharide and the only non-sulfated glycosaminoglycan that is abundant in 
extracellular matrix and synovial fl uids of all vertebrates. This highly negatively 
charged anionic polymer is composed of alternating disaccharide units of  
D - GLUCURONIC  acid and  N -acetyl  D  glucosamine with β (1–4) interglycosidic linkage. 
CD44 has been identifi ed as HA receptors and is known to be overexpressed in 
many types of cancer cells, demonstrating enhanced binding and internalization of 
HA. In addition to the targeting ability, the HA polymer also has several favorable 
properties to be an excellent delivery vehicle. It is biodegradable, biocompatible, 
nontoxic, non-immunogenic, and noninfl ammatory, which makes it even more ideal 
for a drug delivery application. A relatively simple chemical structure also allows 
HA to be further modifi ed to create a wide range of possible drug delivery carriers. 

 To make use of the favorable properties of HA, we have synthesized a series of 
functionally variant library of self-assembling CD44 targeting HA based macro-
structures by varying the carbon chain length, nitrogen content, and polyamine side 
chain grafting onto the HA backbone. The modifi cation of anionic HA polymer 
resulted in the effective lowering/shielding of its negative charge density that could 
enable siRNA encapsulation. After screening a library of derivatives, we chose a 
PEI modifi ed HA nanosystem for siRNA delivery and ODA modifi ed HA system 
for cisplatin delivery. For in vivo applications, we also added an additional compo-
nent of HA-PEG to the HA-PEI system to improve the half-life of the system in 
circulation. We demonstrated target specifi c delivery of multiple siRNAs to tumors 
that overexpress CD44 and specifi c delivery of cisplatin to the same tumors using 
these HA based nanosystems (Ganesh et al.  2013a ,  b ).  
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10.3.4     siRNA/Drug Combination Delivery 

 Drug-gene combination delivery has promising potentials for treating refractory 
diseases such as MDR cancers. Since one of the goals of our study was to reverse 
the drug resistance in cisplatin resistant tumors, in our lab, we used these HA based 
systems to effectively deliver siRNA and cisplatin to ultimately reverse the resis-
tance. To do this, we initially picked the resistant tumors that overexpress CD44 and 
identifi ed the resistant genes that are expressed in those cells. After careful design-
ing and screening of multiple siRNA sequences to target those resistant genes in the 
resistant cells, we picked the most effi cacious sequences (Ganesh et al.  2013b ). We 
also modifi ed those siRNAs to minimize the off-target effects coming from the 
unmodifi ed sequences. Using our systems described before, we managed to fi rst 
down regulate the resistant genes such as survivin and bcl2 using our HA-PEI/
HA-PEG system carrying the corresponding siRNAs and sensitized the resistant 
tumors to cisplatin. Then we delivered cisplatin using our selected HA-ODA system 
to enhance the cell killing of the already sensitized cells. By delivering siRNA and 
a chemotherapeutic drug separately in two different systems, we demonstrated syn-
ergistic effect in killing (Ganesh et al.  2013b ). The tumor growth inhibition was 
signifi cantly improved in the tumors that had combination treatment (~60 %) when 
compared to the tumors that had single agent treatment (~30 %). 

 Apart from our study, few other groups also work on these combination strate-
gies using siRNA and chemotherapeutic drugs. In this regard, a group from Rutgers 
University managed to co-deliver siRNA and doxorubicin together using a cationic 
liposome system and demonstrated synergistic effect in resistant cells (Saad et al. 
 2008 ). Leaf Huang and colleagues developed two different but novel nanoparticle 
formulations such as cationic liposome-polycation-DNA (LPD) and anionic 
liposomepolycation- DNA (LPD-II) for systemic delivery of doxorubicin and thera-
peutic siRNA to MDR tumors to overcome the drug resistance for cancer therapy 
(Chen et al.  2010b ). For the fi rst time they demonstrated that they could co-deliver 
siRNA and a chemotherapeutic agent to drug resistant tumor using two different 
multifunctional delivery systems.  

10.3.5     MicroRNA Delivery 

 Certain miRNAs are known to be down-regulated in cancer cells and they increase 
the translation of oncogenes and hence formation of tumors. Therefore, recovering 
the expression of the down-regulated miRNAs by the introduction of miRNA mim-
ics into the cells may reduce cancer progression. On the other hand, when miRNAs 
are up regulated in cancer cells, they block the tumor suppressor genes and lead to 
tumor formation (Garzon et al.  2010 ; McManus  2003 ; Visone and Croce  2009 ). One 
of the strategies to target these overexpressed miRNA expression in cancer is the 
use of oligonucleotides or antagomirs to block the expression. The key challenge in 
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achieving effective miRNA therapeutics therefore is the development of an effi cient 
delivery system, which can specifi cally deliver antagomirs or miRNA mimics to 
target cells in living animals. 

 Atelocollagen, a low immunogenic cationic biomaterial, has been used in the 
clinic for a wide range of purposes including wound healing, etc. It has been also 
shown previously that this atelocollagen system can be used for successful delivery 
of plasmid DNA, AON, and siRNA both in vitro and in vivo (Ochiya et al.  1999 ). 
Recently this system has been utilized for delivery of tumor suppressor miRNAs 
down-regulated in cancer cells as a strategy to prevent cancer cell metastasis. Mouse 
tail-vein injection of miR-16 complexed with atelocollagen signifi cantly inhibited 
the growth of prostate tumors in bones in a therapeutic bone metastasis model. In 
addition, the same group also intravenously injected a complex of miR-143 and 
atelocollagen once in 3 days for 3 weeks and signifi cantly suppressed the lung 
metastasis of metastatic human osteosarcoma cell lines (Takeshita et al.  2010 ). miR- 
143 was known to be the most down-regulated miRNA in metastatic human osteo-
sarcoma cell lines relative to the parental cell line, and miR-16 was known to be the 
lowest expressing one in prostate cancer cells. 

 Bader and his group identifi ed the tumor suppressor miRNA, let-7, in majority of 
NSCLC cells and patient samples and used the concept to reintroduce this miRNA 
mimics to cells/tumors to reactivate cellular pathways to drive a therapeutic response. 
Studies have shown that the reduced let-7 was signifi cantly associated with short-
ened postoperative survival and overexpression resulted in the inhibition of lung 
cancer cell growth (Trang et al.  2010 ). Using a neutral lipid delivery system, Bader 
et al., effi ciently delivered the miRNA mimic to cells and demonstrated signifi cant 
growth inhibition and proliferation. They also demonstrated lung tumor growth 
inhibition in sc NSCLC tumors (H460) that lack the expression of let-7 using the 
same delivery system (Trang et al.  2010 ). In addition, it was also demonstrated that 
let-7g works against the oncogene K-ras that has a crucial role in the proliferation of 
lung cancer cells, especially in the cells with K-ras mutations. Given this informa-
tion, this group also demonstrated a signifi cant tumor growth inhibition/antitumor 
effi cacy in a genetically engineered K-ras mutated oncogenic mouse model, a model 
that resembles very closely with actual human lung cancer (Trang et al.  2011 ). 

 In another study, transferrin-targeted protamine-containing liposomes were 
developed to deliver miRNA (Liang et al.  2011 ). miR29b is a member of the miR- 29 
family, which downregulates the cellular expression of antiapoptotic Mcl-1 proteins. 
The formulation was designated as Tf-LPmR, has protamine to increase the delivery 
effi ciency and transferrin ligand for receptor mediated internalization in leukemia 
cells (K562) that overexpress transferrin receptors. It was demonstrated that    this Tfr 
targeted system containing miR29b liposome formulation resulted in enhanced bio-
logical effects on the suppression of the target gene’s expression (effi cient inhibition 
of Mcl-1 expression at the mRNA and protein levels) compared with the nontargeted 
or non-protamine-containing liposomes (Rai et al.  2011 ). Leaf Huang’s group dem-
onstrated effi cient miRNA delivery using a tumor targeted delivery system into 
experimental lung metastasis of murine B16F10 melanoma. In this study research-
ers developed a liposome-polycation-hyaluronic acid nanoparticle system modifi ed 
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with a tumor targeting single chain antibody fragment (scFv) for systemic delivery 
(Chen et al.  2010a ). Delivery of miR34a using this system demonstrated apoptosis, 
inhibition of survivin expression, and downregulation of MAPK pathway in B16F10 
cells. Systemic delivery of miR34a using this system signifi cantly downregulated 
survivin expression in the metastatic tumor and reduced tumor load in the lung. 

 Apart from using liposome systems, a number of groups also worked on polymer 
delivery system for the same purpose. One such example was using PLGA based 
nanoparticles. PLGA was extensively studied for its ability to deliver different ther-
apeutic agents. These polymer-based nanoparticles were shown to escape from the 
endosomal compartment to the cytoplasmic compartment and release its contents 
over longer periods of time (Bian et al.  2013 ; Lu et al.  2009 ). These    features ren-
dered PLGA nanoparticles as a potential tool for delivering oligonucleotide/miRNA 
effi ciently. A group from China has modifi ed the biodegradable PLGA nanoparti-
cles with a polyplexed PEI coating, in which the PLGA acts as the core and cationic 
PEI as the shell with an aim of encapsulating negatively charged nucleic acids. With 
the help of cationic shell, they effi ciently encapsulated miR-26a, a cell cycle sup-
pressor, and demonstrated effi cient delivery to human hepatocellular carcinoma 
cells such as HepG2 cells (Liang et al.  2011 ). This signifi cantly increased the 
expression levels of miR-26a and inhibited the cell cycle progression by the induc-
tion of G1 phase arrest in transfected HepG2 cells. These PLGA nanoparticles also 
showed a better safety profi le compared to PEIs and liposomes. In another instance, 
Paulmurugan et al. encapsulated chemically modifi ed antagomirs in PLGA nanopar-
ticles and showed effi cient internalization and sustained release into cells. They also 
demonstrated tumor regression with the delivery of antagomirs. The results showed 
that the PLGA used for antagomir delivery is not only effi cient in crossing the cell 
membrane but also can maintain functional intracellular antagomir level for an 
extended period of time and achieve therapeutic effect in living animals. 

 A highly branched dendritic polymer including poly(amidoamine, PAMAM) has 
attracted interest as nucleic acid delivery vectors (Rahbek et al.  2010 ). The presence 
of primary amine groups on their branched surface binds nucleic acids, compacts it 
into polyplexes, and promotes cellular uptake in a wide variety of cultured cells. 
Primary amines on the surface also make it possible to conjugate suitable ligands 
such as transferrin for tumor or brain delivery. Overexpression of miR-21 plays a 
key role in majority of cancers. Downregulation of miR-21 therefore leads to repres-
sion of cell growth, increased cellular apoptosis, and cell cycle arrest, which can 
theoretically enhance the chemotherapeutic effect in cancer. Zhou et al. used this 
PAMAM dendrimer as a carrier polymer to co-deliver anti-miR21 and 5- fl uorouracil 
to achieve delivery of miRNA to human glioblastoma cells and enhance the cytotox-
icity of 5-FU. With the help of positively charged primary amine groups, the miRNA 
gets encapsulated easily. Because of the presence of well-defi ned cavities and open 
architecture in PAMAM, guest molecules such as 5-FU get encapsulated into the 
macromolecular interior through hydrophobic interactions. Through their charge- 
based interactions, 5-FU-PAMAM could conjugate with miR21 (Ren et al.  2010 ). 
With this system, the authors demonstrated signifi cant improvement in cytotoxicity 
of 5-FU and dramatic increase in apoptotic percentage of U251 cells. They also 
showed that this co-delivery brought down the migration ability of tumor cells, 
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 suggesting that the co-delivery system may have an important clinical application in 
the treatment of miR21 overexpressing glioblastoma. 

 Once the role of specifi c miRNA in disease pathogenesis is established, selecting 
anti-miRNA or miRNA mimics and appropriate delivery strategies will be the next 
critical steps for successful therapy. It is the hope that this miRNA therapeutics with 
the help of an effective and safe delivery system will soon lead to effective treat-
ments for undruggable targets.   

10.4     Conclusions and Future Prospects 

 Gene therapy offers great opportunities for the treatment of several diseases includ-
ing cancer. Designing synthetic carriers to specifi cally reach the target tissues and 
release the cargo has become a research fi eld of increasing interest. Despite signifi -
cant progress in the fi eld over the years, improving the safety and effectiveness of 
nucleic acid carriers for the application in human therapy still remains a major chal-
lenge. We have discussed some of the recent developments in solving some of the 
delivery issues for successful nucleic acid therapies in vitro and in vivo. Although 
each system has its own merits and shortcomings, multifunctional nanosystems 
have shown tremendous potentials for nucleic acid therapy. In addition to come up 
with an ideal system that specifi cally reaches the target tissue, there are other aspects 
of these carriers that should also be considered. Further advancements in gene deliv-
ery research also depend greatly on the development and scale-up of nano-based 
materials to be used in the clinical settings (Desai  2012 ). The manufacture of 
nanoparticles requires multiple steps involving multicomponent systems. In many 
cases, the small-scale processes achieve reproducibility with well-characterized 
components, but the reproducibility and consistency remain a constant challenge for 
scale-up and manufacturing process of complex nanoparticle systems. The formula-
tion process must be robust to ensure reproducibility. All the nanoparticle systems 
discussed in this chapter, in addition to having lipid or polymer material, also have 
complex components such as proteins or nucleic acids as integral part, which may 
be sensitive to the manufacturing process conditions. In the multi-step process, it is 
therefore important to carry out in-process testing for critical parameters with reli-
able and rapid analytical methods. Liposome systems are in the clinic and these 
provide a good example to illustrate the issues of scale-up, stability, and importance 
of critical process parameters. Differing    the process methods are reported to create 
liposomes with multilamellar vesicles, small unilamellar vesicles, or large unila-
mellar vesicles with instability (Zhu et al.  2007 ). It is therefore very important to 
carefully consider and evaluate the critical manufacturing parameters during the 
development process. The better one can understand these components and prod-
ucts in early stages of development, the more likely the successful reproducible 
manufacturing process will be achieved. The National Cancer Institute’s Alliance 
for Nanotechnology in Cancer established the Nanotechnology Characterization 
Laboratory (NCL) as a resource for robust preclinical characterization of 
the nanoparticle systems prior to Investigational New Drug (IND) application. 
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In addition, the FDA has also highlighted the importance and challenges of nano-
technology in a draft guidance document. 

 Some of the nanoparticles discussed in this section have utilized the concept of 
self-assembly, where two or more components can be mixed together under appro-
priate conditions at the bedside to create particles as the fi nal product for human use 
(Davis  2009 ; Eifl er and Thaxton  2011 ). In    this case, only the individual components 
should be manufactured and there is no need to create a nanomedicine as a fi nished 
product, which signifi cantly reduces the cost and the complexity of the process. But, 
however, despite these advantages, this method also raises several questions: if the 
product made at the bedside makes the same reproducible structure of nanomedi-
cine that was made at the shelf and, in that case, if these products should be sub-
jected to some release tests at the bedside to make sure the product is made the way 
it was made and characterized at the shelf. One such example is the CALA-001, the 
transferrin targeted cyclodextrin polymer nanoparticles, the fi rst targeted system to 
reach the clinical trial to treat cancer (Davis  2009 ). The individual components were 
just mixed at the bedside before injecting into humans. However, the pharmaceuti-
cal company, which brought this to clinic, has established a quality control and 
quality assurance program, including a set of standard operating procedures and 
specifi cations, designed to ensure that its products are manufactured in accordance 
with the current Good Manufacturing Practices or cGMPs. As discussed, some of 
the issues need careful consideration as policies and guidelines evolve for nanopar-
ticle products in the future.     
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    Chapter 11 
   Multifunctional Gold Nanocarriers for Cancer 
Theranostics: From Bench to Bedside 
and Back Again? 

                João     Conde     ,     Furong     Tian    ,     Pedro     V.     Baptista    , and     Jesús     M.     de la     Fuente   

11.1            Introduction 

    The National Cancer Institute predicts that over the next years, nanotechnology will 
result in important advances in early detection, molecular imaging, targeted and 
multifunctional therapeutics, prevention and control of cancer (National Cancer 
Institute  2010 ). Nanotechnology offers numerous tools to diagnose and treat cancer, 
such as new imaging agents, multifunctional devices capable of overcoming bio-
logical barriers to deliver therapeutic agents directly to cells and tissues involved in 
cancer growth and metastasis, and devices capable of predicting molecular changes 
to prevent action against precancerous cells (Baptista  2009 ). 

 Nanoparticle-based delivery systems in Theranostics (Diagnostics & Therapy) 
provide better penetration of therapeutic and diagnostic substances within the body 
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at a reduced risk in comparison with conventional therapies (Ma et al.  2011 ; 
Praetorius and Mandal  2007 ). Limitations in medical practice are intimately associ-
ated with the fact that diagnostics, therapy, and therapy guidance are mostly sepa-
rate from each other. It is here that theranostics unites the three stages in one single 
process, supporting early-stage diagnosis and treatment, overcoming some of the 
sensitivity and specifi city of current medicines (Lammers et al.  2010 ,  2011 ; Pene 
et al.  2009 ). At the present time, there is a growing need to enhance the capability 
of theranostics procedures where nanoparticle-based sensors may provide for the 
simultaneous detection of several gene-associated conditions and nanodevices with 
the ability to monitor real-time drug action. These innovative multifunctional nano-
carriers for cancer theranostics may allow the development of diagnostics systems 
such as colorimetric and immunoassays, and in therapy approaches through gene 
therapy, drug delivery, and tumor targeting systems (Fig.  11.1 ).

   Nowadays the main challenge is to develop a system for molecular therapy 
capable of circulating in the blood stream undetected by the immune system and 
capable to recognize the desirable target and signal it for effective drug delivery 

  Fig. 11.1    Nanocarriers for cancer theranostics. Nanoparticles-based strategies can be used for 
biosensing using plasmonic nanosensors for colorimetric assays and bio-barcodes for protein 
detection or intense labels for immunoassays. Moreover, the use of metal surfaces to enhance the 
Raman scattering signal of target molecules may be used for cancer diagnostics. Engineered nano-
carriers can also act as therapeutic agents via gene silencing and drug delivery systems. Some 
nanocarriers can be attached to specifi c targets for selective damage to cancer cells through tumor 
targeting approaches       
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or gene silencing. As a result, nanotechnology is playing a role in providing new 
types of nanotherapeutics for cancer that have the potential to provide effective 
therapies with minimal side effects and with high specifi city (Heath and Davis 
 2008 ). The interdisciplinary and vibrant field of nanotechnology continues 
giving us hope of a personalized medicine as a part of cancer patient manage-
ment. Gold nanoparticles (AuNPs) are one of those nanosystems that provide 
non-toxic carriers for drug and gene delivery applications (Nishiyama  2007 ; 
Ghosh et al.  2008a ). They are versatile agents with a variety of biomedical appli-
cations including use in highly sensitive diagnostic assays (Goodman et al. 
 2004 ), thermal ablation, and radiotherapy enhancement (Hirsch et al.  2003 ; 
Hainfeld et al.  2004 ,  2008 ), as well as drug and gene delivery (Hong et al.  2006 ; 
Thomas and Klibanov  2003 ). 

 The unique characteristics of AuNPs in the nanometer range, such as high 
surface- to-volume ratio or size-dependent optical properties, are drastically differ-
ent from those of their bulk materials and hold pledge in the clinical fi eld for disease 
therapeutics (Kim  2007 ; Heath and Davis  2008 ). Nanoparticles (NPs) exhibiting 
these unique and broad-based optical properties, ease of synthesis and facile surface 
chemistry and functionalization, and appropriate size scale are generating much 
eagerness in clinical diagnostics and therapy. The most common applications in 
which gold nanocarriers have been used so far are labeling, delivering, heating, 
sensing, and detection (Sperling et al.  2008 ). 

 In spite of these advantages, nanoparticles show some limitations, such as their 
small size and large surface area can lead to particle–particle aggregation and may 
result in limited loading of functional components and burst release. In fact, only 
NPs with the appropriate size (and surface chemistry) will not be immediately 
recognized by our immune system and committed to removal from the organism, 
thus showing increased circulation times. Also, size and surface properties play an 
important role to avoid clearance (Sperling and Parak  2010 ). For example, hydro-
philic nanoparticles with an effective size in the range of 10 to 100 nm are small 
enough to slow down activation of the mononuclear phagocyte system and are 
big enough to avoid renal fi ltration (Gil and Parak  2008 ). Nanoparticles with unique 
and broad-based optical properties, ease of synthesis and facile surface chemistry 
and functionalization, and appropriate size scale are generating much eagerness in 
biotechnology and biomedicine with particular emphasis in clinical diagnostics 
and therapy (Doria et al.  2012 ). However for the biological application of these 
multifunctional NPs, their functionalization with one or several biomolecules such 
as DNA/RNA, oligonucleotides (i.e., ssDNA/RNA, dsDNA/RNA), peptides and 
antibodies, fl uorescent dyes, polymers, drugs, tumoral markers, enzymes, and other 
proteins that will introduce several functionalities and moieties is necessary. In the 
end the conjugation strategy is directly dependent on a numbers of factors, namely 
the NPs size, surface chemistry and shape, as well as the type of ligands and 
functional groups one desires to exploit in the functionalization (Sperling and 
Parak  2010 ). 

 When referring to cancer therapy, targeting and localized delivery are of utmost 
importance to enhance the therapeutic effect and decrease the adverse distribution to 
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healthy organs and tissues. Multifunctional gold nanocarriers may potentiate the 
development of individualized cancer therapy based on the individual’s biological 
information within the tumor (i.e., biomolecular profi ling). Gold nanocarriers can be 
modifi ed with multiple cell-targeting and membrane translocating peptides, loaded 
with DNA/RNA and used as nanovectors (Gil and Parak  2008 ; Peer et al.  2007 ). 

 In this chapter, we will focus on the exciting new methods and applications of 
AuNPs for cancer diagnosis and therapy with particular emphasis on their use 
in vivo and their potential to be translated into clinical settings.  

11.2     Nanodiagnostics 

 Nanodiagnostics can be defi ned as the use of nano-sized materials, devices, or sys-
tems for diagnostics purposes (Doria et al.  2007 ). It is a promising fi eld as more and 
improved techniques are becoming available for clinical diagnostics with increased 
sensitivity at lower costs (Baptista et al.  2005 ,  2006 ,  2008 ; Doria et al.  2007 ). 

 The use of the colloidal gold color change upon aggregation is the best character-
ized example for diagnostic systems using AuNPs. In fact, AuNPs functionalized 
with ssDNA capable of specifi cally hybridizing to a complementary target for the 
detection of specifi c nucleic acid sequences in biological samples have been exten-
sively used (Li and Rothberg  2004 ; Mirkin et al.  1996 ; Thaxton et al.  2006 ; Cheng 
et al.  2006 ; Baptista et al.  2008 ; Doria et al.  2007 ; Taton et al.  2000 ; Qin and Yung 
 2007 ; Sato et al.  2003 ,  2005 ; Elghanian et al.  1997 ). 

 The use of thiol-linked ssDNA-modifi ed gold nanoparticles for the colorimetric 
detection of gene targets represents an inexpensive and easy to perform alternative 
to fl uorescence or radioactivity-based assays (Storhoff et al.  2004 ). In 1996,  Mirkin  
et al. ( 1996 ) described the use of a cross-linking method that relies on the detection 
of single-stranded oligonucleotide targets using two different Au-nanoprobes, each 
of them functionalized with a DNA-oligonucleotide complementary to one half of 
the given target. A mixture of gold nanoparticles with surface-immobilized non- 
complementary DNA sequences appears red in color and has a strong absorbance at 
520 nm. When a complementary DNA sequence is added, the nanoparticles are 
reversibly aggregated causing a red shift in the surface plasmon absorbance to 
574 nm, and the solution becomes purple in color. Consequently, these AuNPs 
reversibly assemble by the formation of the DNA duplex, linking the particles 
together. These pioneer works gave the research community the idea of an easy 
method to sensitize oligonucleotide–AuNP conjugates, with intense and highly tun-
able optical properties, ease of conjugation through the gold–thiol bond, catalytic 
properties, and relative biocompatibility (Thaxton et al.  2006 ; Cao et al.  2005 ). 

 On the other hand, in 2005 Baptista et al. introduced a non-cross linking method 
where thiol-linked DNA–gold nanoparticles were used in a novel colorimetric 
method to detect the presence of specifi c mRNA from a total RNA extract of yeast 
cells (Baptista et al.  2005 ). The method consists in visual and/or spectrophotometric 
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comparison of solutions before and after salt induced Au-nanoprobe aggregation 
(see Fig.  11.2 )—the presence of a complementary target prevents aggregation and 
the solution remains red and has a strong absorbance at ±520 nm; non-complemen-
tary/mismatched targets do not prevent Au-nanoprobe aggregation, resulting in a 
visible change of color from red to blue and therefore a shift in the surface plasmon 
absorbance to 600–650 nm. This method has been successfully applied to detect 
eukaryotic gene expression without retro-transcription or PCR amplifi cation steps 
(Conde et al.  2010b ; Baptista et al.  2005 ); to distinguish fully complementary from 
mismatched sequences, with a single base mismatch, i.e., to detect common muta-
tions within the β-globin gene (Doria et al.  2007 ); and in a fast and straightforward 
assay for  Mycobacterium tuberculosis  DNA detection in clinical samples (Costa 
et al.  2009 ; Baptista et al.  2006 ).

   Other approaches are the use of AuNPs as a core/seed that can be tailored with a 
wide variety of surface functionalities to provide highly selective nanoprobes for 
diagnosis (You et al.  2007 ); the utilization of surface plasmon resonance (SPR) scat-
tering imaging or SPR absorption spectroscopy generated from antibody conjugated 
AuNPs in molecular biosensor techniques for the diagnosis and investigation of oral 
epithelial living cancer cells in vivo and in vitro (El-Sayed et al.  2005a ); the use of 
multifunctional AuNPs which incorporate both cytosolic delivery and targeting 
moieties on the same particle functioning as intracellular sensors to monitoring 
actin rearrangement in live fi broblasts (Kumar et al.  2007 ); and the employment of 
AuNPs in electrochemical based methods that can be coupled with metal deposition 
for signal enhancement (Castaneda et al.  2007 ). 

 Gold NPs have already proven to be one of the most important groups of nano-
materials for biosensing approaches. Highly sensitive and specifi c biosensors based 
on AuNPs have open up the possibility of creating new diagnostic platforms for 
disease markers, biological and infectious agents in the early-stage detection of 
disease and threats, especially in cancer (Conde et al.  2012b ; Doria et al.  2012 ). 

11.2.1     Gold Nanocarriers in Cancer Diagnosis 

 Cancer is the one of fi rst leading causes of mortality in the modern world, with more 
than 10 million new cases every year (Hanahan and Weinberg  2000 ; Siegel et al. 
 2012 ). Some continue to argue that the search for the origin and treatment of this 
disease will continue through the next quarter of century, adding successive layers 
of complexity to an investigation that per se is very complex. In fact, advances in 
diagnosis and treatment of this disease that kills millions of people each year world-
wide have not been as effective as for other chronic diseases, and only for some 
types of cancer there are effective methods of detection (Hanahan and Weinberg 
 2000 ). The high mortality rate in cancer is commonly attributed to the diffi culties in 
detecting the disease at an early treatable stage. The main challenge is to fi nd new 
and more effective diagnostic agents for the monitorization of predictive cell 
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  Fig. 11.2    The colorimetric assay. ( a ) Oligonucleotide probe and target sequences designed for 
BCR–ABL b3a2 (e14a2) junction and for BCR and ABL genes. Complementary and non- 
complementary target sequences were used to study the level of specifi c interaction between the 
target and the Au-nanoprobes. BCR–ABL fusion positive (100 % complementary); BCR and ABL 
gene sequences were used as controls (50 % non-complementary); and a completely unrelated 
sequence (100 % non-complementary) was used as negative control. ( b ) The assay is based on the 
increased stability of the Au-nanoprobes upon hybridization with the complementary target in 
solution, while non-hybridized Au-nanoprobes easily aggregate once the solution’s ionic strength 
is increased. The absence of full complementarity is revealed by a change of color from  red  to  blue  
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molecular changes that are involved in tumor development as the key to the effi cient 
and ultimately triumphant treatment of cancer is early and accurate diagnosis 
(Etzioni et al.  2003 ). 

 It is here that nanotechnology enters the fi ght in the technological leap of con-
trolling materials at nanoscale by offering a “big revolution” in new medical and 
healthcare diagnostic systems (Gil and Parak  2008 ). In fact, nanotechnology com-
bined with biology and medicine is the most advanced technology both from an 
academic point-of-view and for commercial applications, producing major advances 
in molecular diagnostics and bioengineering (Giljohann et al.  2010 ; Salata  2004 ). 
AuNPs are one of those nanosystems that provide non-toxic carriers with a variety 
of biomedical applications including use in highly sensitive diagnostic assays 
(Conde et al.  2012b ; Doria et al.  2012 ). 

 In reality the multiplexed marker protein assays are critical in the diagnosis of 
complex diseases like cancer. In fact, AuNP probes barcoded with reporter DNAs 
and a capture antibody have been extensively used with great promise (Stoeva et al. 
 2006 ; Son and Lee  2007 ). For instance, AuNP immunoassays are one of the most 
used nanosystems in cancer detection. Mirkin and co-workers developed an ultra-
sensitive method for detecting protein analytes. This facile immunoassay was used 
for the detection of prostate specifi c antigen (PSA, a valuable biomarker for prostate 
cancer screening) and had an almost one million-fold higher sensitivity than a con-
ventional ELISA-based assay (Nam et al.  2003 ). This study was the fi rst step to use 
6 years later the AuNP bio-barcode assay probe for the detection of PSA in a clini-
cal pilot study with 18 men who have undergone radical prostatectomy for prostate 
cancer. This new bio-barcode PSA assay is approximately 300 times more sensitive 
than commercial immunoassays (Thaxton et al.  2009 ). 

 Also, Huang et al. have reported a PSA immunoassay on a commercially avail-
able SPR biosensor. This sandwich assay with AuNPs was used for a major enhance-
ment in sensitivity of PSA detection at clinically relevant concentrations (Huang 
et al.  2005 ). Other studies demonstrated a highly sensitive organic electrochemical 
transistor based immunosensor with secondary antibody-conjugated AuNPs with a 
low detection limit for PSA. These sensor performances were particularly improved 
in the lower concentration range where the detection is clinically important for the 
preoperative diagnosis and screening of prostate cancer (Huang et al.  2005 ). 

Fig. 11.2 (continued) due to Au-nanoprobe aggregation which is corroborated by naked eye and 
UV/vis spectroscopy. BCR–ABL positive: sample in the presence of complementary target (solu-
tion remains  red ); BCR–ABL negative: sample in the presence of non-complementary target 
(solution turns  blue ). ( c ) Spectrophotometry relative to the detection of synthetic BCR–ABL oli-
gonucleotide target. Oligonucleotides with BCR or ABL sequence only (showing 50 % comple-
mentarity) were used as controls and an unrelated target (showing 100 % non-complementarity to 
the Au-nanoprobe) as negative control. ( d ) Detection of BCR–ABL in total RNA from K562 cell 
line, HL-60 cell line, and human PBMC (harboring 50 % complementary targets to the nanoprobe) 
and  S. cerevisiae  cells (100 % non-complementary). Nanoprobe aggregation as measured by ratio 
of area under the curve AUC500 nm-560 nm/AUC570 nm-630 nm. The  dashed line  represents the 
threshold of 1 considered for discrimination between positive and negative       
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 Additionally, AuNP probes coupled with dynamic light scattering (DLS) 
 measurements can also be used for the development of a one-step homogeneous 
immunoassay for the detection of free-PSA. The light scattering intensity of 
nanoparticles and nanoparticle oligomers is several orders of magnitude higher than 
proteins, making it possible to detect nanoparticle probes in the low picomolar con-
centration range (Liu et al.  2008 ). 

 AuNPs scatter light intensely at or near their surface plasmon wavelength region 
and when coupled with DLS detection can be very useful for serum protein bio-
marker detection and analysis. Huo et al. reported the use of citrate-AuNP to absorb 
proteins from the serum and form a protein corona on the nanoparticle surface. The 
protein corona formation and the subsequent binding of antibody to the target pro-
teins in the protein corona were detected by DLS. Using this simple assay, the 
authors discovered multiple molecular aberrations associated with prostate cancer 
from both mice and human blood serum samples (Huo et al.  2011 ,  2012 ). 

 Other authors have taken a different approach to addressing the use of AuNPs in 
cancer biomarker detection by employing the biological applications of antibody- 
conjugated AuNPs in several types of cancer, such as breast cancer (Ambrosi et al. 
 2010 ; Lu et al.  2010a ), pancreatic adenocarcinoma (Eck et al.  2008 ), cervical cancer 
(Rahman et al.  2005 ), epithelial cancer (Yang et al.  2008 ), liver cancer (Lan et al. 
 2011 ), prostate cancer (Lukianova-Hleb et al.  2011 ), and oral cancer (El-Sayed 
et al.  2005a ). 

 The mechanism of selectivity and all these immunoassay’s response open up a 
new possibility of rapid, simple, clean, easy, economically very cheap, non-toxic, 
and reliable diagnosis of cancer. In fact, antibody-conjugated AuNPs are one of the 
most used nanosystems in cancer diagnostics, being useful in molecular biosensor 
techniques for the diagnosis and investigation of cancer cells in vivo and in vitro. 
The importance of these nanosystems can be demonstrated by a signifi cant number 
of companies involved in the synthesis and applications of antibody-conjugated 
nanoparticles, such as Magnisense SAS, Diagnostic Biosensors, LLC, Alnis 
Biosciences, Inc., and Invitrogen Corp (Arruebo et al.  2009 ). 

 Direct detection of cancer cells using colorimetric assays with AuNPs has been 
extensively used due to their simplicity and versatility, among which those based on 
LSPR. LSPR is the collective oscillation of the electrons in the conduction band, 
which is usually in the visible region giving rise to the strong SPR absorption 
(Daniel and Astruc  2004 ). These AuNPs are commonly functionalized with biomol-
ecules (e.g., DNA, RNA, peptides, enzymes) and capable of recognizing molecular 
events associated with cancer development down to femtomolar level with single 
base discrimination resolution (Kang et al.  2010 ; Li et al.  2005 ; Medley et al.  2008 ). 
Molecular nanodiagnostics applied to cancer may provide rapid and sensitive detec-
tion of cancer related molecular alterations, which would enable early detection 
even when those alterations occur only in a small percentage of cells. For instance, 
Conde et al. present an AuNPs based approach for the molecular recognition and 
quantifi cation of the  BCR–ABL  fusion transcript, which is responsible for chronic 
myeloid leukemia (CML). This inexpensive and very easy to perform method 
allows quantifi cation of unamplifi ed total human RNA and specifi c detection of the 
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oncogene transcript. This assay may constitute a promising tool in early diagnosis 
of CML and could easily be extended to further target genes with proven involve-
ment in cancer development (Conde et al.  2010b ,  2012c ). The sensitivity settled by 
the Au-nanoprobes allows differential gene expression from 10 ng/μl of total RNA 
and takes less than 30 min to complete after total RNA extraction, minimizing RNA 
degradation (see Fig.  11.2 ). 

 Also, aptamer-conjugated AuNPs have become a powerful tool for point of care 
diagnostics (Mukerjee et al.  2012 ). Most of the common aptamer–AuNP assays are 
able to differentiate between different types of target and control cells based on the 
aptamer used in the assay, indicating the wide applicability for cancer cell detection. 
For instance, Liu et al. ( 2009 ) reported the use of an aptamer–nanoparticle strip 
biosensor for the rapid, specifi c, sensitive, and low-cost detection of circulating 
cancer cells in human blood, showing great promise for in-fi eld and point-of-care 
cancer diagnosis and therapy. In another study, Medley et al. have developed a 
 colorimetric assay for the direct detection of diseased cells and thus capable of dis-
tinguishing between cancer cells and noncancerous cells. This assay combines the 
selectivity and affi nity of aptamers and the spectroscopic advantages of AuNPs to 
allow for the sensitive detection of cancer cells with both the naked eye and based 
on absorbance measurements (Medley et al.  2008 ). Another important aspect cor-
related with disease state in cancer patients is the presence of circulating tumor cells 
in the bloodstream. In order to induce optical contrast in non-pigmented cancer 
cells, Viator et al. ( 2010 ) attached AuNPs to a prostate cancer cell line, using optical 
absorption to detect such cells in a photoacoustic fl owmeter designed to fi nd circu-
lating tumor cells in blood samples. 

 Another application of AuNPs in cancer is their capability to target and provide 
in vivo tumor detection using surface-enhanced Raman scattering (SERS). SERS 
has led the way in terms of use of spectroscopic methods for signal enhancement by 
nanostructured metal surfaces towards in vivo tracking of biomolecules traffi cking 
(Stiles et al.  2008 ; Wilson and Willets  2013 ). SERS has been extensively used for 
molecular/ion detection and bioimaging applications since it minimizes photoblink-
ing or photobleaching from conventional fl uorophores, decreases signal-to-noise 
ratio in complex in vitro and in vivo, and usually Raman reporters are stable and 
yield large optical enhancements (Alvarez-Puebla and Liz-Marzan  2010 ,  2012a ,  b ; 
Samanta et al.  2011 ). AuNPs covered by Raman reporters have been used for SERS 
to detect cancer cells in vitro and tumors in vivo (Kong et al.  2012 ; Qian et al. 
 2008b ). Actually, Lin et al. ( 2011 ) described the tremendous potential of using 
AuNP based-SERS to obtain blood serum biochemical information for non-invasive 
colorectal cancer detection. Raman reporters when combined with AuNPs can elicit 
an optical contrast to discriminate between cancerous and normal cells and their 
conjugation with antibodies allowed them to map the expression of relevant bio-
markers for molecular imaging (Kah et al.  2007 ), as well as detect and characterized 
circulating tumor cells. These SERS nanoparticles constitute an important tool for 
clinical research once they can successfully identify circulating tumor cells in the 
peripheral blood of 19 patients with squamous cell carcinoma of the head and neck 
(Wang et al.  2011 ). 
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 The papers discussed earlier report the development of nanoscale devices and 
platforms that can be used for improved biomarker detection, such as nucleic acids 
(DNA or RNA) or proteins. However, the development of molecular diagnosis of 
cancer and at the same time the selective delivery of a specifi c anticancer agent by 
joining diagnostics and therapy (theranostics) on a single nanodevice will most defi -
nitely revolutionize the way we manage cancer (Baptista  2012 ). 

 In fact, Conde et al. recently developed a highly sensitive probe for in vivo tumor 
recognition with the capacity to target specifi c cancer biomarkers such as epidermal 
growth factor receptors (EGFRs) on human cancer cells and xenograft tumor mod-
els. The authors used ~90 nm AuNPs capped by a Raman reporter, encapsulated and 
entrapped by larger polymers and an FDA antibody–drug conjugate—Cetuximab 
(Erbitux ® ). These smart SERS gold nanoantennas present a high Raman signal both 
in cancer cells and in mice bearing xenograft tumors, and the Raman detection sig-
nal is accomplished simultaneously by extensive tumor growth inhibition in mice. 
This approach seems to be an innovative and effi cient theranostics system for both 
tumor detection and tumor cell inhibition at the same time (Conde et al.  2014a ). 

 Table  11.1  summarizes the latest types of AuNP-based biosensors for cancer 
diagnostics, according to their methodology principle. Some of the described nano-
systems will most likely revolutionize our understanding of biological mechanisms 
and push forward the clinical practice through their integration in future diagnostics 
platforms. Nevertheless, very little gave successful results or went to clinical trials. 
Therefore new synthesis, fabrication, and characterization methods are needed for 
developing highly advanced AuNPs capable of use in sensitive and multiple detec-
tion methods with negligible toxicity and high sensitivity. In the future, it might be 
possible to apply all AuNPs properties together and evolve new chemistry for syn-
thesis of smart materials for diagnostic applications and clinical trials.

11.3         Nanotherapy 

 In medical terms, a therapeutic effect is a consequence of a medical treatment of any 
kind, the results of which are judged to be desirable and benefi cial. Conventional 
therapy methods in cancer involve the employment of anticancer agents that do not 
greatly differentiate between cancerous and normal cells (Minelli et al.  2010 ). 
Effi cient in vivo targeting to heterogeneous population of cancer cells and tissue still 
requires better selectivity and decreased toxicity to surrounding normal cells, towards 
a decrease of systemic toxicity, adverse and severe side effects (Liu et al.  2007 ). 

 In another way, universally targeting cells within a tumor is not always feasible 
because some drugs cannot diffuse effi ciently and the random nature of the approach 
makes it diffi cult to control the process and may induce multiple-drug resistance 
(MDR)—a situation where chemotherapy treatments fail patients owing to resis-
tance of cancer cells towards one or more drugs (Peer et al.  2007 ). Consequently, 
nanotechnology could offer a less invasive alternative, enhancing the life expec-
tancy and quality of life of the patient (Cuenca et al.  2006 ). 
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 At the moment, it is expected that the greatest gains in therapeutic selectivity will 
be achieved by synergistic combinations of several multicomponent targeting strate-
gies. Currently, it is essential to develop technology for target and delivery of mul-
tiple therapeutic agents and for the simultaneous capability of avoiding biological 
and biophysical barriers. For example, nanoparticles can extravasate into the tumor 
stroma through the fenestrations of the angiogenic vasculature, demonstrating tar-
geting by enhanced permeation and retention. These particles are able to carry mul-
tiple antibodies, which further target them to epitopes on cancer cells, and direct 
antitumor action, leading to cell death. Irradiation might be used to activate the 
nanoparticles and set up the release of their cytotoxic action (Ferrari  2005 ). 

 Due to advances in nanobiotechnology, the potential therapeutic application of 
gold nanocarriers represents an attractive platform for cancer therapy and has been 
investigated by different coworkers and used in a broad range of applications 
(Cuenca et al.  2006 ). Table  11.2  summarizes the latest progresses and general con-
siderations for AuNP delivery and targeting in cancer therapy, according to their 
methodology principle, type of incubation/exposure, and target organs. In this pan-
orama we can see that over the last 10 years, the majority (approximately 80 %) of 
gold nanoformulations for gene therapy, tumor targeting, and drug delivery in cancer 
have been tested in cell cultures and normally targeting reporter genes, such as lucif-
erase or GFP. In the future, it is imperative to develop new therapy vehicles and 
extensive testing in animal models in order to develop the next-generation nanopar-
ticle translation into the clinics. There is only one active clinical trial reporting the 
use of AuNPs. This phase I trial is studying the side effects and best dose of TNF- 
bound colloidal gold in treating patients with advanced solid tumors (clinical trial 
number NCT00356980), sponsored by the National Institutes of Health Clinical 
Center (CC) and National Cancer Institute (NCI). As it can be seen in Fig.  11.3  there is 
a disproportional level between nanoparticle production and their translation into clinics.   

 In fact, clinical trials require the coordinated effort of interdisciplinary research 
groups, institutes, and pharmaceuticals. Clinical-stage programs will probably have 
to deal with more and more human data and fi nancial investment, before they can be 
viewed as a mainstream proposition for resourceful nanotherapy vehicle develop-
ers. The current generation of nanoparticles varies widely in size, chemical compo-
sition, surface charge, tissue tropism, and sensitivity that makes diffi cult to translate 
them into the manufacturing process. The community has to learn how to deal with 
all the data produced so far. The rules for understanding how nanoparticles interact 
with different organs and organisms are starting to emerge, although most of the 
valuable evidences have to come from animal models. 

11.3.1     Gene Therapy 

 We are in the dawn of a new age in gene therapy driven by nanotechnology vehicles. 
Although there are technical challenges associated with the therapeutic application 
of nanoparticles, the integration of therapy with diagnostic profi ling has accelerated 

11 Multifunctional Gold Nanocarriers for Cancer Theranostics…



   Ta
bl

e 
11

.2
    S

um
m

ar
y 

of
 A

uN
Ps

 u
se

d 
in

 c
an

ce
r 

th
er

ap
y 

ac
co

rd
in

g 
to

 th
e 

ty
pe

 o
f 

N
P,

 s
ur

fa
ce

 m
od

ifi 
ca

tio
n,

 ty
pe

 o
f 

ca
nc

er
, t

ar
ge

t c
el

ls
/o

rg
an

s/
or

ga
ni

sm
s,

 a
nd

 e
xp

lo
re

d 
m

et
ho

do
lo

gy
 p

ri
nc

ip
le

   

 M
et

ho
d 

 Ty
pe

 o
f A

uN
P 

 Su
rf

ac
e 

m
od

ifi 
ca

tio
n 

 Ta
rg

et
 c

el
ls

/o
rg

an
s/

or
ga

ni
sm

s 
 C

om
m

en
ts

 (
re

fe
re

nc
e)

 

 G
en

e 
th

er
ap

y 
 13

 n
m

 s
ph

er
ic

al
 

 T
hi

ol
-s

sD
N

A
 

 R
A

W
 2

64
.7

 (
m

ac
ro

ph
ag

e)
; H

eL
a 

ce
lls

 
(c

er
vi

ca
l c

ar
ci

no
m

a)
; N

IH
-3

 T
3 

(fi
 b

ro
bl

as
t)

; M
D

C
K

 c
el

ls
 (

ki
dn

ey
) 

 In
 v

itr
o 

in
tr

ac
el

lu
la

r 
ge

ne
 r

eg
ul

at
io

n;
 c

on
tr

ol
 o

f 
pr

ot
ei

n 
ex

pr
es

si
on

 in
 c

el
ls

 (
R

os
i e

t a
l. 

 20
06

 ) 

 13
 n

m
 s

ph
er

ic
al

 
 PE

G
- b

lo
ck

 -p
ol

y(
2-

( N
 , N

 -
di

m
et

hy
la

m
in

o)
et

hy
l m

et
ha

cr
yl

at
e)

 
co

po
ly

m
er

 (
PE

G
- P

A
M

A
);

 s
iR

N
A

 

 H
uH

-7
 c

el
ls

 (
he

pa
to

ca
rc

in
om

a)
 

 Sm
ar

t P
E

G
yl

at
ed

 A
uN

Ps
 f

or
 th

e 
in

 v
itr

o 
de

liv
er

y 
of

 
si

R
N

A
 a

nd
 to

 in
du

ce
 g

en
e 

si
le

nc
in

g 
(O

is
hi

 e
t a

l. 
 20

06
 ) 

 13
 n

m
 s

ph
er

ic
al

 
 T

hi
ol

-s
iR

N
A

 
 H

eL
a 

ce
lls

 (
ce

rv
ic

al
 c

ar
ci

no
m

a)
 

 Po
ly

va
le

nt
 R

N
A

–n
an

op
ar

tic
le

 c
on

ju
ga

te
s 

fo
r 

in
 v

itr
o 

lu
ci

fe
ra

se
 k

no
ck

do
w

n 
(G

ilj
oh

an
n 

et
 a

l. 
 20

09
 ) 

 14
 n

m
 s

ph
er

ic
al

 
 T

hi
ol

-s
iR

N
A

; n
ak

ed
 s

iR
N

A
; 

PE
G

-C
O

O
H

; P
E

G
-N

 3 ;
 H

IV
-d

er
iv

ed
 

TA
T

 p
ep

tid
e;

 R
G

D
 p

ep
tid

e;
 

qu
at

er
na

ry
 a

m
m

on
iu

m
 

    H
eL

a 
ce

lls
 (

ce
rv

ic
al

 c
ar

ci
no

m
a)

; 
fr

es
hw

at
er

 p
ol

yp
 (

 H
yd

ra
 );

 m
ic

e 
(C

57
B

L
/6

J)
 

 In
 v

itr
o 

an
d 

in
 v

iv
o 

R
N

A
i t

ri
gg

er
in

g 
us

in
g 

hi
er

ar
ch

ic
al

 
ap

pr
oa

ch
 w

ith
 th

re
e 

bi
ol

og
ic

al
 s

ys
te

m
s 

of
 in

cr
ea

si
ng

 
co

m
pl

ex
ity

 (
C

on
de

 e
t a

l. 
 20

12
a )

 

 15
 n

m
 s

ph
er

ic
al

 
 C

at
io

ni
c 

po
ly

m
er

s:
 P

E
I;

 c
ha

rg
e-

re
ve

rs
al

 P
A

H
-C

it;
 M

U
A

 
(m

er
ca

pt
ou

nd
ec

an
oi

c 
ac

id
) 

 H
eL

a 
ce

lls
 (

ce
rv

ic
al

 c
ar

ci
no

m
a)

 
 C

ha
rg

e-
re

ve
rs

al
 f

un
ct

io
na

l A
uN

Ps
 to

 d
el

iv
er

 s
iR

N
A

 a
nd

 
pl

as
m

id
 D

N
A

 in
to

 c
an

ce
r 

ce
lls

 (
in

 v
itr

o)
 (

G
uo

 e
t a

l. 
 20

10
 ) 

 14
 n

m
 s

ph
er

ic
al

 
 C

y3
 la

be
le

d 
ha

ir
pi

n-
D

N
A

 
 H

C
T-

11
6 

ce
lls

 (
ca

rc
in

om
a 

of
 c

ol
on

) 
 A

u-
na

no
be

ac
on

s 
ca

pa
bl

e 
of

 in
te

rs
ec

tin
g 

bo
th

 p
at

hw
ay

s 
of

 
in

 v
itr

o 
R

N
A

 in
te

rf
er

en
ce

, b
lo

ck
in

g 
ex

og
en

ou
s 

si
R

N
A

 
an

d 
en

do
ge

no
us

 m
ic

ro
R

N
A

 (
C

on
de

 e
t a

l. 
 20

13
a )

 

 13
 n

m
 s

ph
er

ic
al

 
 PE

G
-N

H
 2 ;

 s
iR

N
A

; p
ol

y(
β-

am
in

o 
es

te
rs

) 
(P

B
A

E
s)

 
 H

eL
a 

ce
lls

 (
ce

rv
ic

al
 c

ar
ci

no
m

a)
 

 G
ol

d,
 p

ol
y(

β-
am

in
o 

es
te

r)
 n

an
op

ar
tic

le
s 

th
at

 f
ac

ili
ta

te
 

hi
gh

 le
ve

ls
 o

f 
in

 v
itr

o 
si

R
N

A
 d

el
iv

er
y 

(L
ee

 e
t a

l. 
 20

09
 ) 

 40
 n

m
 s

ph
er

ic
al

 
 Pr

ot
ea

se
-d

eg
ra

da
bl

e 
po

ly
- L

 -l
ys

in
e 

(P
L

L
);

 s
iR

N
A

 
 M

D
A

-M
B

23
1-

lu
c 

ce
lls

 (
br

ea
st

 c
an

ce
r)

; 
L

N
C

aP
-l

uc
 c

el
ls

 (
pr

os
ta

te
 

ad
en

oc
ar

ci
no

m
a)

 

 M
ul

til
ay

er
 s

iR
N

A
 c

oa
te

d 
A

uN
Ps

 u
si

ng
 s

iR
N

A
 a

nd
 P

L
L

 
as

 th
e 

ch
ar

ge
d 

po
ly

el
ec

tr
ol

yt
es

 f
or

 in
 v

itr
o 

lu
ci

fe
ra

se
 

kn
oc

kd
ow

n 
(L

ee
 e

t a
l. 

 20
11

 ) 

 A
u-

na
no

sp
he

re
s 

 Fo
la

te
 r

ec
ep

to
r;

 s
iR

N
A

 
 N

ud
e 

m
ic

e 
be

ar
in

g 
H

eL
a 

ce
rv

ic
al

 
ca

nc
er

 x
en

og
ra

ft
s 

 N
ea

r-
IR

 li
gh

t-
in

du
ci

bl
e 

N
F-

ka
pp

aB
 in

 v
iv

o 
do

w
nr

eg
ul

at
io

n 
th

ro
ug

h 
fo

la
te

 r
ec

ep
to

r-
ta

rg
et

ed
 h

ol
lo

w
 

A
u-

na
no

sp
he

re
s 

ca
rr

yi
ng

 s
iR

N
A

 r
ec

og
ni

zi
ng

 N
F-

ka
pp

aB
 

p6
5 

su
bu

ni
t (

L
u 

et
 a

l. 
 20

10
b )

 

 40
 n

m
 

A
u-

na
no

sh
el

ls
 

 PE
G

-N
H

 2 ;
 T

A
T-

lip
id

; C
y3

-s
iR

N
A

 
 M

ou
se

 e
nd

ot
he

lia
l c

el
ls

 
 N

IR
 la

se
r-

in
du

ce
d 

re
le

as
e 

of
 s

iR
N

A
 f

ro
m

 th
e 

na
no

sh
el

ls
 

an
d 

in
 v

itr
o 

G
FP

 s
ile

nc
in

g 
(B

ra
un

 e
t a

l. 
 20

09
 ) 

 Sp
he

ri
ca

l n
uc

le
ic

 
ac

id
 N

P 
 si

R
N

A
 

 H
eL

a 
ce

lls
 (

ce
rv

ic
al

 c
ar

ci
no

m
a)

; 
SK

H
-1

E
 a

nd
 C

57
B

L
/6

 J
 m

ic
e 

 In
 v

itr
o 

an
d 

in
 v

iv
o 

to
pi

ca
l d

el
iv

er
y 

of
 s

iR
N

A
-b

as
ed

 
sp

he
ri

ca
l n

uc
le

ic
 a

ci
d 

A
uN

P 
co

nj
ug

at
es

 f
or

 g
en

e 
re

gu
la

tio
n 

(Z
he

ng
 e

t a
l. 

 20
12

 ) 



 M
et

ho
d 

 Ty
pe

 o
f A

uN
P 

 Su
rf

ac
e 

m
od

ifi 
ca

tio
n 

 Ta
rg

et
 c

el
ls

/o
rg

an
s/

or
ga

ni
sm

s 
 C

om
m

en
ts

 (
re

fe
re

nc
e)

 

 T
um

or
 

ta
rg

et
in

g 
 Sp

he
ri

ca
l 

 pH
 lo

w
 in

se
rt

io
n 

pe
pt

id
e 

(p
H

L
IP

) 
 M

ou
se

 m
od

el
 

 N
an

og
ol

d–
pH

L
IP

 c
on

ju
ga

te
s 

us
ed

 in
 v

iv
o 

to
 ta

rg
et

 
tu

m
or

s 
(Y

ao
 e

t a
l. 

 20
13

 ) 

 6 
nm

 s
ph

er
ic

al
 

 A
m

in
e-

te
rm

in
at

ed
 g

en
er

at
io

n 
5 

(G
5)

 p
ol

y(
am

id
oa

m
in

e)
 (

PA
M

A
M

) 
de

nd
ri

m
er

s 
pr

e-
fu

nc
tio

na
liz

ed
 w

ith
 

fo
lic

 a
ci

d 
(F

A
) 

an
d 

fl u
or

es
ce

in
 

is
ot

hi
oc

ya
na

te
 (

FI
) 

 K
B

-H
FA

R
 c

el
ls

 (
hu

m
an

 e
pi

th
el

ia
l 

ca
rc

in
om

a)
 

 M
ul

tif
un

ct
io

na
l d

en
dr

im
er

-s
ta

bi
liz

ed
 A

uN
Ps

 c
an

 
sp

ec
ifi 

ca
lly

 ta
rg

et
 c

an
ce

r 
ce

lls
 e

xp
re

ss
in

g 
hi

gh
-a

ffi
 n

ity
 F

A
 

re
ce

pt
or

s 
in

 v
itr

o 
(S

hi
 e

t a
l. 

 20
09

 ) 

 30
 n

m
 s

ph
er

ic
al

 
 PE

G
yl

at
ed

 tr
as

tu
zu

m
ab

 (
H

er
ce

pt
in

) 
 M

D
A

-M
B

-3
61

 (
br

ea
st

 c
an

ce
r)

 tu
m

or
s 

 H
um

an
 e

pi
de

rm
al

 g
ro

w
th

 f
ac

to
r 

re
ce

pt
or

-2
 (

H
E

R
-2

)-
ta

rg
et

ed
 A

uN
Ps

 th
at

 e
nh

an
ce

 th
e 

ra
di

at
io

n 
re

sp
on

se
 o

f 
in

 v
itr

o 
br

ea
st

 c
an

ce
r 

ce
lls

 a
nd

 in
 v

iv
o 

tu
m

or
 x

en
og

ra
ft

s 
to

 X
-r

ad
ia

tio
n 

(C
ha

tto
pa

dh
ya

y 
et

 a
l. 

 20
13

 ) 

 4 
nm

 s
ph

er
ic

al
 

 V
E

G
F 

an
tib

od
y 

(A
bV

F)
 

 C
L

L
 B

 c
el

ls
 (

B
-c

hr
on

ic
 ly

m
ph

oc
yt

ic
 

le
uk

em
ia

) 
 A

uN
Ps

 e
nh

an
ce

 in
 v

itr
o 

ap
op

to
si

s 
in

 B
-c

hr
on

ic
 

ly
m

ph
oc

yt
ic

 le
uk

em
ia

 (
M

uk
he

rj
ee

 e
t a

l. 
 20

07
 ) 

 60
 n

m
 s

ph
er

ic
al

 
 PE

G
-C

O
O

H
; m

al
ac

hi
te

 g
re

en
 

is
ot

hi
oc

ya
na

te
 (

M
G

IT
C

);
 S

cF
v 

B
10

 
(a

nt
ib

od
y 

fr
ag

m
en

t f
or

 h
um

an
 

E
G

FR
) 

 T
u6

86
 a

nd
 H

52
0 

ce
lls

 (
E

G
FR

-p
os

iti
ve

 
ca

nc
er

 c
el

ls
);

 n
ud

e 
m

ou
se

 x
en

og
ra

ft
ed

 
w

ith
 T

u6
86

 c
el

ls
 

 PE
G

yl
at

ed
 S

E
R

S 
A

uN
Ps

 f
or

 in
 v

itr
o 

an
d 

in
 v

iv
o 

tu
m

or
 

ta
rg

et
in

g 
an

d 
de

te
ct

io
n 

(Q
ia

n 
et

 a
l. 

 20
08

a )
 

 U
ltr

a-
sm

al
l 

A
u-

na
no

cl
us

te
rs

 
 Fo

lic
 a

ci
d 

(F
A

);
 n

ea
r-

in
fr

ar
ed

 
fl u

or
es

ce
nt

 d
ye

 (
M

PA
);

 d
ox

or
ub

ic
in

 
(D

O
X

) 

 A
54

9 
ce

lls
 (

lu
ng

 c
an

ce
r)

; H
ep

G
-2

 (
liv

er
 

ca
nc

er
);

 M
D

A
-M

B
-2

31
 (

br
ea

st
 c

an
ce

r)
; 

H
T

C
11

6 
(c

ar
ci

no
m

a 
of

 c
ol

on
) 

  C
el

lu
la

r  
an

d 
in

 v
iv

o 
st

ud
ie

s 
w

ith
 A

u-
FA

-M
PA

 a
nd

 
A

u-
FA

-D
O

X
 s

ho
w

 h
ig

h 
af

fi n
ity

 a
nd

 a
nt

i-
tu

m
or

 a
ct

iv
ity

 to
 

di
ff

er
en

t t
um

or
s 

(C
he

n 
et

 a
l. 

 20
12

 ) 

 30
 n

m
 s

ph
er

ic
al

 
 PE

G
yl

at
ed

 tr
as

tu
zu

m
ab

 (
FD

A
-

ap
pr

ov
ed

 h
um

an
iz

ed
 m

on
oc

lo
na

l 
an

tib
od

y)
; r

ad
io

la
be

le
d 

po
ly

m
er

 

 M
D

A
-M

B
-3

61
 c

el
ls

 (
br

ea
st

 c
an

ce
r)

; 
at

hy
m

ic
 C

D
-1

 m
ic

e 
be

ar
in

g 
M

D
A

-M
B

-3
61

 tu
m

or
s 

 A
uN

Ps
 th

at
 e

nh
an

ce
 tu

m
or

 u
pt

ak
e 

an
d 

in
tr

ac
el

lu
la

r 
de

liv
er

y 
(i

n 
vi

tr
o 

an
d 

in
 v

iv
o)

 w
hi

le
 r

ed
uc

in
g 

th
e 

sy
st

em
ic

 
ex

po
su

re
 b

y 
ev

al
ua

tio
n 

of
 th

e 
im

pa
ct

 o
f 

ta
rg

et
in

g 
an

d 
ro

ut
e 

of
 a

dm
in

is
tr

at
io

n 
on

 o
rg

an
 d

is
tr

ib
ut

io
n 

(C
ha

tto
pa

dh
ya

y 
et

 a
l. 

 20
12

 ) 

(c
on

tin
ue

d)



 M
et

ho
d 

 Ty
pe

 o
f A

uN
P 

 Su
rf

ac
e 

m
od

ifi 
ca

tio
n 

 Ta
rg

et
 c

el
ls

/o
rg

an
s/

or
ga

ni
sm

s 
 C

om
m

en
ts

 (
re

fe
re

nc
e)

 

 D
ru

g 
de

liv
er

y 
 2.

5 
nm

 s
ph

er
ic

al
 

 H
yd

ro
ph

ob
ic

 d
ru

gs
: t

am
ox

if
en

 
(T

A
F)

 a
nd

 β-
la

pa
ch

on
e 

(L
A

P)
; 

B
od

ip
y 

(fl
 u

or
es

ce
nt

 p
ro

be
) 

 M
C

F-
7 

ce
lls

 (
br

ea
st

 c
an

ce
r)

 
 E

nt
ra

pm
en

t o
f 

hy
dr

op
ho

bi
c 

dr
ug

s 
in

 A
uN

P 
m

on
ol

ay
er

s 
w

ith
 e

ffi
 c

ie
nt

 in
 v

itr
o 

re
le

as
e 

in
to

 c
an

ce
r 

ce
lls

 
(K

im
 e

t a
l. 

 20
09

a )
 

 30
 n

m
 s

ph
er

ic
al

 
 Pr

os
ta

te
-s

pe
ci

fi c
 m

em
br

an
e 

an
tig

en
 

(P
SM

A
) 

R
N

A
 a

pt
am

er
; d

ox
or

ub
ic

in
 

(D
O

X
) 

 L
N

C
aP

 c
el

ls
 (

pr
os

ta
te

 a
de

no
ca

rc
in

om
a)

 
 A

 d
ru

g-
lo

ad
ed

 a
pt

am
er

—
A

uN
P 

bi
oc

on
ju

ga
te

 f
or

 in
 v

itr
o 

im
ag

in
g 

an
d 

th
er

ap
y 

of
 p

ro
st

at
e 

ca
nc

er
 (

K
im

 e
t a

l. 
 20

10
 ) 

 25
 n

m
 s

ph
er

ic
al

 
 T

hi
ol

-P
E

G
yl

at
ed

; t
am

ox
if

en
 (

TA
M

) 
 M

D
A

-M
B

-3
61

 c
el

ls
 (

br
ea

st
 c

an
ce

r)
; 

M
C

F-
7 

ce
lls

 (
br

ea
st

 c
an

ce
r)

 
 Ta

m
ox

if
en

−
po

ly
(e

th
yl

en
e 

gl
yc

ol
)−

th
io

l A
uN

Ps
 th

at
 

en
ha

nc
e 

po
te

nc
y 

an
d 

se
le

ct
iv

e 
de

liv
er

y 
fo

r 
in

 v
itr

o 
br

ea
st

 
ca

nc
er

 tr
ea

tm
en

t (
D

re
ad

en
 e

t a
l. 

 20
09

 ) 

 18
0 

nm
 s

ph
er

ic
al

 
 PE

G
; o

xa
lip

la
tin

 
 A

54
9 

ce
lls

 (
lu

ng
 e

pi
th

el
ia

l c
an

ce
r)

; 
H

C
T

11
6,

 H
C

T
15

, H
T

29
, R

K
O

 c
el

ls
 

(a
ll 

fo
r 

co
lo

n 
ca

nc
er

) 

 A
uN

Ps
 f

or
 th

e 
im

pr
ov

ed
 a

nt
ic

an
ce

r 
dr

ug
 d

el
iv

er
y 

in
 v

itr
o 

of
 th

e 
ac

tiv
e 

co
m

po
ne

nt
 o

f 
ox

al
ip

la
tin

 (
B

ro
w

n 
et

 a
l. 

 20
10

 ) 

 13
 n

m
 s

ph
er

ic
al

 
 C

is
pl

at
in

 
 A

54
9 

ce
lls

 (
lu

ng
 c

an
ce

r)
; t

um
or

-
be

ar
in

g 
SC

ID
 m

ic
e 

 In
 v

itr
o 

an
d 

in
 v

iv
o 

an
tit

um
or

al
 d

ru
gs

 c
on

ju
ga

te
d 

to
 

A
uN

Ps
 (

C
om

en
ge

 e
t a

l. 
 20

12
 ) 

 Sp
he

ri
ca

l 
 C

yc
lic

 p
ep

tid
e 

 C
C

R
F-

C
E

M
 c

el
ls

 (
hu

m
an

 le
uk

em
ic

 
ly

m
ph

ob
la

st
s)

; S
K

-O
V

-3
 c

el
ls

 (
hu

m
an

 
ov

ar
ia

n 
ad

en
oc

ar
ci

no
m

a)
 

 C
yc

lic
 p

ep
tid

e-
ca

pp
ed

 A
uN

Ps
 f

or
 in

 v
itr

o 
dr

ug
 d

el
iv

er
y 

(N
as

ro
la

hi
 e

t a
l. 

 20
12

 ) 

 40
 n

m
 

A
u-

na
no

sp
he

re
s 

 N
H

 2 -
PE

G
-C

O
O

H
; d

ox
or

ub
ic

in
 

(D
O

X
);

 c
yc

lic
 p

ep
tid

e 
c(

T
N

Y
L

-
R

A
W

),
 a

 s
ec

on
d-

ge
ne

ra
tio

n 
E

ph
B

4-
bi

nd
in

g 
an

ta
go

ni
st

 

 M
ic

e 
be

ar
in

g 
H

ey
 tu

m
or

s 
 In

 v
iv

o 
ph

ot
ot

he
rm

al
 c

he
m

ot
he

ra
py

 u
si

ng
 

do
xo

ru
bi

ci
n-

lo
ad

ed
 A

u-
na

no
sp

he
re

s 
th

at
 ta

rg
et

 E
ph

B
4 

re
ce

pt
or

s 
in

 tu
m

or
s 

(Y
ou

 e
t a

l. 
 20

12
 ) 

 Pl
as

m
on

ic
 

ve
si

cl
es

 
as

se
m

bl
ed

 f
ro

m
 

14
 n

m
 s

ph
er

ic
al

 
A

uN
Ps

 

 R
am

an
 r

ep
or

te
r;

 P
E

G
; h

yd
ro

ph
ob

ic
 

co
po

ly
m

er
 (

PM
M

A
V

P)
 o

f 
m

et
hy

l 
m

et
ha

cr
yl

at
e 

(M
M

A
) 

an
d 

4-
vi

ny
lp

yr
id

in
e 

(4
V

P)
 

 SK
B

R
-3

 c
el

ls
 (

br
ea

st
 a

de
no

ca
rc

in
om

a)
 

 Se
lf

-a
ss

em
bl

ed
 p

la
sm

on
ic

 v
es

ic
le

s 
of

 S
E

R
S-

en
co

de
d 

am
ph

ip
hi

lic
 A

uN
Ps

 f
or

 in
 v

itr
o 

ca
nc

er
 c

el
l t

ar
ge

tin
g 

an
d 

tr
ac

ea
bl

e 
in

tr
ac

el
lu

la
r 

dr
ug

 d
el

iv
er

y 
(S

on
g 

et
 a

l. 
 20

12
 ) 

Ta
bl

e 
11

.2
 (

co
nt

in
ue

d)



311

the pace of discovery of new nanotechnology methods. The development of a safe, 
effi cient, specifi c, and nonpathogenic vehicle for gene delivery is highly attractive 
(Akhtar and Benter  2007 ; Kim et al.  2009b ). 

 Gene therapy is receiving increasing attention and, in particular, small- 
interference RNA (siRNA) shows importance in novel molecular approaches in the 
knockdown of specifi c gene expression in cancerous cells. In fact, this non-viral-
vector-mediated delivery of therapeutic siRNAs is highly desirable and constitutes 
an important challenge to gene therapy (Castanotto and Rossi  2009 ; Li et al.  2002 ; 
Soutschek et al.  2004 ). 

 In fact, antisense DNA (Fichou and Ferec  2006 ; Toub et al.  2006 ) and RNA inter-
ference (RNAi) via the use of small-interfering RNA (Fire et al.  1998 ; Baker  2010 ; 
Milhavet et al.  2003 ; Wall and Shi  2003 ) have emerged as powerful and useful tools 
to block gene function and for sequence-specifi c posttranscriptional gene silencing, 
playing an important role in downregulation of specifi c gene expression in cancer 
cells. Thus, one drawback of using naked siRNAs is that they show extremely short 
half-lives, weak protection against action by RNAses, poor chemical stability, and 
common dissociation from vector (Hannon and Rossi  2004 ). In fact, the major 
obstacle to clinical application is the uncertainty about how to deliver therapeutic 
RNAs (e.g., miRNA and/or siRNA) with maximal therapeutic impact. AuNPs have 
shown potential as intracellular delivery vehicles for antisense oligonucleotides 

  Fig. 11.3    Disproportional level between nanoparticle production and their translation into clinics. 
Thousands of systems were published describing different synthesis, biofunctionalization, and 
characterization methods that will most likely revolutionize our understanding of chemical and 
biological mechanisms and push forward effi cient diagnostics and therapeutic platforms. 
Nevertheless, very few were produced to improve a bench-to-bedside approach to translational 
research. Outcomes like this must be followed by extensive laboratory work, which results in 
improved screening procedures and a new therapy of great potential, although the fi nal product 
should always be part of a two-way interaction between laboratory scientists and clinicians       
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(e.g., miRNA and/or siRNA) with maximal therapeutic impact. AuNPs have shown 
potential as intracellular delivery vehicles for antisense oligonucleotides (Rosi et al. 
 2006 ) and for therapeutic siRNA by providing protection against RNAses and ease 
of functionalization for selective targeting (Giljohann et al.  2009 ; Whitehead et al. 
 2009 ). For example, Mirkin and coworkers reported the use of polyvalent 
RNA–AuNP conjugates that are readily taken up by cells and that the particle 
bound siRNA can effectively regulate genes in the context of RNA interference 
(Giljohann et al.  2009 ). 

 Several other studies using engineered NPs modifi ed with siRNA have demon-
strated a cytoplasmic delivery system of siRNA and effi cient gene silencing using 
AuNPs (Giljohann et al.  2009 ; Lee et al.  2008 ,  2009 ; Guo et al.  2010 ). However, 
almost all nanoconjugates using siRNA have exclusively been tested in cell cultures 
targeting only reporter genes. 

 Recently, Conde et al. provided evidence of in vitro and in vivo RNAi triggering 
via the synthesis of a library of novel multifunctional AuNPs, using a hierarchical 
approach including three biological systems of increasing complexity: in vitro cul-
tured human cells, in vivo freshwater polyp ( Hydra vulgaris ), and in vivo mice mod-
els (Conde et al.  2012a ). The authors developed effective conjugation strategies to 
combine, in a highly controlled way, specifi c biomolecules to the surface of AuNPs 
such as (a) biofunctional spacers: poly(ethylene glycol) (PEG) spacers used to 
increase solubility and biocompatibility; (b) cell penetrating peptides (CPPs) such as 
TAT and RGD peptides, a novel class of membrane translocating agents named 
CPPs that exploit more than one mechanism of endocytosis to overcome the lipo-
philic barrier of the cellular membranes and deliver large molecules and even small 
particles inside the cell for their biological actions; and (c) siRNA complementary to 
a master regulator gene   , the protooncogene c-myc, were bond covalently (SH-siRNA) 
and ionically (naked/unmodifi ed siRNA) to AuNPs (Conde et al.  2012a ). 

 However, efforts to target siRNA-nanoparticles to organs are less advanced. 
Some organs need smaller and novel NPs to access different kinds of tissue. Another 
challenge, which also requires novel materials, is the endosomal release of siRNA, 
once it is transported across the cell membrane. Most of the described systems also 
get trapped by the lysosomes and their siRNA cargo gets compromised. Probably 
the endosomal escape or siRNA accessibility to form the RNA-induced silencing 
complex (RISC) requires substantially more circulation time. 

 While the AuNPs for gene therapy discussed thus far employ the load of siRNA 
to nanoparticles, AuNPs have also shown potential as intracellular delivery vehicles 
for antisense oligonucleotides (ssDNA, dsDNA) by providing protection against 
intracellular nucleases and ease of functionalization for selective targeting 
(Whitehead et al.  2009 ; Giljohann et al.  2009 ). So far, several strategies for gene 
delivery systems have been developed, including mixed monolayer protected 
AuNPs (Rana et al.  2012 ; Ghosh et al.  2008a ), polymer–AuNPs complexes (Thomas 
and Klibanov  2003 ; Ghosh et al.  2008b ), and dsDNA and ssDNA functionalized 
AuNPs (Conde et al.  2010a ; McIntosh et al.  2001 ). 

 Recently, Conde et al. developed a new theranostic system capable of intersect-
ing all RNA pathways: from gene specifi c downregulation to silencing the silencers, 
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i.e., siRNA and miRNA pathways. The authors reported the development AuNPs 
functionalized with a fl uorophore labeled hairpin-DNA, i.e., gold nanobeacons, 
capable of effi ciently silencing single gene expression, exogenous siRNA, and 
endogenous miRNAs while yielding a quantifi able fl uorescence signal directly pro-
portional to the level of silencing (Conde et al.  2013a ). 

 From a synthetic point of view the differences between DNA–AuNPs and 
siRNA–AuNPs are still unclear. From the papers reported so far the siRNA and 
DNA–gold nanoconjugates are almost from the same size and charge and show 
similar effi ciencies. Nevertheless siRNA–AuNP conjugates require functionaliza-
tion with thiol-PEG molecules to achieve equivalent stability to DNA–AuNPs, 
which may have something to do with the capacity loading of the different mole-
cules due to singular hydrophobicity and/or hydrophilicity, molecular weight, and 
charge density properties between RNA and DNA (Gary et al.  2007 ). However, this 
fact needs additional clarifi cation. 

 Further research into the fundamental mechanisms of in vivo gene therapy using 
nanodevices could unveil new dimensions of nanoparticle-mediated gene silencing 
that will have profound implications for understanding gene regulation, and which 
could also affect the development of functional genomics and therapeutic applica-
tions. One of the most important issues that are still unclear is how biocompatible 
AuNPs will be following intravenous injection, in particular when the ultimate des-
tination is the cytoplasm and/or nucleus inside cells. Future in vivo work will need 
to cautiously consider the accurate option of chemical modifi cations to incorporate 
into the nanoparticles to avoid off-target effects. Though the nanoparticles’ potential 
against cancer is still in need of further optimization and characterization, it is now 
time to start translating these promising platforms to the clinical settings towards 
widespread effective therapy strategies in the fi ght against cancer.  

11.3.2     Tumor Targeting 

 Nanoparticles are excellent tumor-targeting vehicles because of a unique inherent 
property of solid tumors. Numerous tumors present with defective vasculature and 
poor lymphatic drainage, due to the rapid growth of solid tumors, resulting in an 
enhanced permeability and retention effect. This effect allows nanoparticles to accu-
mulate specifi cally at the tumor site (Minelli et al.  2010 ; Gil and Parak  2008 ). Once 
the tumor is directly connected to the main blood circulation system, multifunctional 
nanocarriers can exploit several characteristics of the newly formed vasculature and 
effi ciently target tumors. Tumor cells are supplied by blood capillaries that perfuse 
the cells of the tissue where nanocarriers can passively accumulate or anchor through 
targeting moieties to biomarkers overexpressed by tumor cells (Conde et al.  2012b ). 

 Shi et al. developed a simple system with multifunctional amine terminated 
poly(amidoamine) (PAMAM) dendrimers, folic acid (FA), and fl uorescein isothio-
cyanate functionalized in gold nanoparticles. This approach can specifi cally target 
cancer cells expressing high-affi nity FA receptors in vitro (Shi et al.  2009 ). 
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 Further work in tumor targeting was reported in a subcutaneous model of colon 
cancer, where it was demonstrated that systemically delivered AuNPs (size, approxi-
mately 33 nm) conjugated to tumor necrosis factor (TNF) accumulated in tumors 
(Paciotti et al.  2004 ). This study outlines the development of a colloidal gold 
nanoparticle vector that targets the delivery of TNF to a solid tumor growing in mice. 

 Mukherjee et al. studied B-chronic lymphocytic leukemia (CLL) which is charac-
terized by apoptosis resistance. They found induction of signifi cantly more apoptosis 
in CLL B cells by co-culture with an anti-VEGF antibody. To increase the effi cacy of 
these agents in CLL therapy they focused on the use of AuNPs, by attaching VEGF 
antibody to the nanoparticle’s surface. The AuNP–VEGF antibody treated cells 
showed signifi cant downregulation of anti-apoptotic proteins (Mukherjee et al.  2007 ). 

 In cancer research, colloidal gold can be used to target tumors and provide detec-
tion using SERS (surface-enhanced Raman spectroscopy) in vivo. These AuNPs are 
surrounded with Raman reporters which provide light emission that is over 200 
times brighter than quantum dots (Cai et al.  2008 ; Kneipp et al.  2006 ). It was found 
that the Raman reporters were stabilized when the nanoparticles were encapsulated 
with a thiol-modifi ed polyethylene glycol coat and gave large optical enhancements. 
This allows for compatibility and circulation in vivo. When conjugated to tumor- 
targeting ligands, these conjugated SERS nanoparticles were able to target tumor 
markers such as EGFR, which is sometimes overexpressed in cells of certain cancer 
types (El-Sayed et al.  2005a ,  2006 ), and then detect the location of the tumor on 
human cancer cells and in xenograft tumor models (Qian et al.  2008a ). Qian et al. 
described biocompatible and nontoxic nanoparticles for in vivo tumor targeting and 
detection based on PEGylated gold nanoparticles and SERS. These conjugated 
nanoparticles were able to target tumor biomarkers such as EGFRs on human can-
cer cells and in xenograft tumor models (Qian et al.  2008a ). 

 Although cancer therapies are improving, some formulations are not reaching with 
high effi ciency tumor cells or tissues, and countless doubts remain over the effi cacy 
of those that do. To effi ciently target a cancer cell, either a circulation cell or a cell 
from the primary tumor or one hidden within a population of normal cells represents 
an exceptional challenge. In fact, there are a lot of limitations for tumor targeting as 
some nanocarriers can also target normal proteins which are not exclusively expressed 
by the cancer cell. Targeting specifi c cells may be completely different to target the 
organ. The most important aspects that the researchers need to take into account are 
the specifi city of the nanoparticle to the target molecules, as well as toxicological and 
immunological effects (Schroeder et al.  2012 ). For example, the combination of small 
size nanoparticles with their special thermal, imaging, drug/gene carrier, or optical 
characteristics with the specifi c and selective recognition abilities of antibodies will 
defi nitely produce a hybrid product that shows versatility and specifi city. 

 Actually, Conde et al. ( 2013b ) reported the evaluation of the infl ammatory 
response and therapeutic siRNA silencing via RGD-nanoparticles in a lung cancer 
mouse model. This study reported the use of siRNA/RGD gold nanoparticles capa-
ble of targeting tumor cells in two lung cancer xenograft mouse models, resulting in 
successful and signifi cant  c-Myc  oncogene downregulation followed by tumor 
growth inhibition and prolonged survival of the animals. This delivery system can 
achieve translocation of siRNA duplexes directly into the tumor cell cytoplasm and 
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accomplish successful silencing of an oncogene expression. Actually, RGD/siRNA–
AuNPs can target preferentially and be taken up by tumor cells via αvβ3 integrin   -
receptor-mediated endocytosis with no cytotoxicity, showing that they can 
accumulate in tumor tissues overexpressing αvβ3 integrins and selectively deliver 
 c-Myc  siRNA to suppress tumor growth and angiogenesis (Conde et al.  2013b ). 

 Therefore, multifunctional nanocarriers have the potential to join numerous ther-
apeutic functions into a single platform, by targeting specifi c tumor cells, tissues, 
and organs.  

11.3.3     Drug Delivery 

 The vast majority of FDA approved used drugs exhibit a short half-life in the blood 
stream and a high overall clearance rate. In fact, the major obstacles/limitations in 
drug delivery are cytoplasmic and systemic delivery of the drug, renal clearance, 
target site accumulation after administration, and heterogeneous vascular perfusion 
and diffusion. Actually, these small drug molecules usually diffuse rapidly into 
healthy tissues and are dispersed consistently within the body. As a consequence, 
just a small amount of the drug can reach the target site, which often leads to side 
effects. These obstacles usually occur with drugs that exhibit a narrow therapeutic 
index, such as anticancer biomolecules, immunosuppressive agents, as well as anti-
rheumatic medicines. Poor drug delivery and accumulation at the target site fre-
quently lead to signifi cant limitations, such as multi-drug resistance, which leads 
many cancers to develop severe resistance to chemotherapy drugs (Ehdaie  2007 ). 

 Nanocarriers can be used to optimize the biodistribution of drugs to diseased 
organs, tissues, or cells, in order to improve and target drug delivery (Han et al.  2007b ). 

 It is important to realize that the nanoparticle-mediated drug delivery is feasible 
only if the drug distribution is otherwise inadequate. These cases include drug tar-
geting of diffi cult, unstable molecules (proteins, siRNA, DNA), delivery to the dif-
fi cult sites (brain, retina, tumors, intracellular organelles), and drugs with serious 
side effects (e.g., anti-cancer agents). The performance of the nanoparticles depends 
on the size and surface functionalities in the particles. Also, the drug release and 
particle disintegration can vary depending on the system (e.g., biodegradable poly-
mers sensitive to pH). An optimal nanodrug delivery system ensures that the active 
drug is available at the site of action for the correct time and duration, and their 
concentration should be above the minimal effective concentration (MEC) and 
below the minimal toxic concentration (MTC) (Han et al.  2007a ; Langer  2000 ). 

 AuNPs are also being investigated as vehicles for drug delivery such as paclitaxel 
(Gibson et al.  2007 ).  Gibson  et al. describe the fi rst example of 2 nm AuNPs cova-
lently functionalized with the chemotherapeutic drug paclitaxel. The administrations 
of hydrophobic drugs require molecular encapsulation and it is found that nanosized 
particles are particularly effi cient in evading the reticuloendothelial system. This 
approach gives a rare opportunity to prepare hybrid particles with a well- defi ned 
amount of drug and offers a new alternative for the design of nanosized drug-delivery 
systems (Kim et al.  2009a ; Hwu et al.  2009 ; Gibson et al.  2007 ) (see Fig.  11.4 ).  
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  Fig. 11.4    Drug delivery. Entrapment of hydrophobic drugs in nanoparticle monolayers with effi -
cient release into cancer cells. ( a ) Delivery of payload to cell through monolayer–membrane inter-
actions. ( b ) Structure of particles and guest compounds: Bodipy, TAF, and LAP, the number of 
encapsulated guests per particle, and log  P  of the guests. ( c ) Release of Bodipy from AuNPZwit 
Bodipy in DCM-aqueous solution two-phase systems ( λ ex 499 nm,  λ em 517 nm). ( d ) PL intensity 
of AuNPZwit-Bodipy in cell culture medium and 100 % serum, indicating little or no release rela-
tive to AuNPZwit-Bodipy in PBS after NaCN induced release of guest molecules ( λ ex 499 nm, 
 λ em 510 nm). Reproduced with permission from Kim et al. ( 2009a ). Copyright 2013, American 
Chemical Society       
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 Nanotechnology has provided over the last years novel and powerful systems 
that may be used for the treatment of human diseases. However the majority of 
products, reagents, and drugs being used for the development of these nanoscale 
systems have to be approved by the main supervising agencies, such as the FDA and 
EMA (Baptista  2009 ). 

 Thus far, some limitations for the correct design and application of nanoparti-
cles, such as pharmacokinetics, biodistribution, and side effects of the nanotherapy 
and safety profi le of nanoparticles before and after conjugation and toxicity, need to 
be clarifi ed to validate effi cient clinical appliance (Baptista  2009 ).   

11.4     NanoToxicity 

 The AuNPs have a proclivity in vivo and in vitro to bioaccumulate within various 
types of cells with a special affi nity for macrophage-type cells (both histiocytes and 
blood phagocytic cells) and reticuloendothelial cells throughout the body. They also 
produce varying degrees of bioaccumulation in such tissues as lymph nodes, bone 
marrow, spleen, adrenals, liver, and kidneys (Lasagna-Reeves et al.  2010 ; Chen 
et al.  2009 ; Dobrovolskaia et al.  2008 ). 

 Research shows that nanoparticles can stimulate and/or suppress the immune 
responses and that their compatibility with the immune system is largely deter-
mined by their surface chemistry.    In fact, the infl uence of size, solubility, and sur-

  Fig. 11.5    Nanotoxicity: causes and effects. Nanoparticles biocompatibility/effects and their use in 
biological applications can be infl uenced by size, shape, solubility, composition, and surface 
charge and modifi cation/chemistry       
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face modifi cation on the biocompatibility of nanoparticles and their use in biological 
applications are well known (Dobrovolskaia and McNeil  2007 ) (see Fig.  11.5 ).  

 AuNPs are generally considered to be benign. However, the size similarity of 
AuNPs to biological matters could provide “camoufl age” to cellular barriers, lead-
ing to undesired cellular entry which might be detrimental to normal cellular func-
tion (Connor et al.  2005 ). 

 Pan et al. ( 2007 ) recently conducted a systematic investigation of the size- 
dependent cytotoxicity of AuNPs against four cell lines. They found that AuNPs 
1–2 nm in size displayed cell-type dependent cytotoxicity with high micromolar 
IC50s. In contrast, AuNPs 15 nm in size were nontoxic to cells at concentrations 
60-fold higher than the IC50 of the smaller AuNPs. These results seemed to confi rm 
size dependent toxicity of AuNPs (Kim et al.  2009a ; Visaria et al.  2006 ; Paciotti 
et al.  2004 ; El-Sayed et al.  2005b ; Huang et al.  2008 ), an inference that has hitherto 
been somewhat ambivalent. On the other hand, it was found that the presence of 
sodium citrate residues on AuNPs impaired the viability in the alveolar type-II cell 
lines A549 and NCIH441. Interestingly, the presence of an excess of sodium citrate 
on the surface of NPs not only reduced the in vitro viability of A549 and NCIH441 
cell lines but also affected cellular proliferation and increased the release of lactate 
dehydrogenase (marker for apoptotic cell degradation) (Uboldi et al.  2009 ). 

 Although AuNPs are generally considered as highly biocompatible, previous 
in vitro studies have also shown that cytotoxicity of AuNPs in certain human epithe-
lial cells was observed (Freese et al.  2012 ; Rothen-Rutishauser et al.  2007 ). 

 Now the most urgent questions rise up. Are the gold nanoparticles cytotoxic or 
biocompatible? And how can the gold nanoparticles be designed to avoid these 
effects? 

 There does not seem to have a simple answer. Even though there is not any gen-
eral mechanism for making nanoparticles universally “non-toxic” to all living cells 
and all organisms, there are important fi ndings that can be applied for increasing 
nanoparticle biocompatibility and reducing cytotoxic interactions in vivo and 
in vitro. 

 Using the lowest nanoparticle dose to get the desired response for the shortest 
period of time, in general, seems to promote biocompatibility as well as coating a 
nanoparticle of the outer coating completely covers the nanoparticle reactive sur-
face (a non-continuous covering, the presence of cracks, roughness, or interruptions 
could lead to complement or antibody attachment, or dissolution of the coating by 
cell digestion) and cannot be removed and utilized by the living cell (Bellucci  2009 ). 

 It is essential to test nanoparticle/biological interactions experimentally and 
modify the nanoparticles for best biocompatibility with the cell in order to eliminate 
some obstacle, like the peroxidation of membrane lipids, the generation of reactive 
oxygen species, the acute and chronic release of pro-infl ammatory factors, modifi -
cation in genetic cellular function, and the possibility of nanoparticles becoming 
inactive/unavailable during fi ltration or passage through pores and fenestrations 
(Sun et al.  2005 ) due to size, infl exibility of the nanoparticle core, or protein adsorp-
tion and agglomeration (Bellucci  2009 ). 

J. Conde et al.



319

 When interpreting nanoparticle interactions with cells and organisms, it is 
important to remember that living systems may appear normal and be capable of 
growth and function, but they may be genetically altered in subtle ways following 
nanoparticle exposure, which can produce serious consequences at some time in the 
distant future. Conversely, other cells that seem to be damaged may, in time, recover 
from nanoparticle exposure and function normally in the absence of the nanoparti-
cles (Bellucci  2009 ). 

 In conclusion, the only weapon that we have to insure that these new materials 
are well designed and safely used is to question and test each new nanoparticle to 
make sure that it has been designed for safety (with maximum biocompatibility) 
during handling, use, and disposal. Evaluating the biocompatibility of nanomateri-
als is imperative. In fact, it is important to carefully characterize the biocompatibil-
ity and safety of the nanomaterials if they are to be used for medical purposes. 
Despite the major scientifi c advances made in the fi eld of molecular and cell biology 
and biotechnology, the basic concepts of regulatory toxicology have hardly changed 
over the past decades (Dobrovolskaia and McNeil  2007 ). Actually, the vast majority 
of studies report the biocompatibility of nanomaterials only through the study of cell 
viability. Almost no importance is given when testing nanomaterials in the detection 
of genetic damages (DNA strand breaks and the formation of nuclear abnormali-
ties), or in identifying protein markers of toxicity, or measuring the level of oxida-
tive stress. For example, when using gene silencing technologies, the function of 
specifi c genes and proteins in toxicity pathways could be identifi ed, once DNA-
damage response (DNA repair, cell-cycle regulation, and apoptosis) encompasses 
gene-expression regulation at the transcriptional and post-translational levels. 

 In fact, Conde et al. reported a gold-nanobeacon system (Conde et al.  2013a ) 
used for gene therapy that was extensively evaluated for the genotoxic, cytotoxic, 
and proteomic effects after incubation in cancer cells (Conde et al.  2014b ). The 
exposure was evaluated by two-dimensional protein electrophoresis followed by 
mass spectrometry to perform a proteomic profi le and MTT assay, glutathione-S- 
transferase assay, micronucleus test, and comet assay to assess the genotoxicity. An 
assessment of genome-related toxicity revealed no signifi cant DNA damage 
increase, as well as no potential mutagenic or clastogenic consequences to the cell 
(Conde et al.  2014b ).  

11.5     Conclusions and Future Perspectives 

 Over the last decade, thousands of different gold nanocarriers were developed and 
published. Almost 20 % of these papers were published in 2010 alone. It is indisput-
able that the use of gold nanocarriers has been gaining momentum as vectors for 
therapy and diagnostic strategies, combining the AuNPs’ ease of functionalization 
with numerous biomolecules, high loading capacity, and fast uptake by target cells. 

 Here, we have reviewed part of this exciting progress and research advances 
within the context of multifunctional gold nanocarriers for cancer theranostics. 

11 Multifunctional Gold Nanocarriers for Cancer Theranostics…



320

Despite the signifi cant efforts towards the use of gold nanocarriers in biologically 
relevant research, more in vivo studies are needed to assess the applicability of these 
materials as delivery agents. In fact, only a few went through feasible clinical trials. 
Nanoparticles have to serve as the norm rather than an exception in the future con-
ventional cancer treatments. Future in vivo work will need to carefully consider the 
correct choice of chemical modifi cations to incorporate into the multifunctional 
gold nanocarriers to avoid activation off-target, side effects, and toxicity. Moreover 
the majority of studies on nanomaterials do not consider the fi nal application to 
guide the design and functionalization of NP. Instead, the focus is predominantly on 
engineering materials with specifi c physical or chemical properties. 

 Although great effort has been applied to the detection of microorganisms and/or 
virus using gold biosensors, only a few were used for the detection of chronic diseases, 
such as cancer. The lack of specifi c and unique DNA/RNA markers and the complex-
ity of the intricate regulation pathways have made the development of probes rather 
diffi cult. Particularly in cancer, future trends need to be focused on the detection of 
microRNAs and circulating DNA biomarkers or the recognition of circulating tumor 
cells followed by a detection step. Since most of the nanodiagnostic systems report 
DNA sequence analysis/detection, the great majority ignored the important genomic 
and transcriptomic information when detecting messenger RNA and microRNAs, 
which are considered to be excellent biomarkers for the early diagnosis of cancer. 

 To improve medicine, scientifi c discoveries must be translated into clinical appli-
cations. Such discoveries typically begin at “the bench” with basic/fundamental 
research in which scientists study disease at a molecular or cellular level and then 
progress to the clinical level, which is the patient’s “bedside.” Scientists and clini-
cians are increasingly aware that this bench-to-bedside approach to translational 
research is really a two-way interaction. However, an additional effort should appear 
towards the development of new clinical strategies. 

 Moreover, the systems discussed here are each of them unique in many aspects. 
Some of the nanoformulations have very well-defi ned structures, whereas some are 
highly heterogeneous. Some have a wide range of size, charge, and surface. This 
raises the important question about the reliability of their production protocols. The 
great majority of the nanosystems described here present or will present additional 
challenges in the scale-up of the manufacturing process. Besides, central concerns 
about nanoparticle’s biodistribution and the proper considerations of safety for the 
patients. Therefore, the establishment of safe regulatory approval nanoformulations 
turns to be essential. 

 For that reason, it is imperative to learn how advances in nanosystem’s capabili-
ties are being used to identify new diagnostic and therapy tools driving the develop-
ment of personalized medicine in oncology; discover how integrating cancer 
research and nanotechnology modeling can help patient diagnosis and treatment; 
recognize how to translate nanotheranostics data into an actionable clinical strategy; 
discuss with industry leaders how nanotheranostics is evolving and what the impact 
is on current research efforts; and last but not least, learn what approaches are prov-
ing fruitful in turning promising clinical data into treatment realities. 
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 Although all studies described here provide a baseline level of data in support of 
the effectiveness and safety of nanomaterials, we wonder how useful the data gener-
ated will be in successfully predicting and preventing scientists from jeopardizing 
the safety of the future patients. 

 With chemists, biologists, and materials scientists working together with clini-
cians and engineers, but especially with “translational innovators,” new solutions to 
crucial nanobiomedical problems will hopefully be found. 
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    Chapter 12 
   Microbubbles as Theranostics Agents 

             Tuan     Pham    ,     Carl     Beigie    ,     Yoonjee     Park     , and     Joyce     Y.     Wong     

12.1            Introduction 

 Ultrasound (US) is among the most commonly used imaging modalities in the clinic. 
In ultrasound imaging, high-frequency (>20-kHz) sound waves are emitted through 
the skin. Portions of these waves are refl ected back towards the transducer when 
they encounter tissues, and these refl ected waves are computed to generate images 
based on sound attenuation, backscatter, and sound speed (Massoud and Gambhir 
 2003 ). Imaging contrast can be greatly improved (Blomley et al.  2001 ) through the 
addition of agents with acoustic properties different from surrounding tissues. 
Among the most commonly used US contrast agents are gas-fi lled microbubbles. 

 Microbubbles are gas-fi lled spheres with a shell that can be composed of phos-
pholipids, polymers, or a variety of other substances (Janib et al.  2010 ; Unger et al. 
 2004 ). When exposed to US, these microbubbles undergo alternating contraction 
and expansion, a process known as cavitation, due to compressibility of encapsu-
lated gas when subjected to acoustic pressure (Phillips and Gardner  2004 ; Cosgrove 
 2004 ; Stride and Saffari  2003 ). These vibrations cause the microbubbles to return a 
greater amount of US signal to the transducer, as compared to the practically incom-
pressible surrounding tissues. This difference in signal return accounts for the 
majority of contrast provided by microbubbles in conventional grayscale ultrasound 
imaging (Cosgrove  2006 ). Although there are many other methods of obtaining 
contrast using microbubbles [Doppler (Harvey et al.  2001 ) and contrast specifi c 
imaging (Phillips and Gardner  2004 ) among others], the physics underlying these 
methods are beyond the scope of this chapter. 
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 Currently the only FDA-approved use of microbubble ultrasound contrast agents 
is for left ventricle opacifi cation. The albumin shelled microbubble, Albunex, was 
fi rst approved in 1994. Subsequently, only two commercial microbubbles remain in 
clinical use: Optison™ (GE Medical Diagnostics, Princeton, NJ) and Defi nity ®  
(Lantheus Medical Imaging, Billerica, NJ), which were FDA-approved in 1997 and 
2001, respectively (Castle et al.  2013 ). While microbubbles have only been used as 
ultrasound contrast agents in the clinic, a signifi cant amount of work has been 
devoted to demonstrating the potential role of microbubbles as a complete theranos-
tic tool. Theranostics, or the combination of imaging and therapy, has gained 
increasing amounts of attention because of its proposed goal of allowing clinicians 
to diagnose and treat in real time with a single agent. The purpose of this chapter is 
to highlight strategies and uses of microbubbles in the application of theranostic 
cancer therapy. After a brief overview of microbubble fabrication and properties 
affecting their stability, the concept of microbubble use for theranostics is further 
developed with discussion of their potential for multi-modal imaging. In the remain-
der of the chapter, techniques for incorporation of drugs, genes, and proteins, and 
factors that affect success of these payload types are presented from key literature. 
The work presented here is by no means all-inclusive but merely attempts to intro-
duce these key concepts. We also examine targeting strategies and their use in 
improving effi ciency of microbubble accumulation at the tumor site. Finally, the 
chapter summarizes future work required to bring theranostic microbubble plat-
forms to the clinic.  

12.2     Microbubbles: Basic Fabrication Methods 

 Microbubbles can be made in a variety of ways, with the two most common meth-
ods being mechanical agitation (Fang et al.  2007 ; Klibanov  1999 ) and microfl uidic 
fl ow focusing (Hashimoto et al.  2008 ; Ganan-Calvo and Gordillo  2001 ; Hettiarachchi 
et al.  2007 ). In mechanical agitation, a tip sonicator or vial shaker is used to vio-
lently mix the solution containing the shell components with a headspace of gas in 
order to create a microbubble emulsion. Microfl uidic fl ow focusing uses micron 
sized fl ow channels in order to mitigate fl ow of immiscible fl uids to emulsify one 
phase into another immiscible phase. In the context of microbubbles, the gas phase 
(microbubble core) fl ows into the liquid phase containing shell components (lipids, 
polymers, etc.). These two phases are then focused at a small opening called the 
orifi ce and pinch off to form gas-fi lled microbubbles (Hashimoto et al.  2008 ). 
Figure  12.1  shows a general overview of these two techniques.

   There are many things to consider when choosing which method of microbubble 
fabrication to use. The sonication technique can produce a large number of micro-
bubbles within minutes; however, some issues may arise from resulting broad dis-
tributions of size and shell thickness (Xu et al.  2012 ; Lee and Lee  2010 ; Parhizkar 
et al.  2013 ). In contrast, microfl uidic fl ow focusing methods yield uniform size 
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distributions; yet different shell thicknesses and bubble sizes can still be created by 
modifying fabrication parameters such as fl ow rates or device geometries (Lee and 
Lee  2010 ; Parhizkar et al.  2013 ; Gunduz et al.  2012 ). The narrow microbubble size 
distributions from fl ow focusing have been shown to improve echogenicity (Talu 
et al.  2007 ). However, a major drawback of microfl uidic-driven microbubble pro-
duction is the diffi culty to mass-produce these bubble populations. To address these 
concerns, there has been a growing literature of new methods for mass production 
of bubbles that include increasing microbubble production speed (Castro-Hernandez 
et al.  2011 ) and running multiple devices in parallel on a single chip (Nisisako and 
Torii  2008 ; Romanowsky et al.  2012 ; Kendall et al.  2012 ).  

12.3     Microbubble Stabilization 

 The visualization of blood fl ow in left ventricle opacifi cation is a relatively brief 
imaging technique and does not require long-term microbubble stability for sys-
temic circulation. However, with the expanding number of applications for which 
microbubbles are being explored, long-term stability of these contrast agents has 
become increasingly important. This section focuses on microbubble stability 
against gas dissolution, coalescence, and under ultrasound. 

 Microbubble instability arises from a variety of physical properties. Microbubble 
emulsions are thermodynamically unstable and have a tendency to minimize free 
energy of the system by separating gas and liquid into two bulk phases. This energy 
minimization leads to coalescence in which microbubbles aggregate together. These 
patches of gathered microbubbles eventually undergo Ostwald ripening and fuse 
into larger microbubbles, continuing this process until gas and liquid phases are 
completely separated (Kwan and Borden  2012 ). Another form of instability is gas 

  Fig. 12.1    Fabrication methods of microbubbles. ( a ) The microbubble starting materials (shell 
materials and gas) are fl owed through a microfl uidic device designed to focus the two immiscible 
phases at an orifi ce. The two colliding fl ows then pinch off and form microbubbles. ( b ) The shell 
materials are placed into a vial with a gas headspace. Then, using mechanical agitation (shaking or 
sonicating), the two phases are forced to partition into gas-cored microbubbles       
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dissolution which occurs due to the difference between gas partial pressures within 
and surrounding the microbubble. This difference causes an effl ux of the gas core 
into the surroundings, which leads to microbubble shrinkage and ultimately, dissolu-
tion (Sarkar et al.  2009 ; Kwan and Borden  2010 ). Other mechanisms for microbub-
ble instability have been explored, including microbubble shell collapse. However, a 
complete discussion of microbubble collapse dynamics is beyond the scope of this 
chapter and has been covered in detail elsewhere by Kwan and Borden ( 2012 ). 

 Although microbubble dissolution cannot be completely prevented, the literature 
reports many techniques proposed to slow down the diffusional process. Gases with 
low aqueous solubility, such as perfl uorocarbons, have been used as microbubble 
cores to decrease gas dissolution (Cui et al.  2005 ) and different microbubble shell 
compositions have been explored in an effort to increase structural integrity 
(Paradossi et al.  2003 ; Ferrara et al.  2007 ; Duncanson et al.  2010 ). Additionally, 
researchers have added PEG to the microbubble shell to prevent aggregation and 
subsequent Ostwald ripening (Duncanson et al.  2010 ; Park et al.  2012 ). By using 
polymer-based shell compositions, increased shelf life, suspension stability, and 
stability under ultrasound have been obtained. However, these microbubbles exhibit 
decreased echogenicity and nonlinearity when compared with soft, lipid shelled 
microbubbles (Sciallero and Trucco  2013 ). 

 A relatively new concept of microbubble formulation has been explored in which 
a lipid-shelled microbubble is made using polymerizable diacetylene lipids. Park 
et al. ( 2012 ) showed that by varying the amount of this polymerizable lipid, micro-
bubble stability could be tuned. Figure  12.2  shows that the 25 % polymerizable lipid 
shell condition provided increased stability against microbubble dissolution 
(Fig.  12.2a ) as well as increased stability under ultrasound (Fig.  12.2b ) when com-
pared with lower polymerizable lipid shell concentrations and commercially avail-
able microbubbles, Vevo MicroMarker (VMM).

  Fig. 12.2    ( a ) Normalized number of microbubbles remained with time. The stability against gas 
dissolution of the different shell materials is informed: ( diamond ) 25 % DA; ( circle ) 15 % DA; 
( triangle ) non-polymerizable lipids; ( square ) VMM. ( b ) Ultrasound image intensity (at 7.5 MHz) 
vs. time for a variety of microbubble shell materials: ( diamond ) 25 % DA; ( circle ) 15 % DA; 
( triangle ) nonpolymerizable lipids; ( square ) Vevo MicroMarker (VMM). The intensity in the ROI 
was normalized by the initial intensity and then converted to dB. The  vertical lines  represent stan-
dard error [adapted with permission from Park et al.  2012 ). Copyright (2012) American Chemical 
Society]       
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12.4        Theranostics 

 The advances made in improving microbubble stability have expanded the potential 
applications of microbubbles to include triggered delivery of a therapeutic payload. 
Many researchers envision the use of microbubbles as a theranostic particle that 
both provides targeted image contrast to aid in diagnostic procedures and carries a 
therapeutic agent to the intended target. Ideally, such theranostic particles would be 
injected systemically and accumulate at the desired target through use of specifi c 
targeting moieties, such as antibodies. Once at the intended target, a clinician could 
image and identify the location of the target using clinical US. Finally, US of a fre-
quency specifi c to the microbubble, distinct from the frequency used for imaging, 
can be applied to burst the microbubble and release the payload. Figure  12.3  gives 
a simplistic overview of this concept, which remains the ultimate goal of the fi eld.

   Some early studies have shown microbubbles as a promising platform to 
develop this theranostic concept. Leong-Poi et al. used microbubbles loaded with 
plasmid DNA encoded for VEGF to induce formation of microvessels in hind limbs 
of rats, which in turn increased microvascular blood fl ow (Leong-Poi et al.  2007 ). 
Although these particular microbubbles were not used for imaging in the rats, but 
merely as DNA delivery vehicles, it could be reasoned that acoustic contrast 
enhancement of these particles would be ideal for visualization of increased micro-
vascular blood fl ow (Kiessling et al.  2012 ). Rapoport et al. used doxorubicin-loaded 
nanobubbles which collected at tumor sites and coalesced into microbubbles. These 
in vivo - formed microbubbles were then imaged using US and destroyed to release 
the drug, which led to tumor growth inhibition (Rapoport et al.  2007 ). Although 
these studies and others show potential of microbubbles as theranostic tools, the 
fi eld is still relatively young, and much more work is needed before true clinical 
translation can be achieved. While the role of microbubbles in ultrasound contrast-
ing has already been elucidated, combinations of microbubbles with other contrast-
ing agents allow for a more complete diagnostic tool. In the following section we 
review further enhancements to the imaging aspect of theranostics. Beginning from 
   Sect. 5, we will discuss current efforts in the literature that address drug delivery 
aspects of theranostic function. 

  Fig. 12.3    ( a ) Drug-loaded, targeted microbubbles are injected into the bloodstream and only 
attach to diseased tissues that exhibit specifi c targets. ( b ) Using a low powered ultrasound, this 
diseased area is located via ultrasound for diagnostic purposes and then ( c ) switching to a higher 
powered ultrasound, the bubbles in the specifi ed area will burst and locally deliver therapeutic 
agents to the diseased tissue       

 

12 Microbubbles as Theranostics Agents



334

12.4.1     Combined Imaging Modalities to Enhance Diagnostic 
Imaging 

 While US is the primary mechanism for both imaging and triggering therapeutic 
release, others have further developed these particles to provide greater diagnostic 
practicality by combining them with other imaging modalities. For example, there 
have been microbubbles developed that are infused with contrast agents for mag-
netic resonance imaging (MRI) to provide a theranostic agent with both imaging 
capabilities. MRI is a non-invasive and widely clinically used technique that pro-
vides excellent soft tissue contrast with high morphological and spatial resolution. 
Superparamagnetic iron oxide nanoparticles (SPIONs) alter transverse ( T2 ) relax-
ation times of water protons, providing dark negative signal intensity in images that 
can be used to visualize tumors (Lee et al.  2006 ). Additionally, SPIONs are non-
toxic, biodegradable, and have a wide degree of versatility in biomedical applica-
tions. Current research of SPION applications includes drug delivery, bio- sensing, 
and molecular targeting (Laurent et al.  2008 ). By combining SPIONS with micro-
bubbles, clinicians can optimize use of two imaging modalities through only one 
injectable contrasting agent. Using polymer-coated microbubbles, SPIONs can be 
incorporated into the shell of ultrasound contrast agents during synthesis steps and 
released upon microbubble rupture. Using a double emulsion solvent evaporation 
interfacial deposition (water-in-oil-in-water emulsion) process, SPIONs can be 
incorporated into an internal shell layer of polymer and then further encapsulated 
within a second shell layer all while maintaining a gas core (Yang et al.  2009 ). 
Incorporation of SPIONs into the inner shell increased MRI relaxation time as 
SPION concentration increased but reached a maximum in ultrasound contrast, 
after which additional SPIONs reduced the response of the microbubble. Thus, 
there exists a trade-off between MRI and ultrasound signals that must be optimized 
for an effective contrast agent. Using a similar oil-in-water emulsion technique, Liu 
et al. ( 2011 ) demonstrated signifi cant image contrast observed in vascularized areas 
of a myxoid liposarcoma (MLS) ovarian carcinoma in rats upon i.v. injection of 
their hybrid contrast agent. Additionally, this study demonstrated a signifi cant 
increase in longitudinal and transversal relaxivities after US-induced bubble 
destruction, which demonstrated triggerable MR imaging properties. 

 While MRI/US contrast combination continues to be evaluated as a future clini-
cal technique, microbubbles are also being investigated in combination with other 
imaging modalities. Specifi cally, photoacoustic imaging can be coupled with ultra-
sound to provide enhanced spatial and temporal resolution (Xu and Wang  2006 ). 
Photoacoustic imaging uses nonionizing waves, such as short laser or radio- 
frequency pulses, of electromagnetic energy to excite ultrasound waves in biologi-
cal tissues. A promising biomedical application lies in the detection of breast cancer 
by near-infrared light or radio-frequency–wave-induced photoacoustic imaging, 
which has important potential for early detection (Pramanik et al.  2008 ). Dove et al. 
demonstrated that binding of avidin-conjugated gold nanoparticles to a biotinylated 
microbubble shell provided stoichiometric control over nanoparticle surface density 
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and optical absorption, while still retaining essential acoustic properties of the 
microbubble. Furthermore, the acoustic effi ciency was 8.9-fold higher for micro-
bubbles with conjugated nanoparticles than for nanoparticles alone, suggesting a 
potential for benefi cial coupling between microbubbles and nanoparticles for 
enhanced photoacoustic response (Dove et al.  2013 ).   

12.5     Microbubbles as a Therapeutic Delivery Device 

 To achieve a fully integrated theranostic particle, various techniques are employed 
to specifi cally tailor microbubble properties for payload incorporation and release. 
Microbubbles with a therapeutic payload have been used for a number of therapeu-
tic strategies including delivering drugs across the blood–brain barrier (Hynynen 
et al.  2001 ; Mesiwala et al.  2002 ; Mesiwala and Mourad  2002 ), gene delivery 
(Martinez et al.  2002 ; Urban-Klein et al.  2005 ; Kinoshita and Hynynen  2005 ; 
Carson et al.  2012 ; Li et al.  2009 ), and targeted drug delivery (Willmann et al.  2008 ; 
Borden et al.  2008 ; Pochon et al.  2010 ; Tardy et al.  2010 ). As shown in Fig.  12.4 , 
the methods to incorporate drugs into a microbubble can vary depending on the 
properties of the therapeutic payload.

  Fig. 12.4    Different ways that drugs can be incorporated into a microbubble. The drugs can be 
attached to the outer shell of the bubble ( a ), incorporated into the bubble’s shell ( b ), bound nonco-
valently to the surface of the microbubbles ( c ), and entrapped within the microbubbles ( d ), or 
hydrophobic drugs can be incorporated into a layer of oil within the microbubble ( e ). Reprinted 
with permission from Elsevier (Unger et al.  2001 ,  2004 )       
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   Therapeutic agents can be attached to the outer shell of the microbubble either as 
a free drug bound to the surface or within another carrying vehicle (micelles or 
liposomes) that is in turn bound to the microbubble (Fig.  12.4a ) (Lentacker et al. 
 2007 ). Hydrophobic drugs, such as paclitaxel and doxorubicin, can also be incorpo-
rated into the shell layer of the microbubble (Fig.  12.4b ) (Cochran et al.  2011 ; 
Tinkov et al.  2010a ; Kang et al.  2010 ). For gene therapy applications, genetic mate-
rial can potentially be electrostatically bound to the microbubble surface using shell 
components that give an overall positive shell charge (Fig.  12.4c ) (Chen et al.  2006 ). 
Therapeutic agents can also be encapsulated directly within the microbubble itself 
(Fig.  12.4d ). For lipophilic drugs that require a larger payload than microbubble 
surface binding can provide, an additional oil layer can be introduced within the 
microbubble between the gas core and bubble shell (Fig.  12.4e ) (Fang et al.  2007 ; 
Lentacker et al.  2010 ; Shortencarier et al.  2004 ). Due to numerous drug loading 
options and manipulations of the microbubble itself, there has been much work 
done in exploring possible clinical uses for these drug-loaded microbubbles. The 
following sections will discuss current literature in regard to payload categories of 
small molecule drugs, gene delivery, or protein therapeutics and application of these 
loading techniques. 

12.5.1     Drug Therapies 

 Microbubbles have been explored as potential drug carriers for numerous oncologi-
cal drugs including doxorubicin, paclitaxel, and docetaxel (Cochran et al.  2011 ; 
Tinkov et al.  2010a ; Kang et al.  2010 ). The allure of using these microbubbles is due 
in part to their ability to facilitate reduction of in vivo toxicity (Unger et al.  1998 ), 
potential for targeted drug delivery, and combination of therapy and imaging in a 
single platform. Additionally, triggered release of the microbubble payload can 
potentially ensure that chemotherapeutic agents are only released at the tumor site, 
thereby reducing systemic effects.  

12.5.2     Drug Loading 

 Depending on drug characteristics (size, hydrophobicity, charge) and microbubble 
properties, one method of incorporation into the microbubble may be more suitable 
than others. Although hydrophobic drugs can be incorporated directly to micro-
bubble shells through hydrophobic interactions, there are many instances in which 
this method alone does not provide the necessary effective payload. Unger et al. 
( 1998 ) circumvented this problem by solubilizing paclitaxel into soybean oil and by 
using the drug-loaded oil as a medial layer between the gas core of the microbubble 
and the lipid shell. Hettiarachchi et al. ( 2009 ) used a double emulsion microfl uidic 
device design to create a gas-in-oil-in-water microbubble with paclitaxel dissolved 
in the oil phase. Each of these methods increased the payload of drug per micro-
bubble, allowing for release of a more effective dose from the microbubble. 
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 Hydrophilic drugs are less amenable to such methods of loading, as they generally 
prefer to leave hydrophobic spaces and solubilize into the surrounding water- based 
solution. Various approaches have been used to encapsulate the hydrophilic drug, 
doxorubicin. One common technique is through tethering of smaller drug carrying 
particles to the microbubble instead of through hydrophobic interaction between the 
drug and microbubble shell, as with hydrophobic drugs. Lentacker et al. loaded 
doxorubicin into aqueous cores of liposomes. Then, by using an avidin–biotin 
 linkage, they tethered these drug loaded liposomes onto gas-fi lled microbubbles 
(Lentacker et al.  2010 ). Geers et al. ( 2011 ) performed a similar experiment, but teth-
ered doxorubicin-loaded liposomes to microbubbles using a thiol–maleimide link-
age. Once microbubbles are ruptured, these drug-loaded liposomes are released, and 
the drug payload is released either by diffusion or through being endocytosed by 
target cells. Other research has attempted fabricating microbubbles in high concen-
trations of drug solution to load the microbubble through use of a concentration 
gradient. Villa et al. ( 2013 ) used a polyvinyl alcohol (PVA) shelled microbubble with 
a chitosan brush coating to load doxorubicin by dialyzing microbubbles in the pres-
ence of high concentration. Once microbubbles were removed from the drug solu-
tion, the chitosan brush acted as a physical barrier to diffusion, slowing down drug 
leakage from the microbubble. Fabiilli et al. dissolved drugs into water and created a 
water-in-gas emulsion by mixing drug-doped water with gas. This gas was then used 
to form the core of a microbubble, creating an acoustically active microbubble, with 
drug loaded into the gas core of the microbubble (Fabiilli et al.  2010 ). 

 Other properties, such as charge, have also been used to incorporate drugs into 
microbubbles. Tinkov et al. ( 2010b ) used anionic phospholipids to form microbub-
bles and electrostatically bound doxorubicin, which has a positive charge in physi-
ological conditions, to the surface of the microbubbles. With the wide variety of 
possible characteristics to manipulate for drug incorporation, microbubbles offer a 
versatile palette for incorporation and delivery of drugs. 

12.5.2.1     US-Triggered Anti-cancer Drug Delivery 

 Most anti-cancer drug delivery techniques use US to trigger drug release through 
microbubble collapse. Cochran et al. used scanning electron microscopy to compare 
the morphology of drug containing polymer-shelled microbubbles after fabrication 
(Fig.  12.5a ) to the morphology after ultrasound destruction (Fig.  12.5b ). The change 
in morphology confi rmed microbubble destruction due to ultrasound. They also 
found that with destruction of these drug-loaded microbubbles, there was an increase 
in the amount of drug released (Fig.  12.5c ) (Cochran et al.  2011 ).

   Additionally, US sonoporation increases effectiveness of the chemotherapy 
agent by increasing drug accumulation in nearby cells. Lin et al. showed that by 
adding microbubbles with focused ultrasound and freely dissolved drug, the ability 
of doxorubicin to reduce tumors in mice was enhanced. With doxorubicin alone, 
tumor size was consistently larger than when treated in conjunction with micro-
bubbles and ultrasound (Fig.  12.6a ). They found that addition of US and microbubbles 
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  Fig. 12.5    Scanning electron images of drug loaded microbubbles before ( a ) and after ( b ) ultra-
sound exposure. ( c ) The  graph  shows that the insonated drug-loaded microbubbles [ diamond ] 
released more drugs than non-insonated microbubbles [ cross ] (* p  < 0.0374). Reprinted with 
permission from Elsevier (Cochran et al.  2011 )          

  Fig. 12.6    ( a ) Effect of initial size of treated tumors on tumor growth response for treatments with 
5 mg/kg of DOX. The  arrows  indicate schedule for treatments (Lin et al.  2012 ). ( b ) 4T1-tumor 
bearing mice were treated with PBS ( squares , PBS only control), unloaded MBs ( circles , unloaded 
MBs + US), PLMC ( upwards triangles , PLMC without US), PL ( downwards triangles , PL + US), 
and PLMC ( diamonds , PLMC + US) on day 10, day 13, and day 16 after tumor cell injection. 
Systemic therapy with PLMC resulted in signifi cantly greater tumor growth inhibition vs. PBS 
control, PLMC without US, unloaded MBs, and PL under US exposure. The results represent the 
mean ± SD,  n  = 6. * p  < 0.05, ** p  < 0.01. PTX = paclitaxel. Reprinted with permission from Elsevier 
(Yan et al.  2013 )       
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led to nearly a tenfold more effective treatment over free drug alone. This indicated 
that the combination of ultrasound and microbubble signifi cantly increased the 
amount of drug that accumulated in tumor tissues (Lin et al.  2012 ). Using drugs that 
were actually attached to the microbubble itself, Yan et al. showed that using PTX- 
liposome–microbubble complexes (PLMC) for breast tumor treatment reduced 
tumor sizes in mice. When using just PLMC, the tumor was able to grow to 
872.46 ± 125.82 mm 3 . However, addition of ultrasound reduced fi nal tumor size to 
only 360.01 ± 131.24 mm 3  in volume, indicating that ultrasound could be used to 
trigger localized release of paclitaxel even when anchored to the microbubble (Yan 
et al.  2013 ). Figure  12.6b  summarizes in vivo work done and shows effectiveness of 
these PLMCs when ultrasound is applied in addition to PLMCs alone. We will fur-
ther discuss the mechanism by which sonoporation increases effectiveness of drug 
delivery later in the chapter.

12.5.3         Gene Therapy 

 Gene therapy is a promising alternative for treatment of a diverse array of cancers. 
Through targeting and suppression of oncogenes or insertion of apoptotic genes, 
gene therapy has become an intense area of research due to the possibility of avoid-
ing severe side effects associated with traditional chemotherapy agents. However, 
naked nucleic acids are quickly degraded by nuclease activity or cleared from the 
tumor area, posing a diffi cult challenge to delivery (Roth and Cristiano  1997 ). In an 
attempt to improve gene transfection and prolong circulation, both viral and non- 
viral vectors have been evaluated for gene delivery. Viral vectors, such as retrovirus 
and herpes simplex virus (HSV), delivered systemically result in transduction of 
non-target tissues leading to adverse side effects. Additionally, viral vectors also 
elicit an immune response that can limit their effectiveness and prevent repeated use 
of the vectors (El-Aneed  2004 ). Non-viral vectors currently suffer from low trans-
fection effi ciency, where the amount of genetic material delivered fails to result in 
a functional effect (Niidome and Huang  2002 ). As a result of these diffi culties, 
 current gene therapy treatments remain in clinical or preclinical testing. 

12.5.3.1     Gene Therapy Loading 

 Incorporation of oligonucleotides directly into the microbubble not only protects 
genetic material from degradation but also improves spatial targeting of the genetic 
payload through selective microbubble bursting. The most common method of 
incorporating oligonucleotides to the microbubble is through electrostatic interac-
tions. Because of the negative charge of DNA, inclusion of positively charged spe-
cies into or on the microbubble shell can aid in loading a nucleotide payload. In a 
comparison of cationic and control neutral charged microbubbles, Panje et al. ( 2012 ) 
showed that cationic lipid microbubbles were able to bind plasmid DNA with a 
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capacity that was 7.5-fold higher than neutral microbubbles. As shown in Fig.  12.7 , 
this DNA binding by cationic microbubbles shielded DNA from DNase activity 
better than neutral microbubbles or free plasmid, as indicated by gel electrophoresis.

   As an alternative to including cationic lipid in the microbubble shell, cationic 
polymers can also be used to coat the surface of the microbubble with complexed 
oligonucleotides. By using the layer-by-layer (LbL) assembly technique to attach 
multiple layers of DNA and poly- l -lysine (PLL) onto preformed lipid-coated micro-
bubbles, Borden et al. ( 2007 ) showed that a tenfold increase in DNA loading capac-
ity was possible. Similarly, Lentacker et al. coated albumin-shelled microbubbles 
with poly(allylamine hydrochloride) (PAH) and showed minimal changes in micro-
bubble size distributions and ultrasonic function. Additionally, the cationic coating 
yielded increased binding of DNA to microbubbles and helped to protect bound 
DNA from nuclease degradation (Lentacker et al.  2006 ).  

12.5.3.2     Gene Therapy Treatment 

 Two major types of gene therapies involve use of either DNA or short interfering 
RNA (siRNA). The delivery of DNA seeks to up-regulate expression of an immune 
response marker or suicide gene in tumor cells. Cells expressing HSV thymidine 
kinase (TK) are easily targeted and eliminated by treatment with ganciclovir. 
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  Fig. 12.7    Binding of plasmid DNA to cationic MBs and DNase protection assay. ( a ) Direct bind-
ing of YOYO-1-labeled plasmid DNA (10 μg) to cationic MBs (1 × 108) but not neutral MBs 
(1 × 108) was confi rmed visually by confocal microscopy (1,000×, scale bar = 10 μm). ( b ) Gel 
electrophoresis confi rmed partial protection of plasmid DNA bound to cationic MBs (lane 4) from 
DNase degradation. Plasmid DNA mixed with and not bound to neutral MBs (lane 5) were com-
pletely degraded after DNase treatment. Lane 2 represents control samples containing only plas-
mid DNA without MBs that were not exposed to DNase. Lane 3 shows complete DNase degradation 
of plasmid DNA not incubated with either MB type. Original fi gure from Panje CM, et al. 
Ultrasound- Mediated Gene Delivery with Cationic Versus Neutral Microbubbles: Effect of DNA 
and Microbubble Dose on In Vivo Transfection Effi ciency. Theranostics 2012; 2(11):1078–1091. 
  http://www.thno.org/v02p1078.htm    . Reprinted with permission from Theranostics Publishing 
(Panje et al.  2012 )       
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Using a mouse model of squamous cell carcinoma, tumors sonoporated in the 
 presence of microbubbles loaded with TK displayed longer doubling times 
( p  < 0.02), and TK-treated tumors displayed increased apoptosis ( p  < 0.04) and more 
areas of cellular dropout ( p  < 0.03) (Carson et al.  2011 ). Further studies additionally 
demonstrated effective in vivo delivery of DNA genes to cancer tumors. Using a 
commercially available microbubble, Sonidel MB101 microbubble (Sonidel Ltd, 
Ireland), Li et al. optimized cell transfection in vitro and demonstrated transfection 
effi ciencies of up to 18 % using ultrasound. After optimization, the group used epi-
somal plasmid-based gene with a luciferase reporter to deliver DNA in mouse hind 
leg muscle tumors. Luciferase activity, indicating gene expression, did not diminish 
during tumor growth and suggested plasmid replication during tumor expansion 
(Fig.  12.8 ) (Li et al.  2009 ).

   Short interfering RNA (siRNA) are double stranded RNA oligonucleotides of 
approximately 20–25 kb in length and are complementary in sequence to an area of 
a gene of interest. siRNA bind to a protein called RISC (RNA-induced silencing 
complex) which uses RNase to cleave mRNA strands that match the complementary 
siRNA strand (Martinez et al.  2002 ). Delivery of siRNA targeted to oncogenes can 
be used to stop expression of key proteins and reduce tumor sizes (Urban-Klein 
et al.  2005 ). Using a GFP expressing rat C166 cell line, Kinoshita and Hynynen 
showed that 11 % of cells showed reduced GFP expression 48 h post-sonoporation 
with continuous wave ultrasound (Kinoshita and Hynynen  2005 ). Delivery of 
microbubbles loaded with epidermal growth factor receptor (EGFR) directed siRNA 
to murine squamous carcinoma cells in vivo resulted in three to fi vefold increase in 
the doubling time of treated tumors compared with controls (Carson et al.  2012 ). No 
EGFR knockdown was observed in non-sonoporated tissues (i.e., heat, lungs, etc.), 
and there was no detectable increase of cytokines 24 h post-injection, demonstrating 
selectivity of the treatment to the targeted area. While the types of tumors suitable 
for targeting by siRNA/microbubble therapy can be limited due to US scattering by 
various tissues, further effectiveness of siRNA transfection may be achieved through 
optimization of acoustic parameters and bubble response.   

  Fig. 12.8    Demonstration of prolonged luciferase activity in mouse hind leg muscle tumors after 
delivery of luciferase reporter, pEIP-1-Luc, following ultrasound-mediated and MB101 ® -assisted 
transfection in vivo. ( a ) The signal obtained from an animal at day 4 following transfection and ( b ) 
the same animal at day 20 following transfection. ( c  and  d ) The luminescent signal generated by 
the skin overlying the tumor and excised tumor, respectively. Reprinted with permission from 
Elsevier (Li et al.  2009 )       
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12.5.4     Protein Therapy 

 Even though the majority of the literature using microbubble delivery of a payload 
pertains to drugs smaller than 2,000 Da or genetic material, there are several studies 
using microbubbles for protein delivery by exploiting their unique ultrasound- 
responsive property. Bekeredjian et al. incorporated luciferase enzyme as a model 
protein drug into the lipid shell of a microbubble for ultrasound-mediated delivery 
to the heart (Bekeredjian et al.  2005 ) or testes (Bekeredjian et al.  2007 ). They 
showed that protein delivery into the organ is augmented due to ultrasonic destruc-
tion via in vivo studies. 

12.5.4.1     Therapeutic Protein Loading 

 Because of their size and availability of potential linkages, protein loading com-
monly involves covalent attachment between protein and the surface of micro-
bubble. An amide bond between an amino group on the protein ligand can be 
formed between a carboxyl group or a maleimide on the microbubble shell with a 
protein thiol group to load the microbubble surface. The required moieties on the 
microbubble shell are generally incorporated via functionalized end groups of 
poly(ethylene glycol).  

12.5.4.2     Current Protein Therapy Uses 

 As an alternative to traditional drug action, protein-conjugated microbubbles can 
act to modulate cell activity. For antigen delivery during vaccination, adjuvants are 
required to promote immunogenicity. Microbubbles coated with surface proteins 
can act as an antigen delivery system without the need for ultrasound application. 
Bioley et al. ( 2012 ) used covalent bonds between maleimide molecules on the 
microbubbles and thiol groups from the antigen to coat the microbubble surface. 
Microbubbles could have a direct effect on structural and immune cells of the lymph 
node, which are primary sites of adaptive immunity induction, because they have 
been shown to directly drain from peripheral administration sites to afferent lymph 
node (Sever et al.  2012 ).    

12.6     Targeted Therapies Using Microbubbles 

 Microbubbles have been used in the clinic as ultrasound imaging contrast agents for 
echocardiography since 1997 in the United States. In combination with ultrasound, 
microbubbles have shown potential for molecular level imaging and delivery of 
drugs or genes to cells or tissue. While these advances are promising, microbubbles 
for molecular imaging or therapeutic purposes for the most part remain in the pre-
clinical stage of development. 
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12.6.1     Targeting Methods 

 Tissue and cell specifi city can be achieved by using passively or actively targeted 
microbubbles. Passive targeting refers to taking advantage of the body’s intrinsic 
mechanism, phagocytosis, and inherent properties of the microbubble shell to use 
their affi nity for a specifi c cell type or tissue. For example, albumin-shelled micro-
bubbles were shown to bind to adherent leukocytes via cell-surface integrins or 
complement-mediated opsonization solely due to their shell composition (Ferrara 
et al.  2007 ; Kiessling et al.  2009 ; Deshpande et al.  2010 ). On the other hand, active 
targeting refers to covalent or noncovalent attachment of specifi c targeting moieties 
to the microbubble shell, to allow for binding to specifi c receptors. Most micro-
bubble shell composition consists of lipid; thus, by using polymer-attached lipid, 
targeting moieties can be tethered at the end of the polymer brush. The polymer 
brush plays a role as a spacer between the ligand and monolayer shell for the ligand 
to bind its receptor effi ciently (Kim et al.  2000 ). The method of linking targeting 
agents to the polymer brush is analogous to tethering of drug-carrying particles, 
which we discussed in the previous sections. For non-covalent attachment of ligand, 
the biotin–avidin linkage is the most widely used technique (Fig.  12.9 ).

   Covalent attachment includes creating an amide bond between an amino group 
on the ligand and a carboxyl group on the microbubbles or, alternatively, using a 
maleimide on the microbubble shell to react with a thiol group on the ligand.  

  Fig. 12.9    Targeted drug-loaded microbubbles via noncovalent biotin–avidin linkage       
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12.6.2     Preclinical Applications of Targeted Microbubbles 

 There are 52 targeted ultrasound agents up to date (June 27, 2013) in the Molecular 
Imaging and Contrast Agent Database (MICAD) collected by the National Center 
for Biotechnology Information (NCBI), at the National Institutes of Health (NIH). 
Twenty-one of these have been developed for diagnosing and treating tumor angio-
genesis, while 18 have been developed for infl ammation in preclinical models. 
Table  12.1  summarizes targeted microbubbles that are currently involved in clinical 
trials. The most used molecular markers for assessment of tumor angiogenesis are 
vascular endothelial growth factor receptor 2 (VEGFR2) and α v β 3  integrin. Willmann 
et al. ( 2008 ) studied the effect of VEGFR2-targeted microbubbles on quantitative 
video intensity of ultrasound contrast enhanced molecular imaging in angiosarcoma 
and malignant glioma mice models. The average video intensity was signifi cantly 
higher when using VEGFR2 targeted microbubbles vs. control immunoglobulin G2 
antibody microbubbles ( p  < 0.001).

   Commonly used targets for detecting and treating diseases by infl ammation, such 
as atherosclerosis or myocardial ischemia, are VCAM-1 (vascular cell adhesion mol-
ecule 1), ICAM-1 (intercellular adhesion molecule 1), E-selectin, and P-selectin. Yan 
et al. studied the degree of myocardial infl ammation and levels of ICAM-1 protein 
using ultrasound molecular imaging with ICAM-1 targeted microbubbles, as well as 
routine non-invasive methods including electrocardiography, echocardiography, and 
plasma troponin I levels (Yan et al.  2011 ). The video intensity of ICAM-1 molecular 
images of the ischemic anterior wall was almost three times greater than that in the 
non-ischemic posterior wall during the late phase (8–24 h) of reperfusion. In con-
trast, routine methods yielded only weak evidence of ischemia, suggesting the 
 ultrasound molecular imaging with targeted microbubbles provides reliable evidence 
of a recent myocardial ischemic event in the late phase of reperfusion. Also they 
investigated binding effi ciency and rate of ICAM-1-targeted microbubbles in vitro 
(Fig.  12.8 ). In preclinical research, ligands are predominantly coupled to microbub-
bles via an avidin–biotin linkage. However, this can be problematic because of inher-
ent immunogenicity of avidin in humans. Biotin-conjugated lipopolymer  present on 

   Table 12.1    Typical targeted ultrasound contrast agents tested in vivo (from MICAD list)   

 Target  Application  PubMed ID 

 Vascular endothelial growth factor receptor 
2 (VEGFR2) 

 Tumor angiogenesis  22787696 

 Alpha(v)beta(3) integrin  Tumor angiogenesis  21204315 
 Endoglin  Tumor angiogenesis  21977535 
 Vascular cell adhesion molecule-1 (VCAM-1)  Atherosclerosis  20641951 
 Intercellular adhesion molecule-1 (ICAM-1)  Atherosclerosis  20641950 
 P-selectin  Infl ammation, tissue injury, 

and other endothelial responses 
 20641954 

 Matrix-metalloproteinase-2 (MMP-2)  Myocardial ischemia  22132430 
 Glycoprotein IIb/IIIa receptor (GPIIb/IIIa receptor)  Thrombosis  20641949 
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microbubbles activates the complement system in humans and mice (Borden et al. 
 2008 ). The fi rst formulation for clinical application is BR55, that is, avidin–biotin-
free soft shell microbubbles that target mouse and human VEGFR2. BR55 was found 
to strongly bind to the tumor endothelium of breast (Pochon et al.  2010 ) and prostate 
cancer xenografts in rodents (Tardy et al.  2010 ).   

12.7     Mechanisms for Delivery of Therapeutic Agents Using 
Microbubbles and Ultrasound 

 As discussed previously, drug-loaded microbubbles are more effective when in com-
bination with US. Therefore, optimization of the mechanical response for stable 
microbubble cavitation under sonoporation is a key factor in increasing the potential 
of therapeutic delivery. Traditional systemic drug delivery of small molecules and 
passive drug delivery particles rely on tumor enhanced permeability and retention 
(EPR) effect to perfuse tumor tissues (Maeda  2001 ). Due to increased angiogenesis 
and nutrient demand of tumor aggregates, high molecular weight molecules and par-
ticles are trapped in the defective vascular architecture near the tumor and remain 
there due to impaired lymphatic drainage/recovery system. This effect is commonly 
referred to as the EPR effect. However, small molecules are able to diffuse away from 
the tumor site and are unaffected by EPR (Maeda et al.  2000 ). Additionally, some 
tumors are as far as 100 μm from vasculature or are located in hypoxic regions, which 
remain diffi cult to reach from systemic delivery (Helmlinger et al.  1997 ). Stable 
microbubble cavitation is able to increase extravasation of small molecules from the 
vasculature to tumor sites. Using a fl ow-through tissue-mimicking phantom com-
posed of a biocompatible hydrogel with embedded tumor cells, luciferase expression 
was shown to increase by 60-fold even for modest microbubble concentrations 
undergoing inertial cavitation (bubble collapse) when delivering a non- replicating 
luciferase-expressing adenovirus (Arvanitis et al.  2011 ). Using commercially avail-
able SonoVue, none of the insonation conditions induced cell death under ultrasound 
alone. However, extravasation from the tissue phantom vessel was shown to exhibit 
short-range vessel disruption during stable cavitation and formation of micro-chan-
nels during inertial cavitation. The fi ndings suggest that enhanced drug delivery 
extravasation of anticancer agents through the use of microbubbles is possible. 

 Sonoporation alone has been shown to increase therapeutic retention in cells, 
indicating the role of acoustic energy in effecting cell permeability. In gene therapy, 
sonoporation of various cancer cell lines (U937, HeLa, PC-3, Meth-A, and T-24) in 
the presence of a reporter gene was shown to signifi cantly increase reporter gene 
expression over both electrotransfection and liposomal transfection without ultra-
sound (Feril et al.  2006 ). In vivo ultrasound stimulation of prostate tumor cells 
implanted subcutaneously in rats induced a tenfold increase of a β-galactosidase 
reporter measured via histology and a 15-fold increase of β-galactosidase protein 
expression via ELISA (Huber and Pfi sterer  2000 ). However, at these low frequencies 
(<20 kHz), prolonged ultrasound exposure has been demonstrated to result in cell 
death and tissue damage (Miller et al.  2002 ). Furthermore, these low frequencies are 
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not in the range of clinical use ultrasound. Increasing the applied frequency to the 
clinical range of 1–3 MHz or using pulse-mode ultrasound reduces tissue damage 
but also results in lowered transfection (Hallow et al.  2006 ). One way to increase the 
effi ciency of high frequency ultrasound sonoporation is through combination with 
microbubbles. 

 Furthermore, US and microbubbles have been used as tools to increase blood–
brain-barrier permeability of drugs and drug delivery vehicles. Sheikov et al. showed 
that when US is applied in the presence of microbubbles, the acoustic energies stim-
ulate active vesicular transport and temporarily disrupt tight junctions to allow pre-
viously size occluded drugs to pass and treat the diseased areas (Sheikov et al.  2004 , 
 2008 ). Treat et al. ( 2012 ) used liposomal doxorubicin and focused US to increase 
permeability of the blood–brain barrier and showed a greater decrease in brain tumor 
size when compared with administration of free doxorubicin alone. Some groups 
have even used the microbubble cavitation phenomenon to accelerate lysis of throm-
bus and blood clots (Porter and Xie  2001 ; Porter et al.  1996 ; Culp et al.  2003 ).  

12.8     Summary 

 There is a large body of literature for use of various microbubble formulations in 
imaging and treatment of oncological diseases. The purpose of this chapter was to 
introduce the reader to the basic form and function of microbubbles and to discuss 
current work that have laid the foundation for the use of microbubbles as contrast 
agents, drug delivery vehicles, and theranostic particles. The articles reviewed here 
only constitute a small fraction of the literature on this topic, and there is still work 
being done in order to move these technologies toward clinical use. More advanced 
studies in vivo need to be performed, and methods of optimization of acoustic 
parameters of the ultrasound contrast agents in vivo are being developed to aid in 
truly realizing the full potential of microbubbles in the clinic. Through the combina-
tion of these hybrid drug-loaded contrast agents and molecular targeting, a complete 
theranostic tool may be developed that would allow a clinician to potentially image, 
locate, and treat localized tumors with just one injection of these multipurpose par-
ticles. Furthermore, the spatial control given to clinicians over the delivery of thera-
peutic agents directly to the tumor site will minimize damage done to surrounding 
healthy tissues and has the potential to prevent side effects that currently plague 
chemotherapy. Using    specifi c targeting agents and combination of multi-image 
modalities, microbubble platforms may one day have the capability of reaching the 
tumor site regardless of its location in the body. The further development of these 
systems could have a considerable impact on treatment and diagnosis of not only 
cancer but also on numerous other diseases and disorders.     
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   Multimodal Nano-Systems for Cancer 
Diagnosis, Imaging, and Therapy 
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13.1            Cancer and the Role of Nanotechnology 

 Cancer remains the most diverse and intriguing human disease due to the remarkable 
capability of tumor cells to adapt to their environment at genetic and physiological 
level. The obstacles to target cancer as a disease are often multi-layered and involve 
several underlying phenomenona such as ever changing genetic composition of pro-
liferative cells, heterogeneity in cell population within a tumor with incredible level of 
variability, resistance to chemotherapy intervention, and presence of a complex tumor 
microenvironment. Concurrently, other aspects to therapeutic challenges involve our 
limited capability in early detection of onset of cancer, poor bioavailability of existing 
cancer drugs due to poor solubility, presence of host reticulo-endothelial system 
(RES), and limited penetration into the complex tumor milieu. The burgeoning fi eld 
of nanotechnology and nanomedicine however has presented promising approaches 
to circumvent some of the challenges associated to cancer diagnosis, imaging, and 
therapy and will be discussed in greater detail in this chapter. 

13.1.1     Challenges in Cancer Therapy 

 Neoplastic cells exhibit some properties, often referred to as  hallmark  of cancer, 
which includes sustained signal for cell proliferation, evasion from effect of growth/
tumor suppressing molecules, resistance to cell death, acquired cell immortality, 
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angiogenesis and most importantly, ability to invade and metastasize to distant sites 
in the body (Fig.  13.1 ) (Hanahan and Weinberg  2011 ). These properties impart can-
cer cells the ability to thrive and grow in host body and metastasize. Molecular level 
analysis of cancer cells reveals complex genetic instabilities that result in alteration 
of physiological profi le and thus aid in acquiring these hallmark properties. 
Phenotypic and functional heterogeneity within the cancer cells due to the acquired 
genetic instability and environment complexity makes it incredibly diffi cult to 
devise a universal approach to their therapy. Earlier attempts to treat cancer largely 
focused on chemotherapy aided by radiation therapy that demonstrated initial suc-
cess in disease containment but since then has failed miserably due to onset of drug 
resistant. Drug resistance could be  intrinsic  where tumor cells show presence of 
resistance mediating factors even without being exposed to any treatment or it could 
be  acquired  where the presence of drug induces resistance by genetic mutations or 
selection of resistant minor subpopulation of cells in the tumor (Longley and 
Johnston  2005 ; Swanton  2012 ). The resistance in cancer tumors to the chemother-
apy can be mediated by different ways such as expression of drug effl ux pumps, 
mutation in the drug target, increased DNA repair mechanisms, activation of alter-
native signaling mechanisms, or evasion of cell apoptosis (Holohan et al.  2013 ).

   ATP-binding cassette (ABC) transporter family of transmembrane proteins, 
including multidrug resistance-1 (MDR-1) and MDR associated protein-1 (MRP-1) 
among 49 other members, have been mostly implicated in regulating effl ux of 
hydrophobic drug across the cell membrane resulting in resistance (Holohan et al. 
 2013 ). Drug inactivation, lack of drug activation, or alteration of drug target is 
another upstream resistance mechanism that is specifi c to a particular chemoagent 
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  Fig. 13.1    Scheme showing the hallmark properties of cancer cells       
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or molecular target and contributes to resistance in cancer cells. These resistance 
mechanisms are regulated at molecular level by switching  on  or  off  of genes that 
would aid in countering the cytotoxic effect of drug or molecular target. Similarly, 
some drugs (such as platinum compounds) or molecular targets induce DNA dam-
age, and the affected cells can either repair the incurred damage or undergo cell 
cycle arrest and subsequent cell death. Cancer cells often acquire a more sophisti-
cated DNA damage repair mechanism, which results in an acquired resistance to 
such therapeutic intervention (Bouwman and Jonkers  2012 ). Similarly, several other 
downstream adaptive mechanisms confer drug resistance through apoptosis deregu-
lation by altering the expression of anti-apoptotic genes, activation of pro-survival 
signaling, developing oncogenic bypass by activation of alternate pathways to 
negate a drug targeted pathway, or induction of epithelial to mesenchymal transition 
(EMT) (Holohan et al.  2013 ). 

 Tumor heterogeneity is another major contributor to limited success or complete 
failure of therapies that have been attempted in the past. It is often referred to as the 
presence of genetically  unique  subpopulation of cancer cells within the same tumor 
( intra -tumor heterogeneity) or between different tumors ( inter -tumor heterogene-
ity). The origin of tumor heterogeneity is often attributed to two different lineages; 
clonal evolution and cancer stem cells. Rapid cell division is one of the hallmark 
features of the cancer cells, which along with genetic instability often results in 
mutant cells that could be mingled with normal cancer cells or spatially segregated. 
Genetic instability is the prime contributor of genotypic heterogeneity, which along 
with clonal selection due to environmental pressure can lead to signifi cant variation 
in overall genetic, phenotypic, and functional characteristic of tumor and broadly 
infl uence the disease progression, choice of therapeutic intervention, and disease 
prognosis (Greaves and Maley  2012 ). The presence of a subpopulation of tumori-
genic cancer stem cells and their non-tumorigenic progeny is further believed to add 
to tumor heterogeneity and infl uence disease growth by acquired resistance and 
metastasis (Shackleton et al.  2009 ). 

 The tumor microenvironment is another factor that has prominent impact on the 
tumor heterogeneity as well as drug resistance. Though tumor formation is largely 
due to neoplastic cells, these cells closely interact with other normal cells during the 
tumor progression and growth. Interaction of the cancer cells with the extra-cellular 
matrix and the bio-milieu thus formed is often referred to as tumor microenviron-
ment. Normal fi broblasts, immune cells, and vasculature act as a barrier to tumorigen-
esis, but the complex interaction with cancer cells leads to their recruitment for 
promoting cancer. Besides, improper vasculature and poorly developed lymphatic 
drainage system in the tumor further leads to limited nutrient supply, hypoxic and 
acidic environment that causes variable bio-milieu thereby affecting drug penetration 
and activity within the tumor. The abundance of stromal cells, for example, has been 
found to have strong correlation with poor prognosis in several cancers including 
breast and pancreatic cancer, emphasizing the signifi cant role that the matrix plays in 
the therapeutic outcome (Junttila and de Sauvage  2013 ). Figure  13.2  is a schematic 
representation of the various components of the tumor microenvironment including 
cancer-associated fi broblasts, infl ammatory cells, blood vasculature properties, and 
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variations in the cancer cells within the tumor. The cumulative effect of these complex 
phenomena within the tumor gives rise to an uphill challenge that needs to be 
addressed to develop an effective therapeutic strategy against treatment of cancer.

   Given the tumor heterogeneity at the genetic, molecular, and functional level, the 
concept of  personalized  medicine is becoming extremely popular where the choice 
and course of therapy of an individual patient is customized based on their tumor 
properties. Molecular level sensitive, accurate, and rapid diagnostics therefore 
becomes extremely important to be able to characterize the pathways affecting 
tumor progression in an individual patient. The following section will discuss chal-
lenges in cancer diagnosis, need and benefi ts of early detection to cancer therapy, 
and the concept of “companion” diagnostics in cancer.  

13.1.2     Challenges in Cancer Diagnostics 

 The poor prognosis and low overall 5-year survival rate in cancer patients undergo-
ing therapy can be largely attributed to lack of diagnostic methods to detect 
the disease in its early stage of development, when the tumor growth is contained 
in its primary site of origin and cancer cells have not started to metastasize. 

  Fig. 13.2    Origins and infl uence of tumor heterogeneity [reprinted with permission from Junttila 
and de Sauvage  2013 , Nature Publishing Group (NPG)]       
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It is a well- acknowledged fact that the chance of successful treatment of a tumor is 
extremely high when it is localized in its primary stage of development. In a clinical 
setting though, the disease often is in its metastatic stage by the time diagnosis is 
made and therapy is initiated and thus the therapy is unable to reverse the course of 
disease progression. The debilitating outcome of late diagnosis can be visualized by 
the fact that in ovarian cancer patients, disease diagnosed in metastatic stage has a 
mere 40 % 5-year survival, while if the disease is diagnosed in early stage of devel-
opment, the 5-year survival rate goes to nearly 90 % (Rosenthal and Jacobs  1998 ). 
Early detection of biological signatures for cancer onset has therefore become an 
area of extreme importance for researchers and clinicians alike. Conventional surgi-
cal procedure such as biopsy still remains the state-of-art approach since the histo-
chemical and pathological studies give an accurate account of the disease. However, 
such methods are extremely laborious, time consuming and require expertise for 
successful execution. Recent endeavors have led to what can be called as “liquid 
biopsy” where patient’s blood is analyzed for circulating tumor cells (CTCs) (Danila 
et al.  2011 ) or nucleic acid (Anker et al.  1999 ; Mitchell et al.  2008 ) that are shed into 
the circulation from the primary tumor. 

 CTCs specially have been actively pursued to this end because their accurate 
enumeration in the peripheral blood circulation strikingly correlates to the develop-
ment stage of cancer (Cohen et al.  2008 ). Effi cient capture and enumeration of 
CTCs however remains a daunting challenge due to their extremely low population 
in the blood. Typically, the CTC density is in the order of 1 cell every 10 5 –10 7  blood 
cells and thus needs a very precise and specifi c capturing strategy. The problem is 
further compounded by the presence of circulating tumor microemboli (CTMs), 
which essentially are a group of CTCs that circulate in the blood. Due to the 
 associated size discrepancy between CTCs and CTMs, different strategies might be 
needed to be able to capture and enumerate them independently to get a precise 
account of tumor burden. The isolation of CTCs and CTMs from blood has been 
achieved based on their physical properties (size, density, charge, etc.), use of sur-
face biomarkers for positive selection [e.g., epithelial cell adhesion molecule 
(EpCAM)] or negative markers to remove CD45+ blood cells thereby enriching 
CTC population. However, signifi cant advances are wanted in the existing technolo-
gies to translate them from the preclinical settings to the bedside. Advent of nano-
technology on the other hand has provided novel avenues to exploit materials 
properties for cancer therapy and detection, which have been discussed in detail 
with examples in the further sections of the chapter.  

13.1.3     Nanotechnology in Cancer Diagnosis and Therapy 

 Besides the anatomical barriers within a tumor and lack of methodologies for early 
detection of onset of cancer, there are several other physical and physiological con-
straints that limit the effi ciency of cancer detection and therapy. Conventional ther-
apy for cancer has classically focused on surgical removal of tumor mass, an 
invasive method to reduce tumor burden, followed by application of anti-cancer 

13 Multimodal Nano-Systems for Cancer Diagnosis, Imaging, and Therapy



356

drugs in combination with radiation therapy. Anti-cancer drugs are low molecular 
weight compounds that interfere and inhibit key physiological processes that are 
essential for cell survival. Such drugs however suffer from several limitations such 
as non-specifi city, poor half-life in blood, and dose-dependent toxicity. In the 
absence of any targeting ability, these drugs are systemically circulated to every 
organ in the body and show an indiscriminating cytotoxic effect to cancerous and 
healthy cells alike. The use of imaging modalities such as radiolabelled molecules 
or contrast agents also show similar non-specifi c distribution pattern causing low 
signal-to-noise ratio and thus limiting the applicability of the imaging agents. 

 Fortunately, the unique features of tumor microenvironment that pose several 
challenges in cancer therapy also provide with a rescue option to address many of 
these challenges. One of the characteristic features of tumor is its highly permeable 
vasculature. More precisely, the blood vessels in tumor are characterized by highly 
proliferating endothelium, low concentration of pericyte cells, and abnormal base-
ment membrane, rendering them  leaky  with very high permeability to macromole-
cules circulating in blood (Dvorak et al.  1988 ), and studies have suggested that their 
permeability cutoff could be as high as 400 nm (Yuan et al.  1995 ). This provides a 
unique opportunity to exploit the riches of nanotechnology to address some of the 
predicaments associated with cancer diagnostics and therapy. Careful design of 
nanoparticles of right size and characteristics would enable them to extravasate at 
the tumor site only and thus hold huge potential as delivery systems. Advancement 
in materials chemistry along with the development of sophisticated characterization 
instrumentation has aided in preparation of nanoparticle systems with controlled 
surface properties suitable for delivery application. Poly(ethylene glycol) (PEG) 
modifi ed nanoparticles of right size tend to escape recognition by RES effectively, 
evade retention in perfused organs such as liver or kidney but show excellent accu-
mulation at the site of tumor due to a phenomenon called  enhanced permeability 
and retention  (EPR) effect (Matsumura and Maeda  1986 ). Accumulation and reten-
tion of inert PEG modifi ed nanoparticles in the tumor owing to EPR effect and lack 
of a lymphatic drainage system is often termed as  passive targeting . 

 Alternatively, functionalization of the nanoparticle surface with a ligand that tar-
gets and binds to a specifi c receptor on the surface of cell of interest is called  active 
targeting . Figure  13.3  is a schematic representation showing the passive and active 
targeting mechanisms of a drug delivery vehicle (Peer et al.  2007 ). As described 
before, cancer cells undergo rapid cell division, which requires enormous supply of 
nutrients and growth factors. These cells thus over-express several receptors on their 
surface to import supplies inside to meet the demand, and such receptors have been 
extensively exploited to direct nano-delivery system to their target cell of interest. 
Targeted delivery vehicles increase selectivity of cellular recognition and enhance 
the uptake of the payload by receptor-mediated endocytosis. Delivery vehicle relies 
on non-specifi c interaction with the target cells in the absence of a targeting ligand, 
which reduces the rate of internalization especially in the presence of protective 
coating of PEG. On the one hand, application of PEG benefi ts in evading the RES, 
thereby giving long circulating characteristics to the nanoparticles; but it also pre-
vents interaction of the delivery system with cancer cells after extravasation into the 
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tumor environment. The presence of the targeting ligand also reduces off-target 
accumulation of the delivery vehicle and thus minimizes the non-specifi c drug asso-
ciated toxicity. Targeting ligands therefore have become an essential component in 
designing a delivery system, and antibodies (Ab), antibody fragments, proteins, 
peptides, aptamers, and small molecules are some of the popular choices that have 
been explored. A detailed account of different types of targeting ligands used in 
cancer therapeutics is out of scope of this chapter, but several examples have been 
included in the chapter and have been reviewed comprehensively elsewhere (Wang 
and Thanou  2010 ; Brannon-Peppas and Blanchette  2004 ; Byrne et al.  2008 ).

   A high tumor interstitial fl uid pressure (IFP) is another feature that in general 
prevents the penetration and transport of the drug into the tumor interstitium (Jain 
 1987 ). The IFP in the core of the tumor is much higher and decreases outward creat-
ing a gradient that resists the drug infl ow leading to a decreased transport of drug 
from the circulation into the distant site within the tumor. For an effective therapeu-
tic outcome, it is important that the drug is able to penetrate to the core of the tumor, 
which becomes unlikely in the presence of high IFP. Nanoparticle drug delivery 
systems on the other hand are much larger in size compared to free drug molecules, 
and thus their transport against the pressure gradient is less affected. Besides, the 
fl uid pressure within the tumor vasculature itself is one to two orders of magnitude 
higher than in normal tissues, resulting in increased extravasation of the nanocarrier 
at the site of the tumor. 
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  Fig. 13.3    Schematic representation of different mechanisms by which nanocarriers can deliver 
drugs to tumors [reprinted with permission from Peer et al.  2007  Nature Publishing Group (NPG)]       
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 Hypoxic milieu is another trademark property of tumor microenvironment, 
which has been associated with tumorigenesis and imparting resistance to therapy. 
Poor vascular network especially in the inner core of a tumor leads to low partial 
pressure of oxygen that in turn has several metabolic implications such as promi-
nence of glycolytic pathways leading to acidic pH, reducing environment and a 
gradient of cell proliferative property within the tumor (Tredan et al.  2007 ). 
Figure  13.4  gives a schematic representation of the differences in the tumor vascu-
lature in comparison to that in a normal tissue. Tumor vasculature differs from 
normal blood vasculature in morphologically as well as in surface marker expres-
sion. Morphologically, blood vessels in tumor are dilated, tortuous with a highly 
nonuniform endothelial lining and fewer pericyte cells, making them leaky in 
nature. Besides, they have distinct molecular markers that aid in initiation of angio-
genesis, a key early event in development of tumor. An elaborate account of tumor 
vasculature properties has been reviewed and is highly recommended to the readers 
(Ruoslahti  2002 ). These physiological variations can have debilitating effect on 
drug and imaging agent stability and penetration within the tumor. Nanotechnology 
however has been used to design delivery vectors that can exploit these impeding 
factors for therapeutic and imaging benefi ts. A precise control on physical and 
chemical properties have recently led to a new generation of stimuli-responsive 
nanodelivery vehicles, which can deliver their payload in response to these internal 
stimuli within the tumor (Ganta et al.  2008 ). Redox or pH responsive nanoparticles, 
for example, can protect the payload from various anatomical and physiological 
barriers within the patient’s body until they reach the tumor site where they release 
their cargo in response to the reducing and acidic environment, respectively. The 
following sections of the book chapter will discuss some of these approaches in 
detail with examples to stress on the advantages of nanodelivery systems in diagno-
sis, imaging, and therapy of cancer.

  Fig. 13.4    Diagrammatic representation of the vascular system. ( a ) Normal tissue. ( b ) Solid tumor. 
 Red  represents well-oxygenated arterial blood,  blue  represents poorly oxygenated venous blood, 
and  green  represents lymphatic vessels (reprinted with permission from Tredan et al.  2007  Oxford 
University Press)       
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13.2         Approaches to Cancer Diagnosis and Imaging 

 Imaging is a mainstay in cancer management as it fi nds application in almost every 
aspect of cancer care right from the early forecast and screening through detection 
and staging to therapy design, guidance, and monitoring up to follow-up care (Fass 
 2008 ). Imaging has carved a special niche for itself in cancer management because 
of several advantages over the conventional methods of diagnosis and therapy moni-
toring. Based on the methodology employed, imaging in cancer can be subdivided 
into two distinct modalities, namely optical and non-optical imaging. These imag-
ing modalities utilize different wavelength of the electromagnetic spectrum, which 
have been identifi ed in Fig.  13.5 .

13.2.1       Optical Imaging Modalities 

 Optical imaging is based on interaction of light with biological tissues leading to 
photophysical and photochemical process like absorption, emission, scattering, and 
others. These interactions provide a basis for understanding the cellular, molecular, 
and morphological information about the tissue of interest (Solomon et al.  2011 ; 
Ntziachristos  2006 ). The benefi ts optical imaging has over other imaging modalities 
include superior sensitivity, absence of extremely sophisticated imaging hardware, 
compactness and portability, low level of radiation, and most importantly simulta-
neous multi-biomarker detection (Ntziachristos  2006 ; Pu et al.  2011 ). The com-
monly used optical imaging methods in cancer include bioluminescence imaging 
(BLI), fl uorescence imaging (FI), optical coherence tomography (OCT), photo-
acoustic imaging (PAI), and Raman spectroscopy. 

  Fig. 13.5    EMR frequency spectrum for different imaging modalities. Adapted from Fass ( 2008 ). 
 Abbreviation :  PET  positron emission tomography,  SPECT  single photon emission computed 
tomography,  X-Ray  CT- X-ray computed tomography,  OCT  optical coherence tomography,  PAT  
photoacoustic tomography,  BLI  bioluminescence imaging,  FI  fl uorescence imaging,  MRI  mag-
netic resonance imaging,  US Imaging  ultrasound imaging       
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13.2.1.1     Bioluminescence Imaging 

 BLI is an imaging technique commonly used in monitoring cell proliferation, 
metastasis, and therapy response and regression associated with cancer (Soling and 
Rainov  2003 ). BLI is based on the phenomenon of bioluminescence; that is light 
emission by living organisms. It is based on a chemical reaction involving enzyme 
luciferase and its substrate luciferin. Mammals do not have the gene encoding lucif-
erase and thus genetic engineering is required for expression of this enzyme. On 
administration of luciferin, the enzyme-catalyzed reaction occurs associated with 
photon emission, which can be detected (Zabala et al.  2009 ). 

 BLI has several advantages like affordability, high sensitivity, extremely minute 
detection capability, and short imaging time. Also, since this technique is devoid of 
excitation by external light source, the background noise tends to be negligible 
(Zabala et al.  2009 ; Ji et al.  2009 ; Maes et al.  2009 ). It however suffers from draw-
backs like low spatial resolution of 3–5 mm due to restricted penetration and light 
scattering, lack of applicability in humans and large animals, and failure to provide 
morphological details about tumor (Soling and Rainov  2003 ; Ji et al.  2009 ). 
However, the use of proteins in infra-red spectrum can solve the problem with 
respect to scattering and penetration (Soling and Rainov  2003 ).  

13.2.1.2     Fluorescence Imaging 

 Fluorescence imaging is another diagnostic technique that fi nds application in can-
cer care. Fluorescence imaging is a very simple technique based on the principle of 
fl uorescence, i.e., emission of light of higher wavelength occurring nanoseconds 
after light absorption by a fl uorescent molecule (either endogenous or exogenous). 
Using fi lters to reject the exciting wavelength, only the emitted light is detected 
(Lichtman and Conchello  2005 ). In vivo fl uorescence imaging has many subtypes 
like intravital confocal, two-photon and multiphoton microscopy, epi-illumination 
(fl uorescence refl ectance), and transillumination imaging techniques (Ntziachristos 
 2006 ). Fluorescence imaging like most optical imaging techniques has poor depth 
penetration and doesn’t provide good resolution at deeper locations within a tissue. 
However, by using newer techniques like two-photon imaging and multiphoton 
microscopy, this problem can be overcome and can also provide for 3D imaging 
(Ntziachristos  2006 ; Lichtman and Conchello  2005 ). Furthermore, imaging in near 
infrared wavelengths (700–900 nm) allows for higher penetration and better resolu-
tion as well as high signal-to-noise ratio due to a decrease in autofl uorescence (Pu 
et al.  2011 ; Kovar et al.  2007 ).  

13.2.1.3     Optical Coherence Tomography 

 OCT is an essentially ultrasound imaging with the exception that light is used instead 
of sound (Fujimoto et al.  2000 ). It is based on detection and measurement of interfer-
ence pattern generated from constructive or destructive interference between 
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backscattered/back-refl ected light and a reference light (Hu et al.  2006 ; Huang et al. 
 1991 ). The advantage of OCT over many other techniques used in cancer imaging is 
that it is a label-/probe-free imaging modality. Also, OCT provides a resolution of 
1–20 μm. The components of OCT can also be miniaturized, thus facilitating their use 
within the body as well (Osiac et al.  2011 ; Vakoc et al.  2012 ). Also using modifi cation 
like Doppler OCT, both structural and functional details can be elucidated (Osiac 
et al.  2011 ). Additionally in situ real-time 3D imaging can also be accomplished (John 
et al.  2013 ). Compared to non-optical imaging methods, which don’t impose limita-
tions with respect to depth, the depth of imaging for OCT (2–3 mm) is less. However, 
the depth penetration is better than other optical techniques (Osiac et al.  2011 ).  

13.2.1.4     Photoacoustic Imaging 

 Photoacoustic imaging/photoacoustic tomography (PAT) is another technique useful 
in cancer detection, diagnosis, and treatment monitoring (Mallidi et al.  2011 ). It is 
based on the combination of optical and ultrasound procedures and utilizes the pho-
toacoustic effect described by Bell ( 1880 ) wherein light absorption by tissue pro-
duces local heating which causes thermo-elastic expansion and increase in pressure. 
This pressure creates an ultrasonic or acoustic wave that is perceived by transducers 
which convert them into an electric signal (Wang  2009 ). PAI provides high quality 
imaging up to depths of 50 mm because of the combination of enhanced contrast of 
optical methods and high resolution associated with ultrasound technology (Fass 
 2008 ; Li et al.  2011a ). A modifi ed form of PAI, called spectroscopic photoacoustic 
tomography (SPAT), provides both morphological and quantitative data about mul-
tiple chromophores in a biological tissue under study (Rajian et al.  2009 ).  

13.2.1.5     Raman Spectroscopy 

 Raman spectroscopy is a quantitative spectral technique, which provides chemical and 
morphological information of the sample. It is a vibrational spectroscopy technique 
based on the principle of inelastic scattering where a molecule absorbs a photon, gets 
excited to higher energy state, and on falling back to a different vibrational state emits 
photons with a different frequency. If the vibrational state is lower or higher than ini-
tial, the frequency is either higher or lower, respectively (Mahadevan  2003 ; Raman 
 1928 ). There are various modifi cations of Raman scattering that have been used in 
cancer imaging like Raman microspectroscopy, surface enhanced Raman scattering 
(SERS) spectroscopy, surface enhanced resonance Raman spectroscopy (SERRS), 
coherent anti-Raman scattering (CARS) spectroscopy, etc. (Surmacki et al.  2013 ). 

 Raman imaging had the advantage that it can detect multiple biological events, 
thereby providing multiplexing capability. Also, the technique is highly specifi c as 
each biomolecule has its own set of vibrational energy levels, and thus its signature 
fi ngerprint can be detected via Raman spectroscopy, thus providing tissue or disease 
specifi c molecular variations (Hanlon et al.  2000 ; Huang et al.  2003 ). This also 
enables real-time monitoring of molecular composition of a tissue (Zhang et al.  2010 ). 
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Furthermore, it also provides high spatial resolution, specifi city, and sensitivity which 
are at par with confocal fl uorescence imaging (Surmacki et al.  2013 ). The disadvan-
tage of this technique is the poor penetration that is associated with other optical 
imaging modalities (Zhang et al.  2010 ). Also, the magnitude of Raman scattering 
achieved is very small which may be an obstacle to its usage (Zhang et al.  2010 ). 
However, this can be overcome by using metal nanoparticles based SERS phenome-
non wherein scattering is increased up to a factor of 10 15  (Surmacki et al.  2013 ; Zhang 
et al.  2010 ). Despite several advantages and variety of modalities available, optical 
imaging lacks in achievable depths of imaging as well as spatial resolution, which 
tend to hinder their usage in tumors located deep within the body.   

13.2.2     Non-Optical Imaging Modalities 

 The non-optical imaging techniques can overcome the penetration problem that is 
often associated with the optical imaging modalities. Non-optical modalities include 
the traditional magnetic resonance imaging (MRI), X-ray computed tomography 
(CT), and ultrasound and the newer nuclear techniques such as positron emission 
tomography (PET) and single photon emission computed tomography (SPECT). 
MRI and CT are useful for anatomical imaging providing information about anat-
omy. SPECT, PET, and contrast enhanced CT or MRI offer imaging based func-
tional details (Jokerst and Gambhir  2011 ). The disadvantage of these techniques 
however is the high cost, complex instrumentation and lack of capacity to handle 
large studies (Hillman et al.  2011 ). 

13.2.2.1     Magnetic Resonance Imaging 

 MRI also sometimes called as nuclear magnetic resonance imaging (NMRI) or 
magnetic resonance tomography (MRT) is one of the most popular non-optical 
imaging modality used for cancer detection, staging, therapy/biopsy guidance, and 
monitoring (Fass  2008 ). MRI is based on the principle of nuclear magnetic reso-
nance wherein application of magnetic fi eld orients protons of hydrogen atoms in 
water or organic compounds in the direction of the applied fi eld. On application of 
radiofrequency pulse, these alignments are distorted and after some time realigned 
producing an electromagnetic fl ux. The rate of relaxation of these protons in com-
parison to the baseline level is detected to generate MR signal. Relaxation rate 
depends on the physiochemical environment in which the proton is giving spin- 
lattice (T1) and spin-spin (T2) relaxation rates, which are used for contrast and 
image generation (Hendee and Morgan  1984 ; Massoud and Gambhir  2003 ). Various 
modifi cations of MRI commonly used for imaging cancer include diffusion 
weighted MRI (DW-MRI), dynamic contrast enhanced MRI (DCE-MRI), MR 
 elastography (MRE), MR spectroscopy, etc. (Fass  2008 ). 
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 The advantages of MRI over nuclear techniques and optical methods are its high 
penetration capacity allowing deep tissue tumor imaging (Fernandez-Fernandez 
et al.  2011 ). Using some of the aforementioned modifi cations of MRI, information 
about cellularity, perfusion, and staging is also possible (Fass  2008 ; Singh et al.  2012 ; 
Kozlowski et al.  2006 ). However, MRI has the disadvantage of sensitivity as a high 
concentration of the contrast or imaging agent is required to be localized in the tumor 
to get any useful information (Jokerst and Gambhir  2011 ; Singh et al.  2012 ). Besides, 
MRI cannot be used for real-time imaging applications (Jokerst and Gambhir  2011 ).  

13.2.2.2     Computed Tomography 

 X-ray computed tomography or computed axial tomography (CAT) is another non- 
optical and anatomical imaging modality capable of providing 3D images (Jokerst 
and Gambhir  2011 ). CT is based on the differential absorption of X-ray by different 
tissues leading to contrast generation. Conventional scanners have an X-ray source 
and a detector that move axially around the subject, and using computer software 
reconstructs various slices to form an image. Newer scanners provide spiral or heli-
cal scanning and multi-slice scanning which allow scanning larger volume in rela-
tively shorter time (Massoud and Gambhir  2003 ; Goldman  2007 ). Like MRI, CT is 
capable of imaging tumors located deep inside tissues (Fernandez-Fernandez et al. 
 2011 ). Also, the spatial resolution of CT is higher than MRI, Nuclear or Optical 
imaging techniques (Massoud and Gambhir  2003 ; Singh et al.  2012 ). The major 
disadvantage of CT is that it is an anatomical/structural imaging technique provid-
ing information about tumor dimensions and location, but no functional information 
is presented. Also, soft tissue contrast is poor which requires the use of iodine based 
contrast agents that show nonspecifi c localization and are also cleared faster result-
ing in shorter imaging time (Massoud and Gambhir  2003 ; Popovtzer et al.  2008 ).  

13.2.2.3     Ultrasound 

 Ultrasound based imaging is an additional prospective imaging modality for the 
detection and characterization of tumors, therapy guidance, and monitoring (Kaneko 
and Willmann  2012 ). Ultrasound as an imaging technique is based on detection of 
back-refl ected ultrasonic waves/echo. The amount of refl ected echo is based on a 
property of tissue called as acoustic impedance. The acoustic impedance varies from 
tissue to tissue and depends on the product of tissue density and US wave velocity 
within the tissue. The contrast in US is obtained when the echo signals are obtained 
from interface between two tissues having different degree of acoustic impedance. 
The refl ected echo signals attained from successive coplanar pulses are used for 
image generation. Various modifi cations of ultrasound imaging such as ultrasound 
biomicroscopy or power Doppler show potential in assessing tumor growth and 
 differentiation, angiogenesis, and vascularity (Liang and Blomley  2003 ). 
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 Ultrasound presents the advantages of being a low cost, readily available, and 
portable imaging modality. Additionally, since it does not use any ionizing radia-
tion, it is considered to be safer. Besides, it also provides real-time imaging capabil-
ity (Massoud and Gambhir  2003 ; Liang and Blomley  2003 ). However, the 
disadvantage of ultrasound is that its spatial resolution is poor. Furthermore, it can-
not be used for imaging through bone, thereby proving a hindrance in detection of 
bone and brain cancers (O’Farrell et al.  2013 ). Also, ultrasound gives only anatomi-
cal/morphological information (Massoud and Gambhir  2003 ). Recent advance-
ments such as use of Doppler and microbubble based ultrasound imaging however 
have shown capability in obtaining functional details of the tumor as well (Massoud 
and Gambhir  2003 ).  

13.2.2.4     Positron Emission Tomography 

 PET is a non-optical imaging technique under the umbrella of radionuclide/nuclear 
imaging. It is based on the detection of high energy gamma rays emitted by a posi-
tron emitting isotope, like  15 O,  13 N,  11 C, and  18 F, incorporated in a natural bioactive 
molecule that is introduced into subject’s body. The positron emitted during isotope 
decay collides with adjacent electrons leading to annihilation and production of 2 
gamma rays at about 180° angle to each other, which are detected. Many such events 
are detected simultaneously, and using computer based reconstruction techniques 
similar to CT and SPECT, 3D images are created (Gambhir  2002 ; Brindle  2008 ). 

 PET is an extremely sensitive technique compared to other imaging modalities and 
also provides cellular and molecular details about a process. PET can be used in assess-
ing the tumor metabolism, proliferation, and drug bio-distribution, which can be useful 
in therapy monitoring (Massoud and Gambhir  2003 ; O’Farrell et al.  2013 ; Gambhir 
 2002 ; Avril and Propper  2007 ). The major disadvantage associated with PET and other 
nuclear based imaging techniques is the small half-life of the radioactive imaging 
agents and the expensive and complex instruments like cyclotrons required for their 
generation. Also, PET cannot be used for imaging multiple probes and thus cannot 
monitor multiple processes. Furthermore, the radiation associated with such techniques 
leads to safety issues, and the resolution is also poor compared to other non-optical 
techniques (Massoud and Gambhir  2003 ; Fernandez-Fernandez et al.  2011 ).  

13.2.2.5     Single Photon Emission Computed Tomography 

 SPECT is another nuclear/radionuclide imaging modality used in cancer imaging. 
It is based on the detection of low energy gamma ray emitted by a gamma-emitting 
isotope ( 99m Tc,  111 In, or  123 I) that is injected into the patient prior to imaging. Special 
gamma cameras are used which rotate around the subject to get images from various 
angles. These are then integrated and reconstructed using computer programs to 
give a 3D tomographic image (O’Farrell et al.  2013 ; Brindle  2008 ). The major 
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advantage with SPECT is that it allows concurrent monitoring of multiple imaging 
probes and thereby studying multiple events. Even though SPECT is ten times less 
sensitive compared to PET, it has high sensitivity compared to optical and other 
non-optical imaging techniques (Massoud and Gambhir  2003 ; O’Farrell et al.  2013 ; 
Gambhir  2002 ). The collimator design in SPECT leads to choice between spatial 
resolution and sensitivity. However, disadvantages associated with use of nuclear 
probes, as indicated under PET, apply to this technique as well (Massoud and 
Gambhir  2003 ; Fernandez-Fernandez et al.  2011 ). 

 Different imaging modalities offer different set of advantages and disadvantages, 
which has been summarized in Table  13.1 . A universal diagnostic or imaging mech-
anism for all types of cancer would be hard to imagine currently. Therefore, choice 
of imaging/diagnostic agent and detection modality is primarily governed by the 
location and microenvironment of the tumor. While a good diagnostic probe can 
achieve sensitive level of detection owing to its own property, it is incapable of circum-
venting the physiological and anatomical barriers to achieve a favorable biodistribu-
tion and higher accumulation at its site of action. Appropriate choice of drug delivery 
vehicle therefore becomes critical. The following section of the chapter will discuss 
some of the commonly used delivery systems for theranostic applications.

13.3          Nano-Scale Delivery Systems 

 Conventional methods of drug administration suffer from several drawbacks such as 
poor drug bioavailability, non-specifi c accumulation, requirement of higher dose to 
achieve desired therapeutic effi ciency, and thus the drug associated toxicities. Drug 
delivery systems often are colloidal systems, mostly synthesized using  generally 
regarded as safe  (GRAS) material and appropriate surface characteristics to facili-
tate longer circulation in the body, improve bioavailability, promote favorable bio-
distribution, and therefore reduce the required dose of the drug. Polymer, lipid, and 
inorganic delivery systems are most commonly explored for such applications and 
thus have been introduced in detail in the following section. 

13.3.1     Polymeric Delivery Systems 

 Polymeric nanoparticles can be formulated by either conjugating multiple functional 
units to a soluble macromolecule or by a co-polymer self-assembly mechanism. The 
polymeric nanoparticle core can be loaded with the therapeutic agent and the imaging 
agent. The release mechanism of the drug and the imaging agent from the nanopar-
ticle can be either of the following: (1) surface/bulk erosion, (2) diffusion through 
matrix, or (3) stimulation by the local environment (Peer et al.  2007 ). The polymer 
conjugates for theranostics essentially consist of the following four components: 
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(1) therapeutic component (drug carrier, gene carrier, hyperthermia/photodynamic 
therapy); (2) polymeric coating for stability, biocompatibility, and solubility; (3) 
functional group for drug targeting (antibodies); and (4) detection agent for imaging 
(MRI/fl uorescence/radionuclide/photoluminescent agent, microbubbles). 

 There are numerous advantages of polymer-based image guided delivery apart 
from the combined therapy and diagnosis. It helps in analysis of the drug distribu-
tion at the site of action, visualization of the biodistribution, prediction of the drug 
response, quantifi cation of the drug release, triggered drug release (in some hyper-
thermia directed systems), non-invasive assessment of the target site accumulation 
of the drug (optical imaging system), control of the drug release profi le (Lammers 
et al.  2010 ), increased stability, and decreased immunogenicity when the polymer 
cores are shielded by stealth materials such as polyethylene glycol (Luk et al.  2012 ). 
The following section discusses some recent development in the polymer-based 
theranostic systems. 

13.3.1.1     Polymeric Delivery for MR Imaging 

 Polymeric delivery systems can be conjugated with magnetic nanoparticles (MNP) 
of iron, nickel, cobalt, and other oxides because they are nanoscale, interact with 
external magnetic fi eld which can be further exploited for use in MRI, promotion of 
hyperthermia treatment, drug delivery, and bioseparation processes (Krasia- 
Christoforou and Georgiou  2013 ). MNP have the unique property of responding to 
an external magnetic fi eld, and therefore the delivery system can be directed to the 
specifi c site of interest (Medeiros et al.  2011 ). The effi cacy of these particles 
depends on the morphology, size, charge, and surface functionalization. The phar-
macokinetics, biodistribution, clearance, and toxicity are important parameters to 
be taken into consideration while formulating such a system. As reported in the lit-
erature, there has been a lot of focus on developing polymeric systems with two 
main categories of nanoparticles: (1) gadolinium (Gd 3+ ) based nanoparticles or (2) 
superparamagnetic iron oxide nanoparticles (SPIONs) (Krasia-Christoforou and 
Georgiou  2013 ). 

 Gadolinium compounds have been used for the formulation of polymeric 
nanoparticles based delivery system for visualization of accumulation of the drug at 
the site of tumor and study of other pharmacokinetic parameters. Polymeric nanopar-
ticle system (gadolinium conjugated PGA system) was tested in MDA-MB-231 
human breast cancer xenograft bearing mice. Strong MR signaling was observed in 
tumor periphery. The study revealed importance of the size of the nanoparticles used 
since very small nanoparticles tend to get cleared in circulation (Ye et al.  2006 ). 
Various other T1 contrast agents like DTPA-Gd 3+  have been used because T1 type 
contrast agents offer favorable positive imaging contrast enhancement and are more 
widely applied clinically, though these areas have not been explored much. 
The application of Gd 3+ -chelates has also been seriously impeded because of acute 
nephrotoxicity especially in patients with history of renal-related diseases.  
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13.3.1.2     Polymeric Delivery for PET Imaging 

 Addition of PET imaging agents ( 24 Cu and  18 F) to polymer-based nanocarrier system 
can be developed as effective nanotheranostic system for non-invasive visualization 
and angiogenic biomarker quantifi cation (Welch et al.  2009 ). Angiogenesis (forma-
tion and differentiation of blood vessels) plays a major role in tumor growth and 
metastasis. Integrins (cell adhesion molecules) are involved in multiple steps of 
angiogenesis and metastasis (Chen et al.  2004a ). Study of integrins (α v β 3  and α v β 5 ) 
has revealed that they are highly expressed in the activated epithelial cells and tumor 
cells but are expressed in lower levels in normal cells. This overexpression can be 
antagonized by RGD (Arg-Gly-Asp) peptide, which can be labeled with different 
radionuclides.  18 F labeling of RGD peptides for microPET imaging in solid tumors 
showed high tumor-to-background contrast. Even though they showed promising 
results, there were several drawbacks with this system. The procedure of labeling was 
tedious and relatively ineffi cient, the tumor retention time was short, and the uptake 
was modest. A  64 Cu labeled RGD peptide and microPET imaging of MDA-MB-435 
breast cancer tumor xenograft was described, but this tracer as well did not show 
promising results. The tumor washout time was rapid and substantial accumulation 
was observed in the liver and kidneys (Chen et al.  2004b ). Further efforts by the same 
group lead to development of Cu24 labeled PEG-modifi ed RGD peptide for PET 
imaging of expression of tumor α v  integrin. The in vivo experiments suggested that 
DOTA-PEG-RGD was suitable ligand for labeling radiometals and could form stable 
complexes with DOTA moiety for therapeutics and imaging (Chen et al.  2004a ).  

13.3.1.3    Polymeric Delivery for Fluorescence Imaging 

 Fluorescence imaging can be integrated with a polymeric delivery system allowing 
for the image guided delivery and monitoring of the various parameters such as 
pharmacokinetics, pharmacodynamics, and drug tumor accumulation (Luk et al. 
 2012 ). Fluorescence imaging has many advantages like good spatial resolution in 
UV-NIR region; sensitivity nearly same as observed with radioisotopes (SPECT or 
PET) and low-cost technique. Though it is a more robust technique, one of the 
major weaknesses includes limited tissue penetration as well as noise and back-
ground generated due to the tissue scattering of the photons in the visible region and 
tissue autofl uorescence. The use of near IR (NIR) light helps overcome the issue of 
tissue autofl uorescence and thus helps in deeper tissue penetration with reduced 
scattering (Krasia-Christoforou and Georgiou  2013 ). 

 NIR fl uorescent dyes can be combined with a therapeutic agent in a polymeric 
drug delivery system to develop a multifunctional polymeric nanoparticle system 
consisting of PEG-polycaprolactone (PCL) diblock co-polymer. The nanoparticles 
when loaded with NIR dye (IR-780) has shown to serve as an imaging modality as 
well as photothermal treatment (PTT). These particles can also be labeled with  188 Re 
for micro-SPECT guided imaging. NIR irradiation when used in such a system has 
been shown to cause thermal destruction of the HCT 116 colorectal carcinoma cells 
(Peng et al.  2011 ). 
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 Quantum dots or luminescent semiconductors are passive bio-probes/labels for 
imaging and cellular studies. Quantum dots possess unique optical properties like 
high absorbency, narrow and tunable emission bands, and high stability to photo-
bleaching. These nanoparticles have also been used for fl uorescent applications. 
They can act as a nanocargo for therapeutic components along with a diagnostic 
tool (Krasia-Christoforou and Georgiou  2013 ). In a study by Yuan et al., zinc oxide 
quantum dots were loaded with doxorubicin (anti-cancer drug). A biodegradable 
polymer (chitosan) was used for tumor-targeted delivery, and it even imparts stabil-
ity to the QDs because of the hydrophilicity and cationic charge on chitosan. Nearly 
75 % drug loading was achieved with drug release being rapid initially followed by 
controlled release (Yuan et al.  2010 ).   

13.3.2     Lipid-Based Delivery Systems 

 Lipid based delivery system could be of several types such as liposomes, nanoemul-
sions, solid lipid nanoparticles, etc., but liposomes are the most vastly explored 
among these and thus will be the prime focus here. Liposomes are vesicles consist-
ing of concentric lipid bilayers (made up of either natural or synthetic phospholip-
ids) called lamella with an inner aqueous core (Al-Jamal and Kostarelos  2011 ). 
Liposomes have been used as a drug delivery system for a wide range of therapeu-
tics. The net chemical and physical properties of the liposomes such as permeabil-
ity, charge density, and steric hindrance depend on the constituent phospholipids. 
The process of liposome formation is constitutively spontaneous which can be 
attributed to the amphiphilic phospholipids which self-associate into bilayers. 
Liposomal delivery system has tremendous advantages like biocompatibility, biode-
gradability, low toxicity, capability of surface modifi cation, and small size (micro- 
nano) (Luk et al.  2012 ; Al-Jamal and Kostarelos  2011 ). 

 Liposome delivery system is an effective delivery system capable of  encapsulating 
either a water-soluble active drug in the hydrophilic core or water-insoluble drug in 
the hydrophobic core. It imparts targeted and controlled delivery and thus has fewer 
side effects and higher effi cacy compared to conventional delivery systems. Solid 
tumors are a potential target for liposomal delivery system due to the leaky vascula-
ture of cancer cells (EPR effect) and the defective lymphatic drainage, allowing 
liposomes to accumulate at the target site. 

 Nanoparticles such as iron oxide MNP, quantum dots (QDs), and gold nanopar-
ticles are often diffi cult to deliver in vivo because of the hydrophobic surface and 
poor colloidal stability. Trapping these nanoparticles within the hydrophobic core or 
linking them covalently to the surface of the therapeutic liposomes has shown prom-
ising results as a diagnostic and therapeutic tool with anticancer agents encapsu-
lated in the core or embedded on the lipophilic layer. Molecular probes can also be 
conjugated to enhance the targeting. Such theranostic particles circulate for longer 
period in the blood and provide better prognosis and monitoring of the disease 
(Al-Jamal and Kostarelos  2011 ). 

 There are various examples where liposomes with varied properties have been 
incorporated with therapeutic agents as well as imaging probes. 
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13.3.2.1    Liposomes for MR Imaging 

 MRI has long been used as an imaging technique for visualization of internal body 
tissues. Contrast agents like Gd 3+ , superparamagnetic iron oxide nanoparticles, and 
manganese-based compounds have been studied for their ability for high contrast in 
T2-weighted MRI. Exploiting these properties of compounds along with loading of 
active pharmaceutical ingredient in a delivery system is a useful approach for devel-
oping advanced nanotheranostics with non-invasive MRI (Luk et al.  2012 ). 

 Liposomes have been successfully used as a targeted delivery system for a range 
of therapy. Loading these liposomes with contrast agents and drug will serve as a 
system for MRI imaging along with drug delivery. Studies on in vivo models such 
as Kaposi’s sarcoma expressing    neural cell adhesion molecule (Grange et al.  2010 ) 
and lung carcinoma and pancreatic cancer xenograft (Erten et al.  2010 ) have been 
carried out using gadolinium salts as the MR imaging agent in combination with 
anti- cancer drugs. Iron oxide has also been used as MR imaging agent in a liposo-
mal system. Loading of liposomes with magnetic fl uid has shown to be the best T2 
contrast agent. The higher the loading of the liposomal system with iron oxide, the 
better the contrast enhancement (Martina et al.  2005 ). Iron oxide nanoparticles are 
not only used as contrast agents for visualization of the tumor but also aid in 
hyperthermia- induced drug release (Tai et al.  2009 ). 

 Temperature triggered release of the drug from liposomes has been recently 
exploited to ensure time dependent targeted release of the drug.    Multifunctional 
liposomes made using thermosensitive polymer poly(2-ethoxy(ethoxyethyl)vinyl 
ether) (Kono et al.  2011 ) loaded with doxorubicin and Gd 3+  residues release the 
doxorubicin above 40 °C and show excellent relaxivity for T1 weighted MRI signal 
in tumor. The liposome size and tumor size determine the amount of accumulation 
of the liposomes in the tumor and its effi cacy.  

13.3.2.2    Liposome-Radionuclide Imaging 

 Nuclear medicine scan is an ultra-sensitive test, which is used for providing infor-
mation about structure and function of specifi c parts of the body. It is widely used 
for diagnosis and monitoring of the cancerous sites, tumor localization, and staging. 
Radiolabeled liposomes have shown good accumulation characteristics in tumor, 
infection, and infl ammation in in vivo studies. 

 Radionuclides have long been used for chemo-radionuclide therapy. Combining 
radionuclide agents with therapeutic agents has shown to increase the effi cacy along 
with imaging. Liposomes have been encapsulated with modifi ed radionuclides in 
order to achieve high labeling effi ciency (Luk et al.  2012 ). Radionuclide agents like 
rhenium-188 and rhenium-186 have been used for labeling of liposomes and have 
shown to be stable in serum, in vivo models and could be used for radionuclide 
therapy (Bao et al.  2003 ). Many other radionuclides such as technetium-99, 
indium-111, and I-131 have been explored till now to formulate liposome based 
theranostic particles (Osborne et al.  1979 ; Harrington et al.  2001 ; Hoefnagel  1998 ). 
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 PET radionuclides have also shown potential as theranostic agent when formulated 
with liposomes. In a study conducted with human colon carcinoma (HT29) tumor 
cells,  64 Cu loaded liposomal formulation was found to accumulate in tumor cells by 
several orders of higher magnitude than that of free  64 Cu. Also, the PEG- modifi ed 
liposomal formulation remained in the blood circulation for a long period of time. 
Conjugating ligands to the surface of the liposomes can further improve the imaging 
capability of the formulation (Petersen et al.  2011 ).  

13.3.2.3    Liposome-Quantum Dot Hybrid System 

 Quantum dots are fl uorescent nanoparticles that are 10–20 times brighter than the 
conventional organic dyes used for fl uorescence measurement. They have greater pho-
tostability and have a great potential for optical imaging application. Since they are 
prepared in the organic phase, QDs are hydrophobic in nature and thus possess the 
problem of water insolubility and bio-incompatibility (Al-Jamal and Kostarelos  2011 ). 
Functionalization of the QD surface is one approach of imparting polarity to these 
particles. But such surface modifi cations have led to the decrease in the fl uorescence 
properties and decreased photostability of the particles. In a recent study, efforts have 
been made to encapsulate the QDs in the lipid bilayer, hence retaining its fl uorescence 
properties. The hydrophobic QDs were entrapped in the lipid bilayer and the inner 
aqueous layer was loaded with the hydrophilic drug doxorubicin. Two types of lipid 
bilayer were used, rigid phase (DSPC:Chol:DSPE-PEG2000) and fl uid phase of egg 
PC (EPC:Chol:DSP-PEG2000), to incorporate the drug loaded-liposomes-QD hybrid. 
Doxorubicin was loaded into the L-QD hybrid with 97 % loading effi ciency. The fl uo-
rescence spectrum of the doxorubicin and the green emitting QD showed the presence 
of DOX and QD in a single vesicle system. This study showed that the effect of QD 
on the vesicle integrity was dependent on the lipid component (Tian et al.  2011 ). 

 In another study by the same group, functionalized QDs were incorporated into 
the hydrophilic core of the liposomes, while the hydrophobic therapeutic agent was 
loaded in the lipid bilayer. Such a system showed increased tumor accumulation, 
enhanced cellular uptake, and increased retention of the QDs due to its polymer 
coating (Al-Jamal et al.  2008 ,  2009 ).   

13.3.3     Inorganic Delivery System 

 Inorganic nanoparticles have received attention recently in the cancer nanotechnol-
ogy fi eld owing to their optical properties (gold spherical nanoparticles, nanoshells, 
nanorods, nanowires), magnetic properties (MNP and super paramagnetic nanopar-
ticles), size, and mechanical properties. Fluorescent quantum dots have been 
used for bio-sensing but are being currently reviewed for their use as a diagnostic 
model for cancer. MNP have been used for bio-sensing, MR imaging, cell labeling, 
and drug delivery. The SPIONs have been shown to be useful for hyperthermia 
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treatment of tumor. Gold nanoparticles (nanorods, nanowires, nanoshells) have 
been exploited for their optical properties and are important in imaging, as drug 
 carriers, and thermotherapy (Lim et al.  2013 ). 

 Inorganic nanoparticles used for theranostic purposes can be broadly classifi ed 
into two categories: solid or porous nanoparticles. Solid consist of gold nanoparti-
cles, which have been largely used owing to their small size, low toxicity, and absor-
bance in near-infrared region. The drug loaded on to these particles is released 
mainly by one of the following interactions: change in pH, heat, light, and glutathi-
one. Loading of the drug can be achieved by conjugation, lipophilic interaction, and 
charge interaction. In order to facilitate the attachment of the drug on the inorganic 
nanoparticle, thiol groups have been used (largely for gold nanoparticles). Cysteine 
and histidine moieties have also been used for peptide delivery (Lim et al.  2013 ). 

 Porous nanoparticles are used for delivery of drugs, therapeutic moieties, genes, 
and antibodies. These are usually silica based porous material and enable precise 
drug loading due to the uniform pore size and large surface area. There are numer-
ous properties on which the drug loading and release of the drug depends, they are 
pore topography, surface properties, porosity, kinetics of release, pore connectivity, 
and geometry. These nanoparticles have been used to deliver drugs such as doxoru-
bicin and cisplatin (Lim et al.  2013 ). 

 Though these nanoparticles can perform all the functions separately, it is desired 
to have multiple functionality in order to reduce the dosing and for better disease 
management. Magnetic nanoparticles (MNP) have been developed with dual func-
tional properties of delivery and diagnosis. In a recent study, combination of drugs 
(doxorubicin and paclitaxel) was used as the therapeutic agent with a MNP system 
with oleic acid capping. The hydrophobic drug was partitioned in the oleic acid 
layer of the MNP, and Pluronic ®  F-127 (a triblock co-polymer) was used to make 
the particles hydrophilic. The loading effi ciency of the combination drug was higher 
than individual drugs and the release extended for up to 3 weeks. In the presence of 
an applied external magnetic fi eld, the T2 relaxivity of the MNPs was higher. These 
particles had prolonged circulation time in mice thus providing longer time for drug 
delivery and imaging. These nanoparticles could thus be used for loading hydropho-
bic drugs with high effi cacy and simultaneous MR imaging and real-time monitor-
ing of the drug distribution and disease progression (Jain et al.  2008 ). 
Superparamagnetic nanoparticles have been lately used as MRI contrast agents and 
evaluated by T2 relaxivity measurement. These multifunctional and water-soluble 
SPIONs have demonstrated promising properties for targeted anticancer delivery 
and PET imaging when conjugated with cRGD and doxorubicin (Yang et al.  2011 ). 

 Gold nanoparticles have been used widely for various therapeutic as well as imag-
ing purposes for treatment of various diseases. Functionalization of gold nanoparti-
cle surface with peptides, PEG, and antibodies has been exploited for targeted 
delivery of chemotherapeutic agents. Gold nanoparticles have the unique physical 
and optical properties, which are used to visualize and eliminate cancer cells. Gold 
nanoshell based theranostic agents have the ability to enhance photoluminescence of 
fl uorophores and MRI agents (Alexis et al.  2010 ). Gold nanoparticles surface was 
functionalized with PEG, biotin, paclitaxel, and rhodamine B which are linked by 
beta cyclodextrin and have been tested in cancer cell lines (HeLa, A549, MG63) 
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against a non-cancerous cell line (NIH-3T3) using fl uorescence- activated cell sorter, 
cell viability analyses, and CLSM. These nanoparticles have shown to play a signifi -
cant role in cancer diagnosis as well as imaging (Heo et al.  2012 ). 

 Mesoporous silica nanoparticles (MSNs) have recently been developed and stud-
ied as potential theranostic platform because of their tunable size, diameter, and 
good biocompatibility. MSNs can also be functionalized with other inorganic moi-
eties called MSNs-hybrid conjugates. Gold nanorods have been coated with silica 
matrix and have shown to be more resistant to signal degradation than uncoated 
gold nanorods and have higher contrast imaging (Chen et al.  2010 ). In order to 
impart magnetic properties, add targeted payload and magnetically triggered release 
of the drug, MSN encapsulation of iron oxide has been employed. Such nanoparti-
cles can also provide MR imaging (Chen et al.  2013a ).   

13.4     Illustrative Examples of Theranostic Systems 

13.4.1     Polymeric Theranostic Systems 

 The synthesis of star block copolymer was reported as integrated platform for can-
cer therapeutics and MR imaging. These polymers were structurally stable unimo-
lecular micelles in aqueous solutions with a hydrophobic polyester core; folic acid 
as targeting moiety for specifi c recognition of folate receptor on cell surface and 
MRI contrast agent (Gd-DOTA) were anchored on the outer corona. Paclitaxel was 
encapsulated in the inner core of the micelles and controlled release was achieved. 
In vitro data showed enhanced T1 relaxivity and in vivo MR imaging demonstrated 
positive contrast enhancement and extended blood circulation duration (Li et al. 
 2011b ). Mahmoudi and coworkers synthesized polymer coated colloidal nanocrys-
tal clusters (CNCs) with a magnetic core of magnetite (SPIONs) using cross-linked 
PEG- co -fumarate as the polymeric coating. The CNCs were loaded with anti- 
estrogen tamoxifen citrate and doxorubicin. The drug release studies showed a 
controlled release of the therapeutic component due to the presence of cross-linked 
polymer. The in vitro studies confi rmed the effi ciency of the system as MRI con-
trast agent with relatively high values of the  1 H-NMR transverse relaxivity  r  2  
(Amiri et al.  2011 ). 

 Pluronic ®  F127 micelles were synthesized for use in controlled release delivery 
system and MR imaging. Doxorubicin and SPIONs were encapsulated, character-
ized by TEM, and dose dependent darkening of MR images was observed. Such 
multifunctional nano-carriers were shown to be effective for cancer therapy and 
imaging (Lai et al.  2010 ). Zinc oxide QDs were synthesized by chemical hydrolysis 
and fabricated as water-dispersed ZnO-QD-chitosan folate carrier loaded with 
doxorubicin. Nearly 75 % drug-loading was observed and the stability was enhanced 
due to chitosan. Initial rapid drug release was observed followed by controlled 
release (Yuan et al.  2010 ). 

 In a recent study by Guthi, et al., maleimide terminated multifunctional 
polymeric micelles (MFMs) were functionalized with lung cancer targeting peptide 
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(LCP) to facilitate targeting and specifi c uptake in lung cancer cells. The system 
was loaded with doxorubicin (therapeutic component) and SPIONs for MR imag-
ing. LCP encoded MFM showed high affi nity for α v β 6  integrin in the H2009 lung 
cancer cells. Two controls were used; a scrambled peptide was conjugated with the 
MFM which showed low cell targeting and another cell line was used H460 which 
was α v β 6  integrin negative. Decreased targeting and uptake was observed with 
SP-encoded MFM control and H460 cell line. Nearly threefold uptake was observed 
with LCP functionalized MFM which was confi rmed by confocal laser scanning 
microscopy (CLSM) (Fig.  13.6 ). The MFM system showed successful doxorubicin 

  Fig. 13.6    ( a ) Confocal laser scanning microscopy of doxorubicin fl uorescence in Rv - 6-expressing 
H2009 and Rv - 6-negative H460 cells treated with free doxorubicin, LCP20-MFM, and SP20- 
MFM. ( b ) Growth inhibition assay of H2009 cells after treatment with free doxorubicin, LCP20- 
MFM, SP20-MFM, and N-MFM (reprinted with permission from Guthi et al.  2009 . Copyright 
2010 American Chemical Society)       
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release and accumulation in the nucleus of the cancer cells. SPIONs were clustered 
inside the micellar core. The SPION release showed an increase in the T2 relaxivity 
values. The MR images obtained with this system showed a clear contrast differ-
ence between H2009 cells incubated with LCP encoded MFM over the SP-encoded 
MFM (Guthi et al.  2009 ).

   Liu et al. report novel multifunctional pH-disintegrable micellar nanoparticles of 
star co-polymers containing β cyclodextrin cores (DOTA-Gd) 7-CD-(PHPMA-FA- 
DOX). These nanoparticles were successfully used for folate receptor targeted can-
cer cell delivery and MR imaging. Doxorubicin was conjugated on PHPMA arms 
per star molecule. This rendered the initial hydrophilic nanoparticles amphiphilic, 
thus initiating the self-assembly of the nanoparticles. The doxorubicin release 
in vitro was pH dependent. The drug release profi le showed the release of  doxorubicin 
at an acidic pH, which was attributed to the cleavage of the covalently attached 
doxorubicin to the PHPMA arms from the star copolymer scaffold. T1 relaxivity 
was observed in in vitro MR imaging for micellar nanoparticle. In vivo MR imaging 
showed high accumulation of nanoparticles in the kidney (Liu et al.  2012 ).  

13.4.2     Lipid-Based Theranostic Systems 

 Thermosensitive liposome formulations have been used for non-invasive in vivo 
imaging and drug delivery. A formulation consisting of DPPC and Brij ® 78 was co- 
encapsulated with Gd 3+ -DTPA (MRI probe) and doxorubicin. The temperature 
release profi le of doxorubicin was 100 % release at 40–42 °C in 3 min. The DOX 
uptake in tumor bearing tissues was correlated with T1 response (Tagami et al.  2011 ). 
In a study by Lowery et al., tumor targeting was achieved by use of the peptide 
HVGGSSV, which was isolated from in vivo screening of phage-displayed peptide 
library. Targeting liposomes were loaded with doxorubicin and labeled with Alexa 
Fluor 750 for NIR imaging. Such targeting delivery system showed high anti-tumor 
effi cacy and low systemic toxicity. The in vivo results demonstrated HVGGSSV pep-
tide mediated image guided drug delivery in tumors (Lowery et al.  2011 ). 

 Liposomes incorporating quantum dots for imaging and docetaxel as the thera-
peutic agent were tested for effi cacy and targeting in MCF-7 breast cancer cells. 
The liposomes were coated with  D -alpha-tocopheryl polyethylene glycol 1000 suc-
cinate mono-ester (TPGS) and subsequently functionalized with folic acid to target 
the folate receptor on cell surface. The internalization of the liposomes in the cells 
was visualized by CLSM. The multifunctional, targeted liposomes were found to 
show greater effi cacy over the non-targeted liposomes (Muthu et al.  2012 ). Grange 
et al. showed the combined delivery and MRI of doxorubicin containing liposomes 
in an in vivo model of Kaposi’s sarcoma expressing neural cell adhesion molecule 
(NCAM). NCAM receptor was targeted by using NCAM binding peptide (C3d) 
-coated PEF liposomes loaded with doxorubicin and a lipophilic gadolinium-DOTA-
monoamide (DOTAMA) derivative (Grange et al.  2010 ). 

 In another example, multifunctional dextran core based stealth liposomal 
nanoparticles were prepared encapsulating doxorubicin, iron oxide for MR imaging, 
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and boron-dipyrromethene (BODIPY) for fl uorescence. Polyethylene glycol was 
used for surface decoration, which increased the circulation time of the particles in 
the blood. A rodent dorsal window chamber was developed which facilitated the 
MR imaging and non-invasive optical imaging. This model was extended to the 
nude mice bearing lung carcinoma and MIA PaCa-2 pancreatic cancer xenograft. 
Enhanced contrast was observed in the blood vessels due to accumulation of the iron 
oxide nanoparticles in these blood vessels (Erten et al.  2010 ). 

 Multifunctional PEG-modifi ed liposomes with both thermosensitive poly[2-
(2-ethoxy)ethoxyethyl vinyl ether- block -octadecyl vinyl ether (EOEOVE-block - 
ODVE)] with a lower critical solution temperature around 40 °C and polyamidoamine 
(PAMAM) G3 dendron-based lipids having eight Gd 3+  chelate residues (G3-DL- 
DOTA-Gd) were loaded with doxorubicin and evaluated for the accumulation of 
liposome at the tumor site and heat-triggered drug release of the drug. Liposomes of 
two different sizes, 110 and 48 nm, were administered intravenously to Balb/c nude 
mouse having colon 26 tumors via tail vein, and the accumulation of the liposomes 
at the tumor was monitored using MRI. The images revealed that the liposomes 
were not uniformly distributed in the tumor site and tumor tissue composition; 
 tissue anatomy and vascularization had a role to play (Fig.  13.7a ). The tumor accu-
mulation effi ciency studies revealed that irrespective of the liposome diameter, 
the liposomes accumulated at the tumor in a similarly time-dependent manner 
(Fig.  13.7b ). However, the signal intensity values at the tumor sites at the same time 
point were different between the two mice, and the mice injected with the larger 
liposomes exhibited stronger signal intensity, thus suggesting that liposomes with 
110 nm diameter accumulated at the tumor more effi ciently than those with 48 nm 
diameter (Kono et al.  2011 ).

   The multifunctional PEG-modifi ed liposomes exhibited a considerable release 
of encapsulated doxorubicin after mild heating. The liposomes encapsulating doxo-
rubicin injected intravenously into tumor-bearing mice have shown to suppress the 
tumor growth only when the tumor site was heated to 44 °C for 10 min at 8 h after 
injection (Fig.  13.8 ) (Kono et al.  2011 ).

13.4.3        Inorganic Theranostic Systems 

 OCT was used for monitoring effectiveness of photo-ablation therapy using gold- 
silica nanoshells that were exposed to NIR light. This therapy showed complete 
tumor regression within 12 days posttreatment in all but two mice, and additionally 
a 56 % contrast enhancement was achieved using the nanoshell system (Gobin et al. 
 2007 ). Recently, yolk-shell nanoparticles consisting of iron-platinum (FePt) 
nanoparticle yolk and iron oxide (Fe 2 O 3 ) shell have shown promise as an anticancer 
cum MRI contrast agent (Gao et al.  2008 ). Two-photon induced luminescence and 
dark-fi eld imaging have also been used to image gold nanoshells and monitor their 
photo-ablation potential thus serving as a benefi cial prospective theranostic agent 
(Loo et al.  2005 ; Park et al.  2008 ). 
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  Fig. 13.7    Magnetic resonance images of tumors before ( a ,  e ) and 1 h ( b ,  f ), 3 h ( c ,  g ), and 8 h 
( d ,  h ) after administration of liposomes.  a – d  (liposomes diameter of 110 nm) and ( e – h ) (liposome 
diameter 48 nm). I—plots of increase in the normalized signal intensity for tumor of BALB/c nude 
mouse injected with liposome of 110 nm ( squares ) or 48 nm ( diamonds ) as a function of time 
(reprinted with permission from Kono et al.  2011 . Elsevier 2011)       
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 Oleic acid-coated hollow manganese oxide nanoparticles (HMON) were shown 
to effi ciently encapsulate doxorubicin and also be functional as MR imaging agent 
and thus showing potential as a theranostic system (Shin et al.  2009 ). In another 
study amino and thiolated PEG coated gold nanorods displayed signifi cant theranos-
tic potential with enhanced circulation time, photothermal tumor destruction and 
provided for imaging by X-ray computed tomography technique (von Maltzahn 
et al.  2009 ). Plasma-magnetic nanoparticle with an iron oxide core and gold shell 
conjugated to EGFR antibody was used in an in vitro cancer model and showed good 
photothermal destruction capability that was monitored using both MR and optical 
(confocal refl ectance and dark-fi eld refl ectance) imaging (Larson et al.  2007 ). Gold 
nanocages have been shown to tremendously increase contrasts in rat cerebral cortex 
using photoacoustic imaging (Yang et al.  2007a ). Combination of this imaging 
modality with photo-ablation therapy can provide a potential theranostic system. 

 Cyclic RGD peptide (cRGDyK) conjugated fl uorescent MSNs encapsulating 
doxorubicin exhibited good targeting, drug delivery, and fl uorescence imaging 
potential (Chen et al.  2013b ). Gold-silica core/shell nanoparticles with PEG 
 conjugated EGFR antibody showed 35-fold higher Raman signal, using SERS as 
an imaging modality, in EGFR positive A431 tumors. This coupled with the photo- 
ablation capability of gold nanoparticles can serve as a prospective theranostic 
 system (Jokerst et al.  2011 ).  64 Cu-labelled, cRGDfc peptide functionalized PEG-
modifi ed superparamagnetic iron oxide nanoparticles (SPIONS) conjugating doxo-
rubicin by a pH-sensitive linkage demonstrated higher cellular uptake and 
cytotoxicity in an in vitro model. Additionally, this system showed good targeting 
via signifi cant tumor accumulation as imagined by quantitative PET. Furthermore, 
the system was also capable of MR based imaging providing for dual mode imaging 
capability (Yang et al.  2011 ). Thiolated PEG coated gold-silica nanoshells irradiated 

  Fig. 13.8    Tumor volume 
measurement after 
doxorubicin dose of 6 mg/kg 
body weight. Saline treated 
and heat (alone) treated act as 
controls. Considerable 
decrease in the tumor volume 
observed with liposomes 
treated under heat (reprinted 
with permission from Kono 
et al.  2011 . Elsevier 2011)       
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with NIR light and imaged using magnetic resonance thermal imaging (MRTI) 
demonstrated localized tumor cell death in a mouse model bearing subcutaneous 
tumor (Hirsch et al.  2003 ).  

13.4.4     Hybrid Theranostic Systems 

 PEG-PCL micelles labelled with Rhenium 188 ( 188 Re) radionuclide and incorporat-
ing a cyanine type photosensitizing NIR dye IR-780 thermally destroyed colon can-
cer both in in vitro and in vivo models through decreased cellular proliferation and 
enhanced apoptosis. Additionally, the NIR dye allowed for fl uorescence imaging 
and the radionuclide allowed for real-time micro-SPECT based imaging of accumu-
lation and distribution of the photosensitizer in the tumor and other tissues (Peng 
et al.  2011 ). Nucleolin targeted PEG-modifi ed and amine functionalized polyacryl-
amide nanoparticles, encapsulating iron oxide nanoparticles as imaging agent and 
photofrin as a photosensitizing therapeutic agent, were found to be useful in specifi c 
targeting, MRI, and PDT based treatment of brain tumor (Reddy et al.  2006 ). 

 Another example of a theranostic nanoconstruct is carboxyl coated Zn/CdSe 
shell/core quantum dot conjugated to PEG functionalized liposomes having Anti- 
HER2 antibody moiety for targeting. The system showed potent in vitro cytotoxicity 
in cells overexpressing HER2/neu and simultaneously showed targeting via tumor 
localization and fl uorescence imaging in a nude mice model of subcutaneously 
implanted HER2/neu overexpressing xenograft (Weng et al.  2008 ). HER2 antibody-
conjugated multifunctional magneto-polymeric nanohybrids (HER- MMNPNs) 
were formulated and studied for their use as a system capable of carrying both che-
motherapeutic and MRI imaging payload. The MMNPNs prepared from oppositely 
charged block polymer of PEG and polyaminoacids and encapsulating magnetic 
manganese iron oxide (MnFe 2 O 4 ) nanoparticles and doxorubicin showed good 
in vivo and in vitro anti-tumor and MRI imaging capabilities (Yang et al.  2007b ; 
Koide et al.  2006 ). Doxorubicin encapsulated thermally crosslinked SPIONS (or 
TCL-SPIONS) with anti-biofouling polymethacrylate coat were used as theranostic 
agent. They demonstrated substantial antitumor activity in a mice Lewis lung carci-
noma model using MRI as an imaging technique (Yu et al.  2008 ). A multifunctional 
system consisting of iron oxide nanoparticles as MR imaging and hypothermic 
agent, quantum dots as a fl uorescent imaging agent, paclitaxel as a therapeutic 
agent, and anti-prostate specifi c membrane antigen (anti-PMSA) as a targeting moi-
ety was developed and was shown to have good targeting, imaging, and localized 
treatment functionality (Cho et al.  2010 ). HER-2 conjugated near-IR QD loaded 
micelles showed 77 % reduction in tumor volume in MDA-MB 231 tumor bearing 
mice as monitored using fl uorescence imaging (Nurunnabi et al.  2010 ). 

 Acoustic phase change droplets incorporating doxorubicin and conjugated to 
CCRF-CEM cell targeting sgc8c aptamers were tested in vitro as ultrasound based 
theranostics. High intensity focused ultrasound (HIFU) was used to initiate the 
acoustic droplet vaporization (ADV) which showed 56.8 decrease in cell viability 
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via mechanical (inertial cavitation) and chemical (doxorubicin based) destruction of 
cells. B-mode ultrasound imaging was used to determine the contrast enhancement 
of these vaporized bubbles (Wang et al.  2012 ). Another potential example of a not 
yet tested hybrid theranostic system is the dendriworms or dendrimer conjugated 
magneto-fl uorescent nanoworms. It was shown that these delivery systems encapsu-
lating siRNA against EGFR show 70 % gene silencing in vitro and signifi cant 
down-regulation of EGFR in a transgenic mouse model of glioblastoma. With the 
crosslinked iron oxide MNP as a component, in vivo imaging using MRI was pos-
sible (Agrawal et al.  2009 ). 

 Doxorubicin and Gd 3+ -DOTAMA that incorporated stealth liposomes exposing 
neural cell adhesion molecule targeted C3d peptide were used to assess the ther-
anostic value in an experimentally induced mouse model of Kaposi’s sarcoma. The 
system showed good therapeutic value by achieving tumor regression as visualized 
using gadolinium-based MRI (Grange et al.  2010 ). A nano-carrier system consisting 
of bovine serum albumin-PLGA conjugated cobalt ferrite nanoparticles can be use-
ful as a prospective theranostic agent. The system provided clear in vitro  evidence 
for hyperthermia-based therapy with MR as an imaging modality (Comes Franchini 
et al.  2010 ). Some of the examples of theranostic systems in preclinical or clinical 
trials have been summarized in Table  13.2 .

13.5         Conclusions and Future Outlook 

 Drug delivery systems have come a long way since their inception and have shown 
tremendous benefi ts over conventional method of free drug administration in over-
coming some of the key challenges in cancer therapeutics including multidrug resis-
tance (MDR). Various types of delivery systems have been explored to improve the 
drug solubility, enhance retention and systemic circulation, evade recognition by 
immune components, and increase the bioavailability through controlled and sus-
tained drug release kinetics, favorable biodistribution profi le, and reduced drug- 
related toxicity. Presently, we are capable of delivering a variety of potential drug 
candidates including highly labile molecules such as genes, siRNA, miRNA, mRNA 
and proteins largely due to our thorough understanding of underlying science of 
drug delivery systems. This allows us to devise a multipronged approach to treat 
cancer by using nucleic acid therapy by either augmenting anti-cancer effect or sup-
press cancer-promoting factors in combination with chemotherapy. Such multi- 
faceted attack is the key to control the disease growth and improve life expectancy 
of the patients. 

 Recently, combinatorial design has been developed to synthesize novel materials 
for designing drug delivery systems that allow encapsulation and controlled release 
of drugs with varying physical properties (Abeylath et al.  2011 ). Such endeavors 
have inherent versatility such that they give us the capability to predict the promis-
ing delivery system for a given drug, thereby reducing the time taken for formulated 
drug to move from preclinical to clinical stage and eventually to bedside.    Similarly, 
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opportunity exist for the development of externally or internally/self-controlled 
stimuli-responsive nanocarriers, where the drug release is tailored by application of 
an external stimulus or according to the factors infl uenced by disease, respectively. 
While these systems are still in their exploratory stage of development, they cer-
tainly hold tremendous promise as the delivery vehicles of the future. In this regard, 
theranostic delivery systems are recent addition where the delivery cargo is loaded 
with diagnostic/imaging capability along with therapeutic agent to simultaneously 
detect/visualize cancer growth and disease prognosis upon treatment. 

 Great strides have been made in developing the science for imaging and diagnos-
tics of cancer as well as delivery of chemotherapy and biologics for therapy, but the 
technology to exploit the cumulative benefi t of the two fi elds is still in its infancy. In 
true sense, this fi eld has developed largely in the past decade and thus much is 
wanted before we can realize the true application of theranostic systems. Besides, 
the majority of endeavors made have largely focused on the improvement of imag-
ing of the disease to aid in following disease prognosis after initiation of therapeutic 
intervention, but there are no technologies that could enable detection of onset of 
cancer when the tumor growth is localized and dissemination of cells to other organs 
has not started. Early detection of cancer signifi cantly improves the possibility of 
reversing the outcome of the disease is a well-established and acknowledged fact, 
but methods to achieve this are still elusive. Development of methods to detect 
tumor when it does not show the characteristic features of a tumor could only be 
achieved by a thorough understanding of tumor biology, signature molecular events 
associated, and devising strategies to fi nd the lacunae in the otherwise perfectly 
disguised physiology. Even though much is known about tumor physiology and 
microenvironment, there are several missing links that should be connected, such as 
the exact role of cancer stem cells in tumor progression and metastasis. This infor-
mation could hold the key to several grave problems associated with the disease 
such as MDR and metastasis. 

 Tumor cells are actively dividing and thus are in constant need of oxygen and 
nutrient supply to meet their growth/division rate. Angiogenesis is thus one of the 
hallmark properties of tumor microenvironment and signifi es that tumor cells have a 
need to be in constant access of systemic circulation. Tumor cells shed a signifi cant 
amount of their signature molecules such as proteins and nucleic acid in the blood in 
free form or in the form of microvesicles or exosomes, which have abundance of 
genetic and functional information about the tumor that could be used as a possible 
source of biomarkers for early cancer detection (D’Souza-Schorey and Clancy 
 2012 ). These microvesicles and exosomes have already been explored for their 
potential in developing biomarker for early cancer detection and analysis of their 
content to design  personalized therapy  for the patient. However, these vesicles show 
considerable heterogeneity in their morphology, properties, and surface characteris-
tics, and thus their isolation from complex environment like blood is an extremely 
challenging and daunting task. Existing methods largely rely on their purifi cation 
from the contaminating blood cells owing to the difference in size of these vesicles/
exosomes; thus, a more robust method is required to be able to fully capture, deci-
pher, and apply the information they carry. Potential theranostic nanocarriers have 
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already moved to different stages of preclinical and clinical development, but much 
work is still needed before these multi-modal therapeutic delivery vehicles can be 
used to their full potential for cancer therapeutics.     
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    Chapter 14 
   Nanotoxicology: Towards Safety by Design 

             Fernando     Torres     Andón     and     Bengt     Fadeel    

14.1            Introduction 

 The development of new anti-cancer drugs remains an expensive and ineffi cient 
process, mainly due to non-specifi c effects and the inherent toxicity of the drugs. 
The rise of molecular biology and systems biology has led to major progress in our 
understanding of cancer cell biology. A large number of novel anti-cancer drugs 
have been developed and many are now implemented into routine clinical practice 
(Trotta et al.  2011 ). Some of these drugs have yielded improvements in overall sur-
vival for all patients with a given condition, whereas others have only shown benefi t 
in smaller groups of patients with known molecular aberrations. However, less than 
5 % of the drugs that reach Phase I gain a marketing authorization and only 1 in 
10,000 pre-clinical compounds ever reach the market (Moreno and Pearson  2013 ). 
The high attrition rate in the drug discovery and development process has been 
defi ned by some as the “Valley of Death” in anti-cancer drug development (Adams 
 2012 ). While non-scientifi c reasons for this failure include lack or resources, wrong 
incentives, aggressive pricing strategies, or adverse regulatory environments; the 
scientifi c reasons or obstacles include the tumor microenvironment, cross-talk and 
negative feedback loops, development of resistance, exposure time, drug delivery, 
and the choice of pre-clinical models (Moreno and Pearson  2013 ). It is in this con-
text that the development of novel nano-oncologicals must take place, providing 
original and innovative solutions to tackle each of these issues. Notably, concerns 
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with toxicity account for approximately one-third of the cases of attrition. The aim 
of the current chapter is thus to tackle the question of safety and toxicological 
assessment in nanomedicine. Emphasis is placed on the interactions of nanoparti-
cles with the immune system and on the role of the material-intrinsic “identity” 
versus biological “identity” of nanomaterials for biological outcomes. New and 
emerging approaches in nanotoxicological research are also highlighted. 

14.1.1     Understanding the Pharmacological/Toxicological 
Profi le of Nanomedicines 

 The pharmacological/toxicological profi le of a pre-clinical nanomedicine can be 
classifi ed into primary or secondary effects. While primary effects relate to the action 
of the compound at its intended target (or targets), secondary effects are due to inter-
actions with targets other than the primary target (i.e., off-target interactions) (Bowes 
et al.  2012 ). The  off-target toxicity  is often the cause of adverse drug reactions 
(ADRs). Thus, in addition to the development of novel drug delivery and targeting 
strategies with higher selectivity for the desired target, one should aim to design 
nanomedicines that are effective at lower doses in order to minimize secondary tox-
icities. Another challenge when using anti-cancer drugs, known as  on-target toxicity , 
is to separate the benefi cial effects of primary target inhibition in tumors from poten-
tial adverse effects that may occur as a result of inhibition of the same target in nor-
mal tissues. In this case, nanomedicines offer novel opportunities to control the 
balance between effi cacious and toxic doses, as well as, the inter-tissue biodistribu-
tion of the drug. Not less important are other toxicological issues mainly arising from 
the interaction of new nanomedicines with the immune system. The immune system 
is a specialized network of biological structures, cells, tissues, and organs that 
work together to defend our body against foreign intrusion (Fadeel  2012 ); it is not 
surprising that engineered nanomaterials are frequently sensed as being “foreign” 
and dangerous, leading to the triggering of immunological responses. These immu-
notoxicological issues, of crucial importance for the development of novel nanomedi-
cines, are closely interlinked and can be summarized as: bioactivation, hypersensitivity 
and immune responses, and idiosyncratic reactions. Bioactivation could occur when 
the original drug is converted to reactive products (often referred to as reactive metab-
olites) which in turn may cause toxicity. Importantly, as novel nanostructures are 
prone to interact with proteins (see Sect.  3 ), this toxicity could arise through the 
modifi cation of proteins with their consequent loss of function or induction of 
immune responses. The hypersensitivity and immune responses induced by some 
drug candidates (or their metabolites) could arise from the non-desirable interaction 
of drugs with immune-competent cells and/or proteins in the body, such as the com-
plement system. Finally, the idiosyncratic reactions are rare events (1/10 4  individuals) 
which are still poorly understood and diffi cult to predict using current in vitro or 
in vivo models. Personalized medicine holds great promise in terms of avoiding these 
idiosyncratic reactions, which are commonly attributed to interindividual differences 
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in the metabolism capacity and/or immune system sensitivity. Thus, drug discovery 
strategies must be focused on gaining a better understanding of the mechanisms of 
action of the novel drugs, and of the drug carriers, as well as, to achieve an appropri-
ate balance between their effi cacy and potential adverse effects. This should be done 
as early as possible in the drug development process. This is true also in nanomedi-
cine (Fadeel,  2013 ). In the following sections, some lessons learned from nanotoxi-
cogical studies performed in the past decade are summarized.  

14.1.2     Nanotoxicology: Understanding How Nano-Scale 
Materials Adversely Affect Human Health 

 “Nanotoxicology” may be defi ned as the study of the adverse effects of engineered 
nanomaterials on living organisms and the ecosystems, including the prevention and 
amelioration of such adverse effects. Thus, the importance of nanotoxicology for 
nanomedicine is obvious, as is that of toxicology for medicine in general. In this 
chapter, we seek to highlight current concepts in nanotoxicological research, includ-
ing the role of the “synthetic identity” of nanomaterials which is determined by the 
physico-chemical properties of the nanomaterial itself, and the “biological identity” 
which is defi ned by the adsorption of biomolecules onto the surface of the nanoma-
terial, as the nanomaterial encounters a particular biological fl uid (Fadeel et al. 
 2013 ). Classical biological/toxicological endpoints (for instance, cell death, or cyto-
kine release, as a marker of infl ammation) should be evaluated also for nanomateri-
als; however, we emphasize the importance of not only considering whether cells are 
dead or alive but, more importantly, to study the molecular mechanisms underlying 
the cytotoxic and/or infl ammatory effects of nanomaterials. We suggest that insights 
regarding the mode of action of different classes of nanomaterials will lead to more 
refi ned approaches for the mitigation of ADRs elicited by nanomedicines. Emerging 
approaches, such as high-throughput screening (HTS) and structure–activity model-
ing for in silico prediction of toxicological effects, may facilitate this endeavor.   

14.2     Synthetic Identity: The Relevance of Material-Intrinsic 
Properties of Nanomaterials 

 Most formal defi nitions of engineered nanomaterials evolve around the manipula-
tion of phenomena and materials at dimensions roughly between 1 and 100 nanome-
ters (nm). Nevertheless, alternative ways of defi ning nanotechnology focus on the 
novel properties that arise, owing to the specifi c smallness of the particles or materi-
als independent of an exact specifi cation of size (Bleeker et al.  2013 ). Some classi-
fi cations of nanomaterials could also be suggested regarding their origin, nature, or 
potential risks. Bleeker et al. ( 2013 ) have recently suggested the need to separate (1) 
natural, incidental, and manufactured, (2) soluble versus non-soluble, and (3) hard 
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versus soft nanomaterials. Soft nanomaterials refer to nano-sized materials, such as 
micelles, emulsions, and liposomes. It is important to defi ne exposure along with the 
hazard to understand if a nano-specifi c risk should be evaluated. Situations may be 
defi ned in which nano-related risks are negligible (i.e., oral administration of soft 
nanomaterials which fall apart in the gastrointestinal tract). However, if biological 
processes can occur within these soft nanomaterials, as may be the case in products 
from synthetic biology that can also be nano-sized, e.g., nano-sized “protein facto-
ries” which involve packaging the molecular machinery for protein synthesis into a 
nanoparticle (Schroeder et al.  2010 ), such conclusions should not be drawn too 
quickly. Nano-specifi c risk may also be limited when nanomaterials are quickly dis-
solved in physiologically or environmentally relevant media into a non-nanomate-
rial; however, particle dissolution may in some cases give rise to ionic species that 
are toxic, as shown for certain metal and metal oxide nanoparticles. It is important 
to realize that the nanotechnology of today, which deals largely with the study and 
manipulation of individual classes of nanoparticles or nanostructured surfaces, is 
rapidly evolving into the study of much more complex nanosystems or nanoma-
chines analogous to endogenous “nanomachines” such as the ribosome inside the 
cells (Shvedova et al.  2010 ). We need to ensure that the battery of test methods used 
to assess toxicity remains valid for such complex structures. 

 The physico-chemical properties of engineered nanomaterials can be manipu-
lated in numerous ways to acquire high stability, high carrier capacity, and compat-
ibility with different administration routes. These characteristics make nanomaterials 
highly attractive in diagnosis and therapy of cancer. However, the same properties 
also have important implications for toxicity. Systematic investigations to correlate 
the toxic effects of nanomaterials to their physico-chemical properties are thus 
needed. A comprehensive understanding of the “synthetic identity” of a nanomate-
rial, defi ned by the intrinsic properties of the nanomaterial, is essential for the effi -
cient design of safe nanomedicines (Fadeel et al.  2013 ). 

14.2.1     Linking Toxicity to the Synthetic Identity 
of Nanomaterials: Size, Shape, Surface Charge, Etc. 

 The size of engineered nanomaterials determines their cellular uptake and biodistri-
bution in tissues. Moreover, a higher intracellular dose of nanoparticles is often cor-
related with a higher toxicity. Andar et al. ( 2014 ) performed a comprehensive study 
of liposomes with different sizes revealing that higher uptake was correlated with 
smaller particles. Furthermore, these investigations revealed different uptake mecha-
nisms. Others have demonstrated that nanoparticles smaller than 200 nm are internal-
ized via clathrin-coated pits reaching endosomal/lysosomal compartments, whereas 
500 nm particles are internalized via caveolae-mediated pathway and delivery to 
lysosomes was no longer apparent (Rejman et al.  2004 ). Extensive in vitro studies of 
size-dependent uptake have been performed for gold (Chithrani  2010 ) and silica 
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nanoparticles (Napierska et al.  2009 ). Notably, the size dependence of nanoparticle 
uptake and cytotoxicity was studied using colloidally stable and non-agglomerated 
gold nanoparticles (Chithrani  2010 ; Chithrani and Chan  2007 ; Chithrani et al.  2006 ). 
These examples clearly demonstrated that size can affect the route and extent of 
uptake of nanomedicines by target cells. However, there are also studies demonstrat-
ing that cellular uptake and direct contact with cells is not mandatory for cytotoxicity 
to occur: cobalt–chromium nanoparticles were shown to damage human fi broblasts 
across an intact cellular barrier without having to cross the barrier. The outcome, 
which includes DNA damage without signifi cant cell death, is different from that 
observed in cells subjected to direct exposure to nanoparticles (Bhabra et al.  2009 ). 
Besides the relevance of size for the uptake of nanomaterials and consequent cyto-
toxic effects, some studies have shown that size can infl uence the mechanism of cell 
death. Hence, Pan et al. ( 2007 ) showed that 1.4 nm gold particles caused necrosis, 
while 1.2 nm particles predominantly induced apoptosis. In contrast, the 15 nm par-
ticles were non-cytotoxic. Furthermore, Kim et al. ( 2012b ) reported that small 
(10 nm) silver nanoparticles had a greater ability to induce apoptosis than other-sized 
silver nanoparticles (50 and 100 nm). Overall, size matters for the interaction of 
nanoparticles with cells, and impacts on cellular uptake, and (mode of) toxicity. 

 Nanoparticle shape can also determine the biological fate of nanomedicines in 
the body and in the cell. In particular, phagocytosis of foreign materials such as 
engineered nanomaterials can be infl uenced by their aspect ratios. Particles of ellip-
soid shape are more readily engulfed by macrophages than are spherical particles 
(Sharma et al.  2010 ). In contrast, nanomaterials with dramatically high aspect ratios 
(i.e., typical “needle-like”-shaped, multi-walled carbon nanotubes) may resist 
uptake by macrophages but could cause cellular damage through piercing of the 
plasma membrane, as shown for the mesothelial cells (Nagai et al.  2011 ). Similarly, 
the alteration of a relatively inert material, such as TiO 2 , into a fi brous structure 
results in a toxic nanomaterial that provokes infl ammatory responses in alveolar 
macrophages (Hamilton et al.  2009 ). In addition, to the overall shape of the nanopar-
ticles, the smoothness/roughness of the particle’s surface also affects the opsoniza-
tion of the particle and its subsequent uptake by phagocytes. These results indicate 
that materials altered into shapes that are diffi cult to process by phagocytic cells can 
result in toxicity by lysosomal disruption (Hamilton et al.  2009 ). Investigations by 
Schaeublin et al. ( 2012 ) in which keratinocytes were exposed to gold nanoparticles 
with different aspect ratios demonstrated that the gold nanospheres were non-toxic, 
whereas the gold nanorods induced apoptosis. Notably, both nanoparticles formed 
agglomerates in cell culture medium, but the spherical particles had a large fractal 
dimension (i.e., tightly bound and densely packed), while the nanorod agglomerates 
had a small fractal dimension (i.e., loosely bound). Similarly, the in vivo toxicity of 
SWCNTs has also been demonstrated to be highly dependent on their agglomera-
tion; fi bers may sometimes behave as agglomerated particles and not as ideal 
“fi bers” (Mutlu et al.  2010 ; Murray et al.  2012 ). Importantly, the agglomeration of 
nanoparticles should be studied in relevant physiological media, depending on the 
anticipated portal of entry into the body (see Sect.  14.3 ). 
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 Surface properties, such as the charge (zeta potential) and hydrophobicity, 
directly affect the interaction of engineered nanomaterials with biological surfaces, 
cell membranes, and proteins (Zhu et al.  2013 ). In general, owing to the overall net 
negative charge of cellular surfaces, positively charged nanoparticles are incorpo-
rated faster by cells than negatively charged ones, leading to high rates of non- 
specifi c internalization and a shorter half-life in the circulation. The higher toxicity 
of positively charged nanoparticles is generally correlated to their enhanced cellular 
uptake (Oh et al.  2010 ). Schaeublin et al. ( 2011 ) demonstrated the effects of surface 
charge on the modality of cell death induced by a particular nanomaterial. Thus, 
charged gold nanoparticles induced cell death through apoptosis, whereas neutral 
gold nanoparticles triggered necrosis in a human keratinocyte cell line (Schaeublin 
et al.  2011 ). To elucidate surface charge-dependent toxicity, nanoparticles with dif-
ferent surface charge but with other physico-chemical parameters constant are 
required, but this is often experimentally complicated to achieve (Fadeel et al. 
 2013 ). Walkey and Chan ( 2012 ) recently described the effects of the bio-corona on 
the surface charge of nanomaterials. They suggested that the protein corona tends to 
give nanomaterials a zeta potential of about −10 to −20 mV irrespective of the nano-
material chemistry; this “normalization” of zeta potentials is related to the fact that 
most plasma proteins carry a net negative charge at physiological pH (Walkey and 
Chan  2012 ). Overall, the physico-chemical properties of nanoparticles are strongly 
entangled and are diffi cult to control independently. In fact, it is nontrivial to change 
only one physico-chemical parameter, without affecting others (Fadeel et al.  2013 ). 
For instance, the presence of strong electrostatic barrier created by charge repulsion 
may even trump other factors affecting toxicity, such as size or shape (El Badawy 
et al.  2011 ). Perhaps, the most important physico-chemical parameter is colloidal 
stability. In other words, unless nanoparticles are very well dispersed, any statement 
about size- or shape-dependent uptake or cytotoxicity is not sound, as the cell would 
“see” and interact with the agglomerates and not with the individual nanoparticles. 
Size, shape, and charge are also altered when the nanoparticles interact with the 
biological environment. In addition, dissolution of metal and metal oxide nanopar-
ticles in acidic cellular compartments (lysosomes) underlies the Trojan horse-type 
mechanism of particle toxicity (Cronholm et al.  2013 ). This mechanism has been 
attributed to oxides of zinc, iron, manganese, cobalt, and copper nanoparticles 
which drive toxicity through releasing of toxic ions into cells (Stark  2011 ). Cho 
et al. ( 2012 ) correlated the toxicity of 15 different metal/metal oxide nanoparticles 
with one of two physico-chemical parameters: zeta potential under acid conditions 
for low-solubility nanoparticles and solubility (degree of dissolution) for high- 
solubility nanoparticles. The authors found that infl ammogenicity induced by high- 
solubility nanoparticles depends not on the nanomaterials itself but on the ions that 
are produced during their dissolution inside the acidic phagolysosomes of the cells 
(Cho et al.  2012 ). A fi nal specifi c characteristic of nanomaterials is their surface-to- 
volume ratio, which is unusually high when compared with the bulk material. This 
is particularly true for porous nanoparticles (Maurer-Jones et al.  2010 ). A  signifi cant 
increase in exposed functional groups on the material may lead to increased surface 
reactivity, further increasing the potential for interactions with biological structures 
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such as DNA, proteins, and cell membranes (Xia et al.  2009 ). The interaction of 
molecular oxygen and electron donor or acceptor groups on the surface of nanoma-
terials can result in the generation of reactive oxygen species (ROS) (Nel et al. 
 2006 ). Deleterious oxidative stress effects induced by nanoparticles in vivo are 
commonly related with the persistence or accumulation of the nanomaterials over 
extended periods of time. Thus, organs such as the liver and spleen, where nanopar-
ticles are sequestered by phagocytic cells following their introduction into the 
bloodstream, are the main targets of oxidative stress.  

14.2.2     Linking Biodistribution to the Synthetic Identity 
of Nanomaterials/Nanomedicines 

 The biodistribution of nanomedicines is crucial for their effi cacy and depends on the 
route of administration (pulmonary, gastro-intestinal, intravenous, intraperitoneal, 
and dermal) and on interactions with the following key organs: the lungs, liver, 
spleen, and kidney. Small nanomedicines may be removed from the blood by renal 
clearance (<5 nm) or rapid liver uptake (10–20 nm), whereas larger nanostructures 
are fi ltered in the sinusoidal spleen (>200 nm) or are recognized and cleared by the 
reticuloendothelial system (RES). Therefore, nanomedicines between 20 and 
200 nm can remain in the circulation for an extended period of time (Wang et al. 
 2013a ). Shape also matters. Huang et al. ( 2011 ) observed that short rod-shaped 
mesoporous silica nanoparticles are trapped in the liver, whereas long rod-shaped 
nanoparticles with the same composition are distributed in the spleen. Notably, 
using highly stable, polymer micelle assemblies designated as fi lomicelles, Geng 
et al. ( 2007 ) were able to show that fi lomicelles persisted in the circulation up to 1 
week after intravenous injection which is about ten times longer than their spherical 
counterparts. The surface chemistry of nanoparticles also affects their biodistribu-
tion. Xiao et al. ( 2011 ) demonstrated that micellar nanoparticles with highly posi-
tive or highly negative surfaces undergo liver uptake, which was low for slightly 
negatively charged nanoparticles. 

 Several researchers have developed new nanomedicines for pulmonary delivery 
(Mansour et al.  2009 ; Zarogoulidis et al.  2012 ). Indeed, the lung is an attractive 
target for drug delivery due to noninvasive administration via inhalation aerosols, 
avoidance of fi rst-pass metabolism, direct delivery to the site of action for the treat-
ment of respiratory diseases, and the availability of a huge surface area for local 
drug action and systemic absorption of drug. In this regard, lessons can be learned 
about the interaction of engineered nanomaterials with the respiratory system if we 
look to accidental pulmonary exposure to nanoparticles, a fi eld of great importance 
in occupational medicine/toxicology (Kendall and Holgate  2012 ; Bhattacharya 
et al.  2013 ). Several studies have suggested that alveolar macrophage-mediated 
clearance of nanoparticles smaller than 100 nm is quite ineffi cient (Geiser  2010 ). 
Hence, nanomaterials are likely to translocate beyond the epithelial barrier into the 
interstitium, where they might accumulate for a long time due to their resistance to 
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phagocytic uptake (Wang et al.  2013a ). In a key study, Choi et al. ( 2010 ) determined 
that nanoparticles with a hydrodynamic diameter less than 34 nm with non-cationic 
surface charge translocated rapidly from the lungs to regional lymph nodes in rats 
following intratracheal instillation. Furthermore, nanoparticles with a hydrody-
namic diameter less than 6 nm were found to traffi c rapidly from the lungs to lymph 
nodes and the bloodstream, ultimately being cleared from the body through the 
kidneys (Choi et al.  2010 ). Deshmukh et al. ( 2012 ) demonstrated that big particles 
or aggregates of particles >10 μm become passively entrapped within the capillaries 
of the lung. However, upon degradation, the same particles could reach >3 μm, 
being only transiently entrapped in the lung and subsequently being translocated to 
the liver. Particles in the range of 3–6 μm accumulated in the liver and spleen 
(Deshmukh et al.  2012 ). Schädlich et al. ( 2011 ) investigated the infl uence of the size 
of biodegradable PEG-PLA nanoparticles and found that nanoparticles of 111 and 
141 nm accumulated in human xenograft tumor tissue, while slightly bigger 
nanoparticles (166 nm) were rapidly eliminated by the liver. Thus, differences in 
biodistribution may occur because of small alterations in nanoparticle size. These 
fi ndings suggest strategies for the rational design of nanoparticles for pulmonary 
drug delivery. The bio-corona also needs to be considered, as discussed below. 

 Oral administration is the most widely used and accepted route of drug delivery in 
the adult population, taking advantage of the highly absorptive capacity of the gut to 
deliver drugs to the systemic circulation (Roger et al.  2010 ). The development of 
novel nanocarriers will be key to increasing the range of formulations for oral deliv-
ery in terms of improving drug solubility, drug stability, and bioavailability (Herrero 
et al.  2012 ). Nanomedicines for oral administration have been optimized for effi cient 
transit under varying pH, pressure, and enzyme-catalyzed degradation (Laroui et al. 
 2011 ). In principle, nanotechnology should enable the design of the optimal drug-
carrier: nanoparticles are small in size with correspondingly large surface area-to-
volume ratio; engineered nanomaterials have good stability, robustness, and a long 
shelf-life compared with molecular carriers; drugs can be loaded into nanostructures 
at high concentrations, and nanomedicines may evade normal digestive processes 
and thus effi ciently deliver drugs to specifi c sites; the kinetics of drug release can be 
modulated; and chemically tailorable surfaces may be modifi ed with ligands to affect 
site-specifi c drug delivery. Needless to say, all the components of the nanocarrier 
must be biocompatible, following oral administration. Indeed, some studies have 
provided evidence of toxicity of metal nanoparticles (e.g., silver and gold) given 
through the oral route at relatively high doses in mice or rats (Park et al.  2010a ; Kim 
et al.  2010 ). The highly acidic environment encountered in the stomach has been 
proposed to play a major role in the toxicity of copper nanoparticles by triggering 
release of ions (Meng et al.  2007 ). This and other studies highlight the potential infl u-
ence of the pH shifts encountered during gastro-intestinal tract transit in both stability 
and dispersal/aggregation of engineered nanomaterials, potentially infl uencing local 
toxicity as well as their ability to penetrate the gastro-intestinal barriers. The possibil-
ity that nanomaterials per se could induce infl ammatory responses in the gastro-intes-
tinal tract should be evaluated and also the effect of nanomaterials on the normal 
microfl ora which is known to play a key role in gastro- intestinal tract development 
and regulation of infl ammation (Stecher and Hardt  2011 ) and which has been shown 
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more recently to play a crucial role in tuning the responses to anti-cancer therapy 
(Iida et al.  2013 ; Viaud et al.  2013 ). The interaction of nanomaterials with biological 
barriers present along the gastro-intestinal tract could lead to changes in the perme-
ability of these barriers that allow for their even wider biodistribution with attendant 
toxicity (Pietroiusti et al.  2013 ). In fact, oral exposure to polystyrene nanoparticles 
was reported to infl uence iron uptake using an in vivo chicken intestinal loop model, 
and high doses of the model nanoparticle cause remodeling of the intestinal villi 
(Mahler et al.  2012 ). Schleh et al. ( 2012 ) demonstrated that size and surface charge 
of gold nanoparticles determine absorption across the intestinal barriers and accumu-
lation in secondary target organs after oral administration in a rat model. While poly-
styrene nanoparticles are considered to be rather inert, a recent study suggested that 
they can induce widespread apoptosis in Caco-2 layers that is propagated to bystander 
cells via the generation of hydrogen peroxide (Thubagere and Reinhard  2010 ). 
Largely unexplored is the matter of the new “biological identity” of nanomaterials 
travelling along the gastro- intestinal tract, as a result of their interactions with bio-
molecules in the mucus (Fig.  14.1 ).

   The skin is the main barrier that protects our body from the external environ-
ment. A large number of studies demonstrate that insoluble TiO 2  or ZnO nanopar-
ticles, commonly present in sunscreens, are not able to penetrate into or through 
human skin. On the other hand, skin permeability to nanoparticles may increase 4 
to 100 times in atopic subjects with damaged skin (Filon et al.  2011 ; Larese et al. 
 2009 ; Larese Filon et al.  2013 ). Monteiro-Riviere et al. ( 2011 ) demonstrated that 
UVB-damaged skin slightly enhanced penetration of nanoparticles in sunscreen 
formulations, but no transdermal absorption was detected.   

  Fig. 14.1    Evolution of the bio-corona during the “fantastic voyage” of nanoparticles through the 
body. ( a ) Inhaled nanoparticles in the alveoli of the lungs. ( b ) An original bio-corona of proteins 
and lipids forms when the nanoparticle comes in contact with the lung fl uids in the alveoli. On 
subsequent (size-dependent) translocation across the lung barrier, nanoparticles reach the blood-
stream where some biomolecules from the original bio-corona may be displaced by different bio-
molecules in this new compartment. ( c ) A nanoparticle crossing the epithelial cells of the lung 
barrier is further transported through different membrane compartments and is fi nally exported out 
from the cell. Partial displacement of the original bio-corona by intracellular biomolecules could 
potentially occur at any point along the pathway, or once the nanoparticle is exposed to biomole-
cules in the blood [reprinted from Monopoli MP, Åberg C, Salvati A, Dawson KA, Biomolecular 
coronas provide the biological identity of nanosized materials. Nat Nanotechnol. 2012 
Dec;7(12):779–86, with permission from Nature Publishing Group]       
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14.3       Biological Identity: Role of the Bio-Corona 
for the Fate of Nanomaterials in Living Systems 

 When nanomaterials are presented to living systems they interact with biological 
molecules (proteins, lipids, polysaccharides, etc.) conferring a “biological identity” 
to the engineered nanostructures (Walkey and Chan  2012 ; Fadeel et al.  2013 ). The 
bio-corona is the dynamic layer of biomolecules that adsorbs to nanoparticle sur-
faces immediately upon their contact with living systems and is presumed to be 
what organisms or cells “see” and interact with (Cedervall et al.  2007b ). Thus, as 
suggested in a recent review (Fadeel et al.  2013 ), it is the combination of material- 
intrinsic properties (the “synthetic identity”) and context-dependent properties 
determined, in part, by the bio-corona of a given biological compartment (the “bio-
logical identity”) that will determine the interactions of engineered nanomaterials 
with cells and tissues and subsequent outcomes. Nanomedicines are designed to 
interact with biological systems at the nano-scale. Thus, in order to improve bio-
safety of novel nanomedicines, we must understand the bio-nano interface between 
these man-made nanostructures and cellular nanostructures or “nanomachines” 
(Shvedova et al.  2010 ; Yang et al.  2013b ). The characteristic physico-chemical 
properties of engineered nanomaterials allow them to act as a scaffold for biomol-
ecules. By far, the most studied component of the corona is the protein composition, 
but lipids, sugars, and other species could also play a role (Kapralov et al.  2012 ). 
Furthermore, it is important to differentiate between a “hard” (long-lived) corona of 
slowly exchanging proteins and an outer “soft” corona collection of (weakly inter-
acting and rapidly exchanging) proteins (Walczyk et al.  2010 ). It is generally 
accepted that while the hard corona is formed because of the direct interaction of 
proteins with the surface of the nanoparticles, protein–protein interactions domi-
nate the interactions of the soft corona with the hard corona (Walczyk et al.  2010 ; 
Monopoli et al.  2011 ). Some authors suggested that the hard corona is the most 
relevant one for the in vivo fate of long-circulating nanoparticles (Lundqvist et al. 
 2011 ). However, the same authors also demonstrated that changes in the hard 
corona may occur when nanoparticles are transferred to a new biological compart-
ment, e.g., upon translocation of nanoparticles across the plasma membrane and 
into lysosomes (Lundqvist et al.  2011 ; Wang et al.  2013b ). Indeed, others have 
shown that the biomolecules conjugated to nanoparticles are degraded by the prote-
ase cathepsin L within the endosomal compartment following endocytosis of 
nanoparticles; this has important implications for intracellular applications of nano-
medicines (Sée et al.  2009 ). Thus, modifi cation or even complete removal of the 
bio-corona may be expected when a nanomedicine interacts with different cells and 
barriers which must be surpassed to reach the target organ (Fig.  14.1 ). Overall, it is 
important to note that interactions between nanoparticles and biomolecules, and the 
formation of the bio-nano interface, have consequences for both the nanoparticle 
itself and potentially also for the proteins and other biomolecules contained in the 
bio-corona. The bio-corona cannot be ignored in the design of nanomedicines, 
especially when nanomedicines are functionalized with targeting ligands: the 
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interplay between the “engineered” corona and the adsorbed bio-corona that is 
formed in situ must be understood. Importantly, Salvati et al. ( 2013 ) recently 
showed, in a study using transferrin-functionalized nanoparticles, that the adsorp-
tion of serum proteins obscures the targeting ligand grafted to the nanoparticles, 
thereby preventing their targeted uptake. In contrast, recent data from our labora-
tory suggest that specifi c (i.e., receptor-mediated) uptake of folic acid-functional-
ized nanoparticles by cancer cells occurs only in the presence, but not in the absence, 
of serum (Krais et al.  2014 ). These studies were conducted using in vitro models, 
and further studies to address the impact of the bio-corona on the in vivo targeting 
of nanomedicines are warranted. 

 Walkey and Chan ( 2012 ) provided a compilation of 26 published studies on the 
plasma-derived protein corona, concluding that there is no one “universal” plasma 
protein corona for all nanomaterials and that the relative densities of the adsorbed 
proteins do not, in general, correlate with their relative abundances in plasma (in 
other words, there is a degree of specifi city). The size ratio between nanoparticle 
and proteins plays a vital role in determining nanomaterial–biomolecule interac-
tions (Cedervall et al.  2007a ). Deng et al. ( 2012 ) studied the role of gold nanopar-
ticle size on binding to fi brinogen and noted that small changes in nanoparticle size 
(from 8 nm to 10–12 nm to 15 nm) resulted in signifi cant differences in how the 
protein and nanomaterials interacted. Liu et al. ( 2013 ) recently reported that when 
nanoparticles and proteins are similar in size, the adsorption concept (i.e., protein 
corona concept) cannot be applied, and a heteroaggregation model is more appro-
priate. Recent studies from our laboratory show that superparamagnetic iron oxide 
nanoparticles (SPIONs) with different surface coating display distinct plasma pro-
tein corona compositions (Vogt et al. unpublished observations). Interestingly, using 
similar nanoparticles (SPIONs), Simberg et al. ( 2009 ) advocated that the nanopar-
ticle surface could be available for recognition by cells despite the formation of a 
bio-corona. The authors found both the dextran coat and the iron oxide core of 
dextran-coated SPIONs remained accessible to specifi c probes after their incuba-
tion in plasma. This observation is especially relevant for the preparation of nano-
medicines using targeting ligands which may thus still be accessible. 

 When administering nano-oncologicals to a patient, the specifi c route of admin-
istration will determine the composition of the initial bio-corona, and this bio- corona 
will be crucial for the biodistribution of the nanoparticles. The majority of bio-
corona studies have been performed with plasma proteins (Dufort et al.  2012 ; Tenzer 
et al.  2013 ), certainly relevant for administration of nanomedicines into the blood-
stream. The bio-corona formed in other compartments also merits consideration. 
The importance of the initial bio-corona has been demonstrated studying the inter-
action of magnetite nanoparticles (110–180 nm in diameter), coated with different 
polymers (starch, carboxymethyldextran, chitosan, poly-maleic-oleic acid, phos-
phatidylcholine), with alveolar macrophages (Ruge et al.  2012 ). In this study, cel-
lular binding and uptake of the nanoparticles by alveolar macrophages was increased 
for nanoparticles treated with surfactant protein A, whereas albumin, the prevailing 
protein in plasma, led to a signifi cant decrease. Kapralov et al. ( 2012 ) reported on 
the in vivo formation of a lipid–protein corona on the surface of SWCNTs following 
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administration by pharyngeal aspiration in mice. The bio- corona was identical to 
lung surfactant, and subsequent in vitro studies demonstrated a role for the surfac-
tant corona of lipids and proteins in macrophage uptake of SWCNTs. Plasma pro-
tein adsorption to MWCNTs was infl uenced by prior adsorption of pulmonary 
surfactant lipids (Gasser et al.  2010 ). These studies provide evidence that, after inha-
lation of nanoparticles, a different bio-corona and consequently different biological 
behavior may result compared to direct administration to the bloodstream. 

 Biomolecules forming the bio-corona strongly modify the cellular uptake of 
nanoparticles. The question is whether the bio-corona is capable of mediating spe-
cifi c cellular uptake, or whether the presence of a corona of proteins, irrespective of 
their identity, suffi ces to promote (or prevent) cellular uptake. Lunov et al. ( 2011a ) 
evaluated the effect of serum proteins on cellular uptake of 50 and 100 nm fl uores-
cently labelled carboxyl- or amine-modifi ed polystyrene, using monocytic THP-1 
cells. They demonstrated that the amount of internalized nanoparticles, the uptake 
kinetics, and its mechanism were critically dependent on particle opsonization by 
serum proteins. Similar results were obtained by Lesniak et al. ( 2012 ) who reported 
that silica nanoparticles incubated with A549 cells in the absence of serum have a 
stronger adhesion to the cell membrane and higher internalization effi ciency when 
compared with nanoparticles with a preformed surface corona. Ehrenberg et al. 
( 2009 ) reported that the capacity of polystyrene nanoparticle surfaces to adsorb 
protein is indicative of their tendency to associate with cells. However, removal of 
the most abundant proteins from the cell culture medium did not result in a differ-
ential association with endothelial cells, suggesting that the cellular uptake is not 
dependent on the identity of adsorbed proteins. Finally, Caracciolo et al. ( 2013 ) 
provided evidence that nanoparticles can acquire a selective targeting capability 
through the adsorption of a protein corona. The authors demonstrated that lipid/
DNA nanoparticles, upon interaction with human plasma, spontaneously became 
coated with vitronectin which, in turn, promoted effi cient uptake by cancer cells.  

14.4     The Interplay of Engineered Nanomaterials 
with the Immune System 

 The interaction of any foreign agent (i.e., new drugs or novel nanostructures) with 
the immune system can lead to immunosuppression, to immune activation, or to 
immune deviation. Ideally, engineered nanomaterials can be designed to either tar-
get or avoid interactions with the immune system (Zolnik et al.  2010 ). The interac-
tion between a nanomedicine and the immune system may be desirable, such as the 
case of vaccines or immunomodulatory cancer therapeutics, as reviewed in other 
chapters in this volume, and for other infl ammatory and autoimmune disorders. 
This section will focus on undesirable interactions between nanomedicines and 
the immune system, and strategies to avoid them (Fig.  14.2 ). Based on the available 
pre- clinical safety data, nanoparticles are not intrinsically more immunotoxic than 
“conventional” drugs (Dobrovolskaia and McNeil  2007 ). However, care should be 
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taken to ensure that suitable test methods are used for immunosafety assessment of 
nanomaterials (Oostingh et al.  2011 ). Furthermore, reformulation of conventional 
drugs to include nanotechnology-derived carriers often leads to reduced systemic 
immunotoxicity compared with that of unmodifi ed formulations. For example, 
nanoparticles can be designed to evade the immune recognition by grafting of 
poly(ethylene glycol) (PEG) or other types of polymers onto their surface (Moghimi 
 2002 ). On the other hand, while such polymers may shield nanoparticles from rec-
ognition by the immune system, there are data suggesting the formation of PEG-
specifi c antibodies after administration of PEG-coated liposomes, resulting in 
accelerated clearance (Ishida et al.  2007 ; Wang et al.  2007 ). Moyano et al. ( 2012 ) 
provided recent evidence that nanoparticle hydrophobicity dictates immune 

  Fig. 14.2    Reciprocal interactions between carbon nanotubes and the immune system. Schematic 
representation of an infl ammatory response. Exposure to the so-called inducers (single- and multi- 
walled carbon nanotubes, CNTs) initiates a multi-dimensional response from the  sensors  (i.e., 
innate immune cells). These cells produce soluble  mediators  (cytokines, chemokines, and comple-
ment factors) leading to infl ammation in target tissues, exemplifi ed here with the lungs. 
Macrophages are professional phagocytes and the fi rst line of immune defense against foreign 
intrusion, including engineered nanomaterials. Recent studies have shown that neutrophils and 
eosinophils, key players of the innate immune system, are capable of biodegradation of CNTs 
through expression of myeloperoxidase (MPO) and eosinophil peroxidase (EPO), respectively, 
thus limiting the pathological changes in the lungs. Dendritic cells (DCs) constitute the major 
bridge between innate and adaptive immune responses, and their activation leads to the stimulation 
of B and T cells. CNTs administered through pharyngeal aspiration can interact directly with DCs, 
thereby leading to systemic immune suppression [reprinted from Bhattacharya K, Andón FT, 
El-Sayed R, Fadeel B, Mechanisms of carbon nanotube-induced toxicity: Focus on pulmonary 
infl ammation. Adv Drug Deliv Rev. 2013 Dec;65(15):2087–97, with permission from Elsevier]       
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responses as determined by gene expression profi ling of mouse splenocytes exposed 
ex vivo to gold nanoparticles. Chen et al. ( 1998 ) reported that immunization of mice 
with a C 60  fullerene derivative conjugated to bovine thyroglobulin yielded a popula-
tion of fullerene- specifi c antibodies of the IgG isotype, suggesting that the immune 
system is capable of recognizing and processing fullerenes as protein conjugates. 
Notably, nanomaterials are likely to be coated by a bio-corona of proteins and/or 
lipids upon entry into the body which in turn may modulate interactions with cells 
of the immune system. In fact, while most nanoparticles per se may not be immuno-
genic, it is entirely conceivable that proteins adsorbed to the surface of nanoparticles 
may adopt new conformations, displaying cryptic epitopes, which in turn may elicit 
an immune response. Thus, inadvertent “protein conjugate” formation arising from 
passive adsorption of biomolecules also needs to be taken into account. The most 
common alteration of proteins upon binding to nanoparticles is, in fact, conforma-
tional change (Yang et al.  2013b ). These conformational changes, including both the 
secondary and tertiary structures, are dependent on many factors, such as concentra-
tion, size, and shape of nanomaterials. For example, rod-shaped gold nanoparticles 
induce more helix loss than spherical gold nanoparticles (Chakraborty et al.  2011 ). 
Moreover, Mahmoudi et al. ( 2011 ) reported that the interaction of transferrin with 
SPIONs results in the release of iron, and irreversible conformational changes, even 
after removal of the magnetic nanoparticles. In synopsis, both the “synthetic” and 
“biological” identities of nanomaterials (discussed above) should be taken into 
account where immunogenicity of nanomedicines is concerned.

   The complement system is a group of proteins present in body fl uids, which 
interact to identify and opsonize non-self, altered-self entities and also synthetic 
materials, for phagocytosis by cells of the innate immune system. The complement 
system plays a major role in innate immune defenses against microorganisms, but 
exaggerated activation of complement can lead to severe tissue injury. Therefore, 
the propensity for complement activation needs to be taken into account for any 
drug delivery system that comes into contact with the blood, including nano-scale 
carriers. Indeed, the binding of complement to nanomaterial surfaces represents a 
special case of undesirable bio-corona formation which may induce clinically 
 signifi cant adverse reactions in susceptible individuals. The interaction between 
nanomaterials and the complement system is complex and regulated by several fac-
tors including size, morphology, and surface characteristics (Moghimi et al.  2011 ). 
Interestingly, nanomaterials with positive or negative surface charge appear to be 
more effi cient activators of the complement system compared to their neutral coun-
terparts (Dobrovolskaia et al.  2009 ). The need to minimize complement activation 
is particularly clear for nanomedicine, where delivery of large amounts of nanopar-
ticles into the blood of patients poses a clear risk of adverse reactions mediated by 
complement. It was, indeed, shown that hypersensitivity reactions towards Doxil ®  
(a doxorubicin-formulation encapsulated in liposomes for use in cancer chemo-
therapy) were due to complement activation (Chanan-Khan et al.  2003 ). 
Furthermore, more recent data suggest that activation of the complement system at 
tumor sites stimulates tumor-associated immune cells and promotes their conver-
sion into a tumor-supportive phenotype, thereby stimulating cancer progression 
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(Markiewski et al.  2008 ; Markiewski and Lambris  2009 ). This type of response 
may impact the therapeutic effi cacy of nanoparticle formulations intended for can-
cer diagnosis or therapy. On the other hand, activation of the complement by nano-
medicines can be desirable in some cases. For example, if nanostructures are 
intended for subcutaneous or intradermal administration, activation of the comple-
ment can benefi t vaccine effi cacy (Markiewski and Lambris  2009 ; Moghimi and 
Andresen  2009 ). Strategies to modify the interaction between nanomedicines and 
the complement system have been suggested by several researchers. Appropriate 
coating has shown to be effective in some cases for eliminating unwanted comple-
ment activation properties of nanoparticles, as demonstrated using lipid nanocap-
sules coated with high density of PEG (Vonarbourg et al.  2006 ). In addition, 
Moghimi and coworkers demonstrated that the complement activation can be pre-
vented modifying the density of the polymers (Al-Hanbali et al.  2006 ; Hamad et al. 
 2010 ). In a recent report, Hamad et al. ( 2010 ) studied the structure–activity rela-
tionship pertaining to surface-immobilized polyethylene oxide (PEO) of various 
confi gurations on polystyrene nanoparticles and the initiation of the complement 
cascade and found that alteration of copolymer architecture on nanospheres from 
“mushroom” to “brush” confi guration not only switched complement activation 
from the C1q-dependent classical pathway to the so-called lectin pathway but also 
reduced the level of generated complement activation products. These fi ndings 
 provide a rational basis for the intelligent design of immunologically safer and 
targetable nanosystems for use in the clinic. 

14.4.1     Engineered Nanomaterials: Immune Activation Versus 
Immunosuppression 

 Most, if not all, nanoparticles are internalized by cells, including macrophages, 
through an active (endocytic) mechanism (Witasp et al.  2009 ; Kunzmann et al.  2011b ). 
However, it is important to note that macrophage-like cell lines, commonly used as 
models to study nanomaterials, may not behave in the same manner as primary mac-
rophages (Lunov et al.  2011a ). Numerous studies have reported on the responses of 
immune cells towards nanomaterials and on the importance of the physico-chemical 
properties of nanomaterials for cellular uptake and/or for subsequent functional 
responses (Kunzmann et al.  2011a ). Dendritic cells (DCs) are important antigen pre-
senting cells of the immune system. Manolova et al. ( 2008 ) reported that nanoparti-
cles target distinct DC populations in vivo in a size- dependent manner. In addition, 
Rettig et al. ( 2010 ) have provided evidence for a new dimension in “danger” signal-
ling insofar as they were able to show how size quantitatively affects innate immune 
responses. Nanosized particles made from single-stranded RNA (ssRNA) mixed with 
protamine induced production of interferon-α, whereas microparticles mainly induced 
production of tumor necrosis factor-α (TNF-α) in human immune cells. The authors 
found that nanoparticles but not micro-sized  particles were selectively phagocy-
tosed by plasmacytoid DCs, which produce interferon-α (Rettig et al.  2010 ). 
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Thus, at the same time as sensing pathogen- associated molecular patterns, such as 
ssRNA, the immune system apparently distinguishes the size of the associated struc-
ture in such a way as to trigger anti-viral (interferon-α) or antibacterial/antifungal 
(TNF-α) immune responses. Shape is also important for cellular (macrophage) recog-
nition. Particles possessing the longest dimension in the range of 2–3 μm (i.e., the 
typical size of bacteria) thus exhibit highest attachment to macrophages (Champion 
and Mitragotri  2006 ). Understanding how cells are capable of sensing shape or aspect 
ratio of nanoparticles (Meng et al.  2011 ) could lead to the development of more 
 effi cient drug delivery systems. 

 Hypersensitivity reactions in patients should be avoided, and this can be achieved 
in some cases, through reformulation of the drug. For example, Abraxane ®  is the 
result of reformulated paclitaxel-bound albumin nanoparticles, which did not 
exhibit any allergic reaction, whereas the fi rst generation formulation of paclitaxel 
in the non-ionic surfactant Cremophor EL caused allergic reactions, often requiring 
premedication with a histamine blocker and steroids (Hawkins et al.  2008 ). Allergies 
are associated with an unbalanced Th1 versus Th2 immune response, with increased 
levels of cytokines, IL-4, IL-5, and IL-13, and immunoglobulin E (IgE) (Syed et al. 
 2013 ). Non-functionalized carbon nanotubes (CNTs) were shown in several pre- 
clinical studies to potentiate allergic responses (Ryman-Rasmussen et al.  2009 ; 
Nygaard et al.  2009 ; Inoue et al.  2009 ). Nanosized TiO 2  also increased allergic lung 
infl ammation, Th2 cytokine production, and IgE levels in sensitized mice (Larsen 
et al.  2010 ). In contrast, silver nanoparticles have demonstrated anti-allergic effects 
in mice (Park et al.  2010b ), and calcium carbonate or calcium phosphate nanopar-
ticles were reported to reduce nickel allergy by binding nickel ions (Vemula et al. 
 2011 ). However, nickel allergy is based on completely different mechanisms than 
most common allergies, and neither Th2 cytokines nor IgE antibodies are involved. 
Nonetheless, these studies exemplify the “good” and the “bad” effects of nanoma-
terials on immune responses (allergic responses) and imply that one cannot draw 
conclusions about “nanomaterials,” without defi ning the nanomaterial and the 
model system. One should also consider that functionalized nanomaterials may not 
behave as their pristine counterparts: while studies of “raw” nanomaterials are 
highly relevant from an occupational medicine perspective, such studies may not be 
directly applicable to the clinical context, where purifi ed and functionalized nano-
materials are deployed. On the other hand, as pointed out by Cheng et al. ( 2012 ), 
additional functionality means additional synthetic steps and costs, more convo-
luted behavior in vivo, and also greater regulatory hurdles. 

 Nanomedicines could also induce immunosuppression, which could be either 
inadvertent or desirable. On the one hand, immunosuppression may lower the 
body’s defense against infection and cancerous cells; on the other hand, it may 
enhance the therapeutic benefi ts of treatments for allergies and autoimmune dis-
eases and prevent rejection of transplanted organs. The most obvious cause of 
immunosuppression is mediated by nanomaterials which induce cell death of 
immune-competent cells. However, other mechanisms may also come into play. 
Inhalation of MWCNTs was shown to suppress spleen cell function in mice, and 
this involved activation of cyclooxygenase enzymes in the spleen in response to a 
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signal from the lungs, possibly TGF-β (Mitchell et al.  2009 ). Tkach et al. ( 2011 ) 
showed that pharyngeal aspiration of SWCNTs caused modifi ed systemic immunity 
in mice as documented by decreased proliferation of splenic T cells, and evidence 
was provided for a direct effect of carbon nanotubes on DCs. Induction of immune 
tolerance by nanoparticles can be considered a form of desirable immunosuppres-
sion. For example, allergen-loaded nanoparticles have been reported as effective 
suppressors of type I and type II allergies to environmental and food allergens 
(Gómez et al.  2008 ; Schöll et al.  2004 ). In another study, the T cell-mediated 
immune response was down-regulated by simultaneous blocking of lymphocyte 
function-associated antigen-1 (LFA-1) and intracellular adhesion molecule-1 
(ICAM-1), accomplished by using two nanoparticles targeting DCs and T cells, 
respectively (Chittasupho et al.  2011 ). To our knowledge, there are currently no 
studies linking autoimmune diseases to exposure to nanoparticles. However, it is 
possible that nanoparticles may act as scaffolds for autoantigens, leading to inadver-
tent immune responses, although this remains to be proven. On the other hand, a few 
studies have proposed the use of nanoparticles to treat autoimmune diseases (Zolnik 
et al.  2010 ). For example, delivery of IL-10-encoding DNA by nanoparticles has 
been shown to be successful in the suppression of autoimmune diabetes in an ani-
mal model (Basarkar and Singh  2009 ).  

14.4.2     Infl ammasome Activation: Engineered Nanomaterials 
as “Danger” Signals 

 Toll-like receptors (TLRs) are the so-called pattern recognition receptors (PRRs) 
expressed by cells at the front line of host defense, e.g., macrophages, DCs, and 
epithelial cells (Fadeel  2012 ). PRRs enable these cells to detect and respond to the 
presence of danger- and pathogen-associated molecular patterns (DAMPs and 
PAMPs, respectively) (Lamkanfi  and Dixit  2012 ). Activation of the infl ammasome 
complex in the cytoplasm of phagocytic cells occurs via engagement of TLRs, lead-
ing to subsequent assembly of the NLRP3 (NLR-related protein 3)-containing 
infl ammasome complex and activation of caspase-1 with processing and secretion 
of the pro-infl ammatory cytokines, IL-1β and IL-18 (Dagenais et al.  2012 ). NLRP3 
is also activated in response to host-derived particulate matter precipitates such as 
uric acid and cholesterol crystals, and studies in recent years have shown that exog-
enous structures including asbestos fi bers and crystalline silica also activate the 
infl ammasome (Sun et al.  2013 ). In addition, NALP3 is the molecular target of the 
immunostimulatory activity of aluminum hydroxide (alum), the most commonly 
used vaccine adjuvant (Eisenbarth et al.  2008 ). Lunov et al. ( 2011b ) showed that 
amino-functionalized polystyrene nanoparticles, but not carboxyl- or non- 
functionalized particles, trigger NLRP3 infl ammasome activation and release of 
IL-1β in human macrophages. Tschopp and co-workers reported that nano-TiO 2  and 
nano-SiO 2 , but not nano-ZnO, activate the NLRP3 infl ammasome and cause pulmo-
nary infl ammation in mice with release of IL-1α and IL-1β (Yazdi et al.  2010 ). 
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Recent studies have shown that “needle-like” MWCNTs can activate the NLRP3 
infl ammasome in LPS-primed human macrophages (Palomäki et al.  2011 ). In 
another recent study, Yang et al. ( 2013a ) demonstrated that spherical carbon nano- 
onions of 6 nm in size also can promote NLRP3 infl ammasome activation in synergy 
with TLR ligands. Importantly, this was shown to be highly dependent on the physico-
chemical characteristics of the nanoparticles as chemical surface functionalization 
signifi cantly attenuated the infl ammatory properties. Exposure of macrophages to 
carbon black nanoparticles of 20 nm in size was shown to result in caspase-1-depen-
dent, infl ammasome-mediated cell death (Reisetter et al.  2011 ). However, hollow 
carbon spheres of about 170 nm in diameter trigger infl ammasome- dependent secre-
tion of IL-1β in primary human macrophages independently of the induction of cell 
death (Andón et al. unpublished observations). Taken together, these studies point 
towards similarities in terms of immune sensing of nanomaterials, environmental 
agents such as asbestos fi bers, and microorganisms. These studies also underscore 
that fi ber-like dimensions are not necessarily a requirement for activation of the 
infl ammasome. It is known, however, that infl ammasome activation in vitro requires 
signaling both via TLRs and NLRP3. Demento et al. ( 2009 ) prepared nanomaterials 
endowed with these two signals for optimization of vaccine design. The authors 
incorporated LPS onto the surface of PLGA nanoparticles loaded with antigen. The 
LPS-modifi ed particles were preferentially internalized by DCs, and the nanoparticle 
system elicited potent humoral and cellular immunity in mice. Macrophages pulsed 
with LPS-modifi ed nanoparticles resulted in production of IL-1β, consistent with 
infl ammasome activation (Demento et al.  2009 ). Thus, infl ammasome activation by 
nanoparticles may potentially be exploited for therapeutic benefi t.  

14.4.3     Elimination of Engineered Nanomaterials Through 
Enzymatic Degradation 

 One of the maxims for the development of novel drug delivery systems is that they 
should be biodegradable. Non-degradable nanomaterials can accumulate in cells 
and tissues where they may exert detrimental effects. The typical example are car-
bon nanotubes; it has been shown that intravenously injected, pristine (non- 
functionalized) SWCNTs are highly enriched in the liver, lungs, and spleen in mice 
and remain in the body over an extended period of time (Yang et al.  2007 ). 
Importantly, we and others have reported on the ability of the immune system to 
degrade these nanomaterials (Fig.  14.2 ). Hence, myeloperoxidase (MPO) expressed 
in primary human neutrophils was found to mediate biodegradation of oxidized 
SWCNTs (Kagan et al.  2010 ). MPO is a major protein constituent of the azurophilic 
granules of neutrophils. It catalyzes the hydrogen peroxide-mediated oxidation of 
halide ions to hypohalous acids, especially HOCl. These ROS can participate in a 
variety of secondary reactions, leading to modifi cations of amino acids and many 
types of biological macromolecules. In the same study, neutrophils were shown to 
be more profi cient at biodegradation of SWCNT than macrophages, presumably due 
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to a higher level of expression of MPO (Kagan et al.  2010 ). SWCNT degradation 
was more effi cient when SWCNT were coated with a “corona” of immunoglobulins, 
suggesting that cellular internalization of SWCNT by neutrophils via Fc receptors 
facilitates their degradation (Kagan et al.  2010 ). However, extracellular biodegrada-
tion following the degranulation of activated neutrophils cannot be excluded. In fact, 
our recent studies have shown that neutrophil extracellular traps (NETs) generated 
by ex vivo activated human neutrophils can “capture” SWCNTs and that SWCNTs 
undergo acellular, MPO-dependent biodegradation in NETs (Farrera et al.  2014 ). 
Additionally, we have demonstrated that eosinophil peroxidase (EPO), the major 
oxidant-producing enzyme in eosinophils, degrades oxidized SWCNTs following 
ex vivo degranulation of primary murine eosinophils (Andón et al.  2013 ). 
Furthermore, in vivo biodegradation was demonstrated in a mouse model of pharyn-
geal aspiration of SWCNTs (Shvedova et al.  2012 ). Notably, clearance of SWCNTs 
from the lungs of MPO-defi cient mice was markedly less effective, whereas the 
infl ammatory/fi brotic response was more pronounced as compared to wild-type 
mice. Thus, the immune system can apparently utilize the same enzymatic pathways 
for degradation of microorganisms and nanomaterials. Strategies to control the tim-
ing and the location of this biodegradation will be required in order to harness the 
degradative capacity of the immune system in nanomedicine. 

 Studies conducted in vitro and in vivo using polymeric nanocarriers have 
 demonstrated oxidative, hydrolytic, and enzymatic mechanisms for biodegradation 
of these nanostructures (Kumari et al.  2010 ; De Gracia Lux et al.  2012 ). Furthermore, 
SPIONs undergo a particular mechanism of biodegradation, being processed by 
cells as part of their physiological iron metabolism (Weissleder et al.  1989 ). 
Liposomes are frequently engineered to be biodegraded by secretory phospholipase 
A2, a lipid hydrolyzing enzyme that is signifi cantly up-regulated in the extracellular 
microenvironment of tumors (Arias  2011 ). Finally, Park et al. ( 2009 ) synthesized 
luminescent porous silicon nanoparticles and noted that these materials “self- 
destructed” into renally cleared components in mice with no evidence of toxicity.   

14.5     Emerging Approaches in Nanotoxicology: 
Towards Predictive Nanotoxicology 

 To date, much of the nanotoxicology literature has focused on describing the effects 
of engineered nanomaterials using traditional in vitro and/or in vivo (animal) mod-
els. The overwhelming majority of these studies fail to provide information on the 
underlying mechanisms of toxicity or mode of cell death (Andón and Fadeel  2013 ). 
Nel et al. ( 2013a ) provided an excellent summary of potentially useful mechanistic 
injury pathways which could be employed to develop  predictive  toxicological para-
digms (Fig.  14.3 ). The comprehensive study of the mode of action of nanomaterials 
will allow for more refi ned approaches for the mitigation of adverse effects of these 
materials. A promising way forward is to use  alternative test strategies , which 
reduce reliance on animal testing through the use of validated in vitro assays along 
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with computational modelling approaches to predict structure–activity relationships 
(Nel et al.  2013b ). HTS approaches, based on assays that capture specifi c mechanis-
tic injury pathways, will enable the rapid testing of vast numbers of new nanomate-
rials. These developments are in line with the emergence of the so-called 
twenty-fi rst-century paradigm in toxicology, with the aim to employ high- throughput 
and computational toxicology approaches to yield data predictive of results from 
animal toxicity studies, which will allow prioritization of chemicals for further test-
ing and assist in prediction of risk to humans (Collins et al.  2008 ).

  Fig. 14.3    Predictive toxicological approaches based on pathways of toxicity. The schematic 
diagram shows selected pathways of toxicity (POTs) that can be used for in vitro screening, but 
also have a role in the pathophysiology of disease. The POTs are carefully chosen to allow in vitro 
screening to be predictive of in vivo outcomes, thereby enabling large numbers of engineered 
nanomaterials to be simultaneously assayed, ranked, and subjected to further in vivo investigation. 
( a ) Induction of oxidative stress by redox active nanomaterials capable of reactive oxygen species 
(ROS) generation by the material itself or as a consequence of interactions at the nano–bio inter-
face. ( b ) Material dissolution or shedding of toxic metal ions by metal and metal oxide nanopar-
ticles. ( c ) Cationic injury to the surface membrane or the lysosome. ( d ) Activation of the 
infl ammasome by high aspect ratio materials, such as carbon nanotubes, which also induce pulmo-
nary fi brosis. ( e ) Photoactivation and generation of electron hole pairs, leading to ROS production. 
( f ) Membrane lysis by reactive surface chemistry of nanomaterials [Reprinted from Nel AE, 
Implementation of alternative test strategies for the safety assessment of engineered nanomateri-
als. J Intern Med.  2013  Dec;274(6):561–77, with permission from John Wiley and Sons]       
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   HTS is a method for scientifi c experimentation that comprises the screening of 
large chemical libraries for activity against biological targets via the use of automa-
tion, miniaturized assays, and large-scale data analysis (Mayr and Bojanic  2009 ). 
The majority of assays, biochemical or cell-based, can be adapted to a 384-well 
format, and this plate format has been established as the (current) format of choice 
among pharma and biotech companies (using standard volumes of 5 μL per well) 
(Mayr and Bojanic  2009 ). A model for how high-throughput methods might be used 
to assess adverse effects of nanomaterials is ToxCast (  www.epa.gov/ncct/toxcast    ), a 
US Environmental Protection Agency (EPA) initiative to accelerate toxicity testing 
of industrial chemicals (Dix et al.  2007 ). In Phases I and II, researchers examined 
976 different chemicals (including failed pharmaceuticals, alternative plasticizers, 
food additives, and pesticides) across 331 cell-free enzymatic and ligand binding 
HTS assays. Half-maximal activity concentrations (AC 50 ) were identifi ed for 729 
chemicals in 256 assays (Sipes et al.  2013 ). Interestingly, novel fi ndings for previ-
ously unreported chemical–target combinations often clustered with known chemi-
cal–target interactions. The biochemical HTS screen offers preliminary evidence 
for chemical targets in a cell or tissue that, when combined with information from 
the literature or targeted studies, indicates potential pathways of toxicity. In recent 
years, similar approaches have been applied for toxicity assessment of engineered 
nanomaterials (Feliu and Fadeel  2010 ). Shaw et al. ( 2008 ) reported on the assess-
ment of nanoparticle effects using multiple cell types and multiple in vitro assays. 
The cell types were selected to refl ect a range of tissues relevant for evaluation of 
intravascularly administered (nanomedicine) agents: vascular cells (endothelial and 
smooth muscle cells), monocytes, and hepatocytes. Hierarchical clustering of the 
data identifi ed nanomaterials with similar patterns of biologic activity across a 
broad sampling of cellular contexts, yielding robust structure–activity relationships 
for the nanomaterials tested. Furthermore, a subset of nanoparticles were tested in 
mice, and nanoparticles with similar activity profi les in vitro exerted similar effects 
in vivo, using monocyte number as the endpoint. These data suggested a strategy of 
multi-pronged characterization of nanomaterials in vitro that can inform the design 
of novel nanomaterials and guide studies of in vivo activity (Shaw et al.  2008 ). 
High-content in vitro assays combined with genome-wide expression analysis of 
exposed cells has also been applied to assess the toxicity of poly (ethylene glycol)-
coated versus non-coated quantum dots (Zhang et al.  2006 ). Similarly, Jan et al. 
( 2008 ) utilized high-content screening for “fi ngerprinting” of nanomaterials using 
cancer cell lines of neuronal and hepatic origin. George et al. ( 2010 ) reported a rapid 
cytotoxicity screen for metal oxide nanoparticles that exploits high-content screen-
ing methods. They developed a fl uorescence assay that simultaneously measured 
four different responses in cells to oxidative stress caused by ZnO, CeO 2 , and TiO 2  
nanoparticles. Using the information, the authors were able to reduce the cytotoxic-
ity of ZnO nanoparticles by decreasing ZnO dissolution through Fe doping (George 
et al.  2010 ). These examples suggest that high-content and HTS is a powerful tool 
for the prediction of possible hazards of nanomaterials. However, the fact that nano-
materials may interfere with commonly used in vitro assays needs to be taken into 
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account (Lewinski et al.  2008 ). Standardized and validated cytotoxicity tests of 
nanomaterials, including assays based on new test principles using label-free detec-
tion, are therefore needed. Furthermore, the development of novel microdevices 
with which to reproduce complex physiological conditions (Huh et al.  2010 ,  2012 ; 
Kim et al.  2012a ) may supplement and ultimately replace costly animal experi-
ments, and the adaptation of such “organ-on-a-chip” devices to HTS would greatly 
facilitate testing of chemicals, drugs, and nanomaterials. 

 In addition to experimental approaches for hazard assessment of nanomaterials, 
there is a need for in silico methods with which to develop structure–activity rela-
tionships. Indeed, this paradigm allows for the  prediction  of toxicological effects 
induced by chemicals on the basis of their structural similarity with other chemicals 
for which toxicological endpoints have been previously measured. These structure–
toxicity relationships can be quantitative or qualitative in nature, and they can pre-
dict toxicological effects directly from the physico-chemical properties of the 
entities/chemicals of interest. Therefore, this approach can aid in prioritizing 
resources in toxicological investigations while reducing the ethical and monetary 
costs that are related to animal testing. QSAR (quantitative structure–activity rela-
tionship) models have been successfully applied in the pharmaceutical fi eld and in 
regulatory toxicology. However, the extraction of meaningful relationships between 
nanomaterials and toxicological properties to yield QNTR (quantitative nanostruc-
ture–toxicity relationship) models requires specifi c mathematical and statistical 
techniques (Winkler et al.  2013 ; Le et al.  2012 ). Although QSAR approaches have 
only recently been used to predict biological effects of nanomaterials, some encour-
aging initial results have already shown. Puzyn et al. ( 2011 ) reported on the cytotox-
icity of 17 different types of metal oxide nanoparticles to  Escherichia coli , and Epa 
et al. ( 2012 ) generated quantitative, predictive, and informative models that describe 
QSAR relationships for cellular uptake and apoptosis induced by metal oxide 
nanoparticles in several types of cells. Fourches et al. ( 2010 ) studied the cellular 
uptake of 109 different nanoparticles with similar core but diverse surface modifi -
ers. Interestingly, the authors noted that the cellular uptake of nanoparticles possess-
ing the same metal core but different organic molecules on their surface can be 
predicted by taking into account the chemical structure of the coating molecules 
(Fourches et al.  2010 ). Therefore, the structural determinants of the biological 
behavior of nanoparticles can be found both at the core of nanoparticles and at their 
surface. Indeed, the bio-corona is a key determinant of the “identity” of a nanomate-
rial and should be taken into account when modelling the behavior of nanomaterials 
in biological systems (Xia et al.  2010 ). 

14.5.1     Systems Toxicology: Probing Nanomaterial Interactions 
with Living Systems 

 The introduction of engineered nanomaterials into a living system can affect a 
whole series of interrelated processes, simply by altering the behavior of one or two 
key genes, proteins, or metabolites, which in turn affects a network of interactions 
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resulting in a biological (toxicological) effect. The emerging fi eld of  systems 
biology  consists of the integration of large amounts of data obtained from high- 
throughput biological studies using analytical and computational modeling with the 
aim to understand how complex biological systems function (Pujol et al.  2010 ). The 
use of global omics approaches could enable the identifi cation of signalling path-
ways governing the responses of biological systems to nanomaterials, including 
nano-oncologicals. Indeed, it is noted that omics approaches may provide a tool to 
dissect the bio-corona on the surface of nanoparticles, as shown in recent investiga-
tions of the lipid and protein composition of various nanoparticle coronas (Tenzer 
et al.  2011 ; Sund et al.  2011 ; Kapralov et al.  2012 ), as well as to defi ne tissue 
responses upon in vivo exposure to nanomaterials, as illustrated in recent mass 
spectrometry (MS)-based lipidomics (Tyurina et al.  2011 ) and proteomics studies 
(Teeguarden et al.  2011 ) of pulmonary responses to SWCNTs. Additionally, the use 
of gene expression profi ling, or transcriptomics approaches, to address the toxicity 
of nanomaterials has increased in recent years. Foldbjerg et al. ( 2012 ) performed 
global gene expression profi ling of lung cells (A549) exposed to silver nanoparti-
cles versus silver ions and found that although the transcriptional response to Ag +  
ions was highly related to the response caused by silver nanoparticles, the silver 
nanoparticles affected cells in a more complex manner. Tsai et al. ( 2011 ) combined 
proteomics approaches with transcriptomics analysis of gene expression to under-
stand the cytotoxic effects of gold nanoparticles on a human leukemia cell line 
(K562). Ingenuity pathway analysis (IPA) revealed that unfolded protein-associated 
endoplasmic reticulum (ER) stress was the predominant event responsible for cell 
death (Tsai et al.  2011 ). Kodali et al. ( 2013 ) were able to show that SPIONs caused 
extensive transcriptional reprogramming of murine bone-marrow derived macro-
phages in the absence of acute cytotoxic or pro-infl ammatory effects. Notably, 
exposure to nanoparticles caused diminished phagocytic capacity of macrophages 
towards bacteria. The authors concluded that biological effects of nanomaterials 
may be indirectly manifested only after challenging normal (immune) cell function. 
We and others (Tuomela et al.  2013 ) performed global gene expression profi ling to 
identify transcriptional responses underlying the cytotoxicity caused by ZnO 
nanoparticles using primary human monocyte-derived macrophages (HMDM) and 
monocyte-derived dendritic cells (MDDC) as model systems. Gene Ontology (GO) 
analysis revealed that the top biological processes that were perturbed in HMDM 
were involved in regulation of cell death and growth. The study also revealed that 
the upregulation of metallothionein genes in response to cytotoxic concentrations of 
ZnO nanoparticles is a common gene “signature” that is shared across the different 
cell types, and metallothionein upregulation could potentially be used as a bio-
marker of exposure to this class of nanoparticles (Tuomela et al.  2013 ). In a more 
recent study, we performed next generation sequencing (RNA Seq) to determine the 
transcriptional response in primary human bronchial epithelial cells exposed to 
nanoparticles. GO enrichment analysis revealed signifi cant downregulation of cell 
cycle-related genes at doses of nanoparticles that were not acutely cytotoxic, and 
subsequent cell-based assays confi rmed that non-cytotoxic doses of the nanoparti-
cles in question triggered cell cycle arrest (Feliu et al. unpublished observations). 
Our team has also developed a publically available transcriptomics database, 
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designated NanoMiner, containing experimental results from microarray studies of 
cells exposed to various kinds of nanomaterials (Kong et al.  2013 ) (  http://nano-
miner.cs.tut.fi /    ). In a recent in vivo study, Snyder-Talkington et al. ( 2013 ) used com-
putational modelling approaches to determine biological processes strongly 
associated with lung infl ammation and fi brosis in mice exposed to MWCNTs. 
Finally, metabolomics approaches are also beginning to gain ground in nanotoxico-
logical research (Bu et al.  2010 ; Feng et al.  2010 ; Huang et al.  2012 ). Metabolomics 
is concerned with the assessment of endogenous metabolites within a biological 
system and the study of their variations upon different stimuli (Schnackenberg et al. 
 2012 ). In a recent systems biology study of magnetic nanoparticles, Shim et al. 
( 2012 ) reported that the combination of gene expression and metabolic profi ling, 
using gas chromatography–mass spectrometry (GC–MS), may enable a more 
detailed and sensitive toxicological evaluation of nanoparticles. However, the 
impact of nanoparticles on gene expression and metabolism was only evaluated at 
one time-point (12 h) and the kinetics of the response, and long-term effects, may 
also be of interest. Taken together, omics-based systems biology approaches offer 
an extraordinary opportunity to gain insights into the mechanisms of toxicity of 
novel nanomaterials. However, such studies should be carefully designed in order to 
meet the needs of the data analysis; needless to say, the nanomaterials should be 
subjected to physico- chemical characterization, and reference or benchmark mate-
rials should be considered in the experimental design.   

14.6     Bridging Nanotoxicology and Nanomedicine: 
Towards the Design of Better Nanomedicines 

 Nanomedicines must be safe and effective, and both properties are closely connected 
in the design of novel nanostructures (Fig.  14.4 ). An effective nanocarrier should 
retain the drug very tightly, ideally without any release, during the transport from the 
portal of administration to the site of action; in addition, the same nanostructure 
must be able to effi ciently release the drug once reaching the target to exert its phar-
maceutical action (Sun et al.  2012 ). A safe nanomedicine, as well as any other medi-
cine, must possess a rigorously determined chemical nature and stability, including 
aggregation and degradation, which can be evaluated at all the stages of its life cycle 
(i.e., manufacture, formulation, storage, administration, etc.) (Duncan and Gaspar 
 2011 ; Nyström and Fadeel  2012 ). Once in the body, nanomedicines interact with 
biological fl uids, biological barriers, and defensive systems (including the immune 
system), and encounter biodegradative and excretory strategies developed by our 
organism. The key for the design of safer nanomedicines relies on our ability to 
study, predict, and manipulate the interaction between engineered nanostructures 
and biological systems. As we have discussed in this chapter, and as reviewed else-
where (Monopoli et al.  2012 ; Fadeel et al.  2013 ; Lynch et al.  2014 ), there is growing 
evidence that it is the “biological identity” of nanomaterials which governs their 
interaction with cells and the subsequent adverse or benefi cial outcomes. Yang et al. 
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( 2013b ) concluded that the manipulation of the bio-nano- interface is still in its 
infancy but found that some important lessons have been learned. Nanoparticles may 
thus be considered as a scaffold which has to be properly functionalized. This nano-
scaffold should provide a surface with well-defi ned positions where functional 
groups and proteins can be organized (Fig.  14.4 ) (Yang et al.  2013b ). Controlling the 
bio-corona through the deliberate design of binding sites for proteins may be possible, 
and some studies suggest that the bio-corona that is formed under physiological 
conditions could be exploited for targeting and/or drug delivery (Kah et al.  2012 ; 
Caracciolo et al.  2013 ; Cifuentes-Rius et al.  2013 ). The bio-nano-interface consti-
tutes a “bridge,” a common link between nanotoxicology and nanomedicine research.

14.6.1       The Future of Nanotoxicology: Concluding Remarks 
and Perspectives 

 Nanotoxicology is an emerging multi-disciplinary fi eld involving material scien-
tists, physicians, and toxicologists. Large amounts of data have been obtained in 
recent years regarding the interactions between engineered nanomaterials and bio-
logical systems. Unquestionably, these data represent a key contribution of nano-
toxicology to nanomedicine. However, major challenges remain in nanotoxicological 
research. A comprehensive understanding of both the synthetic and biological 
“identity” of engineered nanomaterials is needed. During design and preclinical 
development of nanomedicines, not least in the specifi c case of nano-oncologicals, 
the potential toxicity of all the components must be carefully considered in respect 

  Fig. 14.4    Strategies to improve the biosafety and biomedical applications of nanomaterials. 
Safety and effectiveness of nanomedicines are closely connected and rely on the interplay of the 
synthetic and biological “identities” of the nanomaterials. ( a ) Strategies to reduce the toxicity and 
to modify the cellular uptake and/or reticuloendothelial system (RES) capture are schematically 
depicted. ( b ) Biomedical applications of nanomaterials, including targeted drug delivery and 
imaging, are enabled through careful design of the nanoparticle surface, to dictate nanoparticle–
protein interactions [reprinted from Yang ST, Liu Y, Wang YW, Cao A, Biosafety and bioap-
plication of nanomaterials by designing protein-nanoparticle interactions. Small. 2013 May 
27;9(9–10):1635–53, with permission from John Wiley and Sons]       
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to the nano-carrier itself as well as the drug payload and also the surface bio-corona. 
Indeed, one may consider nanoparticles as  biological entities  and study (and regu-
late) them as such (Lynch et al.  2014 ). Additionally, monitoring of the biodistribu-
tion, biotransformation, biodegradation, and/or excretion of nanomedicines and of 
their components is required, and long-term effects of exposure to nanostructures 
must be assessed; strategies to extrapolate acute in vitro results for the prediction of 
chronic in vivo effects are thus needed. 

 It is not feasible to screen all nanomaterials using animal models, thus alternative 
test strategies and in silico computational models should be developed. In addition, 
as discussed herein, there is a need to shift from traditional descriptive toxicology to 
a  predictive toxicology  (Nel et al.  2013b ). An improved understanding of the com-
plexities of the nanomaterial-induced perturbation of different cell death and cell 
signalling pathways may allow for a better prediction of their effects and facilitate 
the development of nanomedicines that are safe by design (Andón and Fadeel  2013 ). 
In addition, a thorough characterization of the effects of engineered nanomaterials 
on the immune system, a sentinel system designed to fend against foreign intrusion, 
may be indicative of the biocompatibility of these materials. 

 Finally, we believe that nanomaterial classifi cation—based on physico-chemical, 
molecular, and physiological profi les—can and should be developed. Systems toxi-
cological approaches are beginning to emerge and may allow for establishment of 
“fi ngerprints” of (classes of) nanomaterials, based on a detailed understanding of 
the synthetic and biological “identities” of nanomaterials, their interplay with living 
systems.      
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15.1            General Regulatory Requirements for Toxicity 
Assessment 

 The developments related to critical issues in health sciences observed during the 
last decades as well as the successful integration of multidisciplinary technologies 
have led to innovative and new nanopharmaceutical products both for disease diag-
nosis, prevention and treatment. Among them, drug delivery systems as polymer- 
conjugates, liposomes and nanoparticles (NPs) have been shown to overcome 
important limitations of conventional treatments and thus have given rise to oppor-
tunities including very attractive and effective health technologies (Duncan and 
Gaspar  2011 ). Both increased funding and research activities, undertaken either by 
industry or in academia and better exploring the development of those promising 
nanomaterials to be used in medical applications, are mainly justifi ed by: (1) the 
versatility of manufacturing process and materials (i.e., the modifi cation of their 
surface to overcome formulation stability concerns and/or to include target specifi c 
molecules to cell membranes or even intracellular organelles); (2) their size scale, 
making it possible to overcome some important physiological barriers, and thus 
attaining release of the therapeutic drug at the desired target; and (3) the ability to 
entrap considerable amounts of pharmaceutical active molecules of different natures 
protecting them from aggressive environment, as well as targeting specifi c cells, not 
only leading to higher therapeutic levels with lower doses but also to a signifi cant 
reduction of pharmacological side effects by avoiding non-specifi c release 
(Wang et al.  2013 ; Duncan and Gaspar  2011 ; Moghimi et al.  2012 ; Jung et al.  2011 ). 
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 There is a considerable number of nanoproducts approved for biomedical 
 applications, but the absence of specifi c universal protocols to be used during their 
preclinical characterisation and development has led to the use of similar adapted 
strategies following those used in the development protocols of “conventional” 
pharmaceutical products, including in the evaluation of their safety/toxicity and 
overall immune compatibility (Dobrovolskaia and McNeil  2013 ; Ehmann et al. 
 2013 ; Schütz et al.  2013 ; Jung et al.  2011 ; Gaspar and Duncan  2009 ). While con-
ventional preclinical tests and requirements might have been appropriate for the 
safety assessment of new medicinal products including both a new molecule and the 
nano-system, this might need to be adapted in the case of nanoformulations with 
already marketed active substances. In these cases a dedicated evaluation of the 
impact of the nanosized-formulation on the safety attributes of the active substance 
is needed. The reasoning behind the concept of the specifi c use for nanoformulation 
for the already marketed active substance needs always a justifi cation and a compre-
hensive characterisation of the consequences that could derive in terms of both effi -
cacy and safety. This means that additional pharmacology (proof of concept) and 
toxicity studies (mostly bridging with those already available with the active sub-
stance itself) may or should be needed. Also, the carrier activity and safety will need 
a full characterisation. One of the major hurdles underlying nanomedicines-related 
regulation is the lack of consensus on the different procedures followed by main 
regulatory authorities as United States (US) Food and Drug Administration (FDA) 
and European Medicines Agency (EMA) (Gaspar  2010 ; Wagner et al.  2006 ). 
European centralised procedures are being developed since 1995, with the estab-
lishment of EMA and, besides the traditional major infl uence of FDA, there are 
different positions assumed by the distinct government organisations worldwide, 
which have determined regulatory constraints to pharmaceutical companies during 
the preparation of specifi c Marketing Authorization Applications (MAA in Europe) 
or New Drug Application (NDA), for medicinal products commercialisation in the 
USA (Gaspar  2010 ). Nevertheless, regulators and industry from the USA, Europe 
and Japan have been brought together in the 1990s in order to develop global regula-
tory approaches through the International Conference on Harmonisation (ICH), 
increasing harmonisation of quality, safety and effi cacy guidelines. An important 
feature presented by the European regulatory system is the opportunity that appli-
cants have to get “scientifi c advice” from regulators even at early stages of the 
research and development cycle of medicinal products (Gaspar  2010 ). This practice 
contributes to the harmonised development of innovative pharmaceutical products, 
decreasing the impact of obstacles faced either by academia or global pharmaceuti-
cal companies. As we will detail later in this chapter, in the last few years the EMA 
has created a working group to address the specifi c quality, safety and effi cacy 
aspects of nanopharmaceuticals and prepare “orientation documents” (refl ection 
papers). While not being strict guidelines, they refer to main aspects to be consid-
ered by applicants in the development of their products. Since 2009–2010 a dia-
logue has been established between EMA in the EU and the FDA in the USA 
together with the PDMA/MHLW in Japan, which constitutes a step forward on the 
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attempt to reach common positions in the area of nanomedicines development for 
those regions of the world. However, at the ICH level, nanopharmaceuticals have 
not yet been included as a topic. 

 On the other hand, as for any other innovative products, in order to pursue the 
commercialisation of new nanopharmaceuticals and nano-imaging products, it will 
be also fundamental to perform pharmacoeconomic studies to clearly show the eco-
nomic and societal added value of these new products in comparison with those 
already available for patients. Potential increase in QALYs (quality-adjusted life 
expectancy years) or future consecutive hospitalisation costs are important indica-
tors to always consider in future developments of new and innovative technologies. 

 As a result, having in consideration safety concerns and to prevent failures during 
future clinical studies, major pharmaceutical companies have also been focused on 
studies for early “proof of concept” intended to explore the detailed mechanisms 
underlying nanoproducts’ both effi cacy and safety, as well as the infl uence of pharma-
cogenetic variability on their clinical outcome (Ehmann et al.  2013 ; Schütz et al.  2013 ). 

 The preclinical study of polymer therapeutics, as well as the regulatory issues 
related to their design and development, has been reviewed by Gaspar and Duncan 
( 2009 ). Similarly to what have been described for that class of nanopharmaceuti-
cals, the clinical use of these complex nanosystems is strongly dependent on exten-
sive evaluation, characterisation and understanding of key phenomena, e.g. their 
ability to overcome physiological barriers, including cell membranes, clarifying 
their uptake mechanisms, intracellular pharmacokinetics, including their effect on 
cell viability and functions, and their clearance from cells, tissues or organs. 

 Having in consideration nanopharmaceutical-based products nanometric size 
range and specifi c physicochemical properties, which are known to determine their 
ability to adsorb blood proteins and interact with immune cells, the studies per-
formed during their preclinical evaluation must explore their biocompatibility and 
immunotoxicity (Table  15.1 ).

   In the literature a considerable number of studies are available regarding some of 
these issues and also the complement activation induced by several nanopharmaceu-
tical systems, as well as their immunological effect in vivo (Chapman et al.  2013 ; 
Dobrovolskaia and McNeil  2013 ; Ehmann et al.  2013 ; Moghimi et al.  2012 ; Moghimi 
and Hamad  2008 ; Szebeni and Moghimi  2009 ; Moghimi and Andresen  2009 ). The 
intrinsic immunogenicity of nanotechnology-based formulations is mainly dictated 
by their size, morphology, surface charge, targeting moieties and hydrophobicity 
(Table  15.1 ), which will also determine their interaction with plasma proteins, adju-
vant properties, toxicity to immune cells and internalisation/phagocytic uptake by 
phagocytic cells and thus their ability to further stimulate immune cells (Dobrovolskaia 
and McNeil  2013 ; Dobrovolskaia et al.  2008 ,  2009a ,  b ; McLeland et al.  2009 ). As a 
result, these properties can be manipulated to potentiate their adjuvant properties, 
i.e. to be used to achieve more effective vaccines. However, these nanoproducts have 
a wide range of applications besides vaccination purposes (prevention and treat-
ment) and in several clinical situations, the effect of the particulate systems has to be 
controlled and fully known in order to prevent unexpected adverse effects, through 
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their immune reactivity with potential for development of strong autoimmune 
responses (Dobrovolskaia et al.  2008 ; McLeland et al.  2009 ). To appropriately assess 
the toxicity of those nanoproducts, both the dose, administration route, type of tar-
geted disease environment and respective therapeutic index have also to be taken 
into consideration along development and whenever looking at different options. 

     Table 15.1    Selection of parameters used to evaluate quality and safety of nanopharmaceuticals 
for biomedical use (adapted from Gaspar  2010 ; Dobrovolskaia and McNeil  2007 )   

 Parameters  Goal  Product property 

 Physicochemical 
characteristics 

 To evaluate their average size but also 
particle size distribution and aggregation 
 Particle surface charge 
 Morphology 
 Crystallinity 
 Rigidity/deformability 
 Chemistry and molecular architecture 

 Intermediate product quality 

 Manufacturing 
process 

 Control of critical points of production  Product quality 

 Microbial 
contamination 

 Sterility test  Contamination tests to 
evaluate product quality and 
safety  Endotoxin levels     To assess the presence of pyrogens 

 Nitrous oxide quantifi cation 
(indirect evaluation) 

 Viral/mycoplasma 
levels 

 Sterility test 

 Cytokine production  Identifi cation and quantifi cation 
of induced cytokines 

 Immunogenicity 
(immunosuppression or 
immunostimulation)/safety  Natural killer cells 

cytotoxicity 
 Effect on NK cell main functions 
(recognise and destroy) 

 Macrophages uptake  To evaluate if nanoproducts are 
phagocytosed 

 Complement 
activation 

 Effect on complement cascade 

 Plasma protein 
binding 

 Particle charge, hydrophobicity effect 

 Leucocytes 
proliferation 

 Infl uence on leucocyte responses 

 In vivo immune 
response 

 NK cells’ function 
 Cytokine production 
 Immunoglobulins 
 T (Th1/Th2) and B cells proliferation 

 Coagulation time  Effect on coagulation factors  Interaction with blood/
biocompatibility/safety  Platelet aggregation  Infl uence on coagulation cascade 

 Haemolysis  Effect on red blood cells 
 In vivo single dose 
toxicity study 

 Toxicity to different organs/cells, 
namely immune cells 

 Toxicity and prediction of 
additional toxicity tests/safety 

 Biodistribution 
studies 

 Pharmacokinetics, pharmacodynamics, 
metabolism, clearance 

 Product safety 
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 In general, most nano-based products have been known as safe, biocompatible 
and have shown to be able to even decrease the conventional drug toxicity. In fact, 
carriers keeping drugs entrapped can avoid blood and normal tissue cells toxicity, 
by releasing them only at desired target tissues/cells. As a result, it would normally 
allow the use of considerable lower doses of active pharmaceutical ingredients 
(API), increasing their therapeutic index and improving their safety profi le (Moghimi 
et al.  2012 ). Even though, new classes of proposed nanopharmaceuticals, as den-
drimers (Tekade et al.  2008 ; Ruiz et al.  2014 ), carbon nanotubes (Bianco et al. 
 2005a ,  b ; Wang et al.  2013 ) or quantum dots (Reiss et al.  2009 ; Cai and Chen  2008 ), 
have given rise to additional concerns related to the use of those novel materials at 
human level, namely to their potential immunological deleterious effects, and will 
probably be absent from any clinical use at least for many years. 

 For the novel nanotechnology-based platforms, besides the strong demand to fos-
ter these nanomedicines in order to address unmet clinical needs, their production and 
their intrinsic and particular properties raised important challenges, for industry and 
government agencies (Wagner et al.  2006 ; Gaspar  2010 ). In fact, even if several stud-
ies have already been performed to understand the biological behaviour and pharma-
cokinetics (body and cell pharmacokinetics) of most innovative systems, no global 
trends were yet defi ned due to the limited data regarding the full implications of their 
characterisation. Also a number of issues arise due to the need of adapting to new 
methods of manufacture. This may also be attributed to the limited knowledge regard-
ing the effect of small changes on manufacturing process on nanoparticles properties, 
as well as the limited knowledge on the modifi cation of physicochemical properties 
presented by some nanosystems under specifi c physiological conditions. In fact, their 
heterogeneity might lead to minor but eventually important batch-to-batch variability, 
and in a number of cases it’s diffi cult to establish an effective comparison between 
their behaviour in vitro verifi ed during the research and the one showed at later devel-
opment phases (Dobrovolskaia and McNeil  2013 ). One of the main hurdles is related 
to the biodegradability, release profi le and characterisation of surface coating thick-
ness, stability and even composition after in vivo administration. 

 These aspects can be determinant factors for the resultant pharmacokinetics and 
thus having also a potential pharmacodynamic impact in nanodelivery systems 
(Duncan and Gaspar  2011 ; Ehmann et al.  2013 ; Moghimi et al.  2012 ; Torchilin  2009 ). 
Most of these limitations could be partially overcome through a clearer defi nition of 
structure-activity relationships for those multivalent nanoproducts. This would better 
characterise their structure and the dynamic changes undergone by those nanomedi-
cines in different bioenvironments, rather than in buffers or even water commonly 
used during in vitro studies (Duncan and Gaspar  2011 ). Some of these materials 
change their main physicochemical properties and even  conformation depending on 
buffer composition, concentration and ionic strength and therefore not translating 
exactly what happens once administered in vivo (Dobrovolskaia and McNeil  2013 ). 

 Moreover, it is fundamental to understand their fate depending on route of 
administration and anatomo-physiological specifi c conditions defi ned by stage of the 
disease (Gaspar  2010 ). Table  15.1  summarises a set of main parameters that could 
be addressed in order to improve the data available for regulators for better evalua-
tion of the quality, effi cacy and safety of current and future nanopharmaceuticals. 
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 The main issues related to the diffi culties underlying the regulation of these 
 complex innovative systems are thus related to the their main properties/character-
istics, which can be easily modifi ed by rather small changes in the raw materials 
properties, as well as by small changes in their manufacturing process. Even if those 
small changes seem to have a limited impact on their structures, they can signifi -
cantly modify their biological properties and thus biodistribution patterns. It is 
highly desirable to develop quality control assays and robust methods able to effec-
tively detect/characterise those small modifi cations but also to establish a relation 
between those physicochemical modifi cations and consequent effect on their bio-
compatibility, biological properties and therapeutic effect. The integrated knowl-
edge regarding the physicochemical properties of nanosystems and their properties 
could also guide their formulation according to the desired effect (preventive, thera-
peutic and/or imaging), having in consideration the intended route of administra-
tion, clarifying their biodistribution, metabolism, clearance, cytotoxicity and blood 
biocompatibility, but also cellular uptake mechanisms and intracellular pharmaco-
kinetics (Chapman et al.  2013 ; Gaspar and Duncan  2009 ; Dobrovolskaia and 
McNeil  2013 ; Moghimi et al.  2012 ). 

 Some studies performed with different classes of nanopharmaceuticals (polymer 
conjugates, liposomes, PEGylated-liposomal formulations and polymeric nanopar-
ticles), and used to deliver a common API under mainly the same pathological con-
ditions, have shown throughout the pharmacokinetic data the impact and main 
implications for carrier surface characteristics, size and manufacturing process on 
their biological behaviour (Hillaireau and Couvreur  2009 ). The pharmacokinetic 
and pharmacodynamic characterisation is especially relevant for nanocarriers to be 
applied in oncology, due to their ability to “selectively” accumulate at tumour sites 
(enhanced permeability and retention effect or EPR) closely related to the charac-
teristic architecture of tumour endothelial vessels (Matsumura and Maeda  1986 ; 
Farokhzad and Langer  2009 ). 

 As mentioned above, even if the variability of raw materials can also have a 
 critical infl uence on the physiological effect of these nanomedicines (Duncan and 
Gaspar  2011 ), several examples have already been demonstrated to be important for 
the control of raw materials, an issue fundamental but not suffi cient enough to attain 
their successful translation into their clinical use (Wagner et al.  2006 ). 

 A number of regulatory agencies and harmonisation organisations are also 
focused on the development of globally harmonised assays, in order to address 
nanopharmaceutical’s main aspects that are known to have a profound effect on 
both their in vivo safety and effi cacy. The main hurdles associated to adequate 
assays are related to their ability to detect low concentrations of nanocarriers, to 
distinguish between nanocarrier itself and aggregates or even to detect differences 
between their intact and metabolised forms (Kwong et al.  2009 ; Nel et al.  2009 ). It 
is necessary to develop methods able to be easily reproduced and with adequate 
sensitivity. In order to address these limitations, alternative imaging, fl uorescence or 
array cellular imaging techniques have been explored (Chapman et al.  2013 ; Choi 
and Frangioni  2010 ; Smith et al.  2009 ). 

 Major questions associated to manufacturing process of nanopharmaceuticals 
face current pharmaceutical innovation at production unit operations related to their 
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scale-up potential, which is mostly impaired, by the variety of physical properties of 
new materials (Gaspar  2010 ). The identifi cation and control of all critical points of 
each manufacturing process is thus an important factor to have in mind, by the 
implementation of adequate product experimental design, but also “quality-by- 
design” concepts, or improved methods like through process analytical technolo-
gies (PAT). These strategies will ensure an overall on-line/at-line quality assessment 
system by anticipating and considering the most probable problems that may occur 
and establishing the necessary automated procedures to get them resolved in line 
(Gaspar  2010 ). Consequently, those new concepts have already led to the introduc-
tion and implementation of new pharmaceutical development regulations (ICH Q8, 
Q9 and Q10) (Guideline  2009 ; Guideline  2008 ; Guideline  2005 ) presenting major 
implications for conventional medicinal products but now also for future nanophar-
maceuticals development and manufacturing processes. Major diffi culties to be 
faced upon are mainly related to the nature of the data that should be provided, 
before/during the product life cycle management, especially before and after MAA, 
including the need for in vivo animal or clinical studies, in order to fully character-
ise the impact of manufacturing changes. 

 The active moiety of these nanotechnology-based systems will defi ne the type of 
specifi cations that should be analysed within the regulatory context. For example, in 
the presence of biological entities, as proteins, peptides, antibodies or fractions of 
those, the new product will have to follow the regulations defi ned not only for new 
chemical entities (NCEs) but also for biological medicinal products. More complex 
situations have arisen with the development of biosimilar products and thus with the 
regulatory specifi cations that should be explored during the evaluation of quality, 
safety and effi cacy of those nanoproducts (Gaspar  2010 ; Ehmann et al.  2013 ). For 
example, when a biomolecule already marketed as a parenteral solution is entrapped 
within a delivery system, the resultant nanopharmaceutical will be evaluated under the 
regulatory requirements established also for biosimilar products, provided a  different 
manufacturer is involved, and relevant factors have to be taken into consideration for 
comparison purposes addressing issues also related to the non-entrapped molecule. 

 The major differences between regulatory requirements imposed by different 
agencies will be emphasised during the assessment of bio(nano)similars, due to dif-
ferences in data protection and patent duration of nanopharmaceuticals imposed by 
different regulators (Bawa et al.  2008 ).  

15.2     Translational Aspects to Be Considered 
for Nanomedicines in Oncology 

 Over the last decades, major advances have been made in the fi eld of nanomedi-
cines, and several delivery systems that provide a controlled, sustained and local 
delivery of the therapeutic entity have reached clinical stage and showed promising 
results mostly in cancer therapy (Duncan and Gaspar  2011 ). Nevertheless, a rational 
development of novel biocompatible and cost-effective delivery systems able to tar-
get and deliver their payload to specifi c tissues, cells and/or intracellular targets is 
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still desirable. One of the major challenges inherent to the development of delivery 
systems is to provide the adequate characteristics and physicochemical properties 
that enable them to effectively cross biological barriers and reach their targets. This 
is important not only to overcome systemic barriers and deliver the therapeutic 
entity to the cells of interest but also to effi ciently target subcellular locations. 

 The design of delivery systems targeted to cancer cells commonly takes advan-
tage also of the EPR effect of the tumour microenvironment (Matsumura and Maeda 
 1986 ; Torchilin  2011 ). The distinct tumour angiogenesis, characterised by an ele-
vated vascular permeability, is therefore often used as an enabling strategy in order 
to allow passive targeting of the tumour cells (Maeda et al.  1985 ; Segal and Satchi- 
Fainaro  2009 ). Manipulation of the composition and surface chemistry of the deliv-
ery systems and of their physicochemical properties, such as the size, surface charge, 
shape and curvature, provides the modalities to develop stealthy and stable systems 
with prolonged circulation time in the bloodstream (Li and Huang  2008 ). Each of 
these parameters individually affects the ability of the nanosystem to overcome the 
systemic barrier and reach the tumour environment (Li and Huang  2010 ; Liu et al. 
 2012 ) being therefore diffi cult to anticipate the optimal characteristics for a given 
delivery system. Nevertheless, it is widely accepted that nanosystems with sizes 
ranging from 100 to 200 nm, with surface charge close to neutrality and decorated 
with PEG, are more promising vehicles as recently reviewed (Kong et al.  2013 ). This 
might have implications on the design and experimental setting for proof-of-concept 
studies to be submitted to regulators and also on the prediction of potential clinical 
restrictions to be considered in the design of adequately designed clinical trials. 

 Tumour-specifi c delivery or active targeting has become a popular strategy to tar-
get and deliver the nanosystems and their payload to the cell of interest (Duncan and 
Gaspar  2011 ; Muro  2012 ). In cancer therapy, this can be accomplished by decorating 
the delivery systems with ligands to receptors that are commonly overexpressed in 
cancer cells, such as transferrin (Davis et al.  2010 ), folate (Gupta et al.  2008 ; Leamon 
and Reddy  2004 ; Low and Kularatne  2009 ; Yang et al.  2013 ) or epidermal growth 
factor (Krop et al.  2010 ). Even though this strategy relies on specifi c ligand-receptor 
interactions and has shown promising in vitro results, limited improvement on sys-
temic delivery has been achieved in the in vivo animal models mainly because a close 
interaction between the delivery system and the tumour cells is mandatory for ligand-
receptor recognition (Duncan and Gaspar  2011 ; Kong et al.  2013 ). A major challenge 
will be thus to demonstrate their relative benefi ts under GLP-regulated environment 
with purposely designed methods, able to validate the concept. 

 Besides reaching cancer cells, intracellular targeting is often desirable in cancer 
therapy, since many of the targets are localised in subcellular compartments. 
Therefore, a better understanding of the endocytic, recycling and secretory path-
ways, as well as of the traffi cking and sorting mechanisms, is decisive towards the 
development of improved nanomedicines, particularly in cancer therapy, where 
changes in those cellular processes are often observed (Roepstorff et al.  2008 ; 
Grandal and Madshus  2008 ). Even though grafting of a ligand in the delivery sys-
tem might not improve its systemic delivery, it assures that, upon interaction with 
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tumour cells, the nanocarriers will preferentially be internalised by these cells and 
primarily targeted to the endosomes through receptor-mediated endocytosis 
(Rajendran et al.  2010 ; Ritchie et al.  2013 ). 

 Cells utilise a variety of endocytic pathways to internalise their cargo (reviewed 
in Doherty and McMahon  2009 ). Despite the extensive cross-talk between the dif-
ferent uptake and traffi cking routes, each of these pathways employs specifi c mech-
anisms for the internalisation and sorting of their cargo to its fi nal intracellular 
destination (Doherty and McMahon  2009 ; Mercer and Helenius  2012 ; Parton and 
del Pozo  2013 ). That can be exploited through the design of delivery systems with 
physicochemical properties and biospecifi c targeting moieties that target them to an 
alternative and specifi c route of internalisation and subsequent desired intracellular 
traffi cking (Paillard et al.  2010 ; Richardson et al.  2010 ; Rajendran et al.  2010 ). As 
for the systemic delivery, these issues include changes in the nanocarrier size, sur-
face charge, ligands/targeting moieties (Kong et al.  2013 ). Several strategies that 
improve the subcellular delivery of the nanocarrier and its payload have been identi-
fi ed and reviewed (Rajendran et al.  2010 ). These include, among others, grafting of 
ligands that are internalised via receptor-mediated endocytosis and thus targeted to 
the endosomes (as discussed above) (Rajendran et al.  2010 ; Duncan and Gaspar 
 2011 ; Ritchie et al.  2013 ; Kong et al.  2013 ), adding of peptidic sequences (Li et al. 
 2004 ; Leopold and Crystal  2007 ; Mastrobattista et al.  2007 ), pH-sensitive polymers 
(Yessine et al.  2003 ; Yessine and Leroux  2004 ; Richardson et al.  2010 ; Cheng et al. 
 2013 ) or fusogenic lipids (Boomer et al.  2009 ) thus enhancing the fusogenic ability 
of the nanocarrier in a pH-sensitive manner and mediate its release or of its content 
from the endolysosomal compartments to the cytosol (Rajendran et al.  2010 ; 
Duncan and Gaspar  2011 ; Kong et al.  2013 ). 

 Meanwhile, other approaches need to be referred. Exosomes have gained increas-
ingly attention in recent years. These extracellular membrane vesicles have an endo-
somal origin and upon release from cells transfer their cargo to—and elicit a number 
of cellular alterations in—the recipient cells (reviewed in Ge et al.  2012 ; Bobrie and 
Théry  2013 ). Their cargo includes proteins, bioactive lipids and nucleic acids and, 
in addition, their lipid membrane composition differs from the plasma membrane 
(Record et al.  2014 ). Together, this contributes to their role in the modulation of the 
homeostasis of the recipient cells, being therefore important elements in intercel-
lular communication and in the activation of immune response (Bobrie and Théry 
 2013 ). Cancer cells exploit these vesicular structures to manoeuvre the immune 
system and to promote angiogenesis, cancer progression and metastisation (Camussi 
et al.  2010 ; Taylor and Gercel-Taylor  2011 ; Filipazzi et al.  2012 ; Bobrie and Théry 
 2013 ). Accordingly, strategies that envisage targeting of therapeutic entities to—
and/or decrease the formation of—tumour exosomes are becoming attractive tools 
to modulate tumour environment and elicit a stronger tumour-suppressive immune 
response (EL Andaloussi et al.  2013 ). 

 Major issues will also arise from the need to develop adequately designed animal 
models, avoiding the hurdles of xenograft models but also allowing for identifi cation of 
specifi c nanomedicinal biomarkers with potential use in appropriate clinical setting.  
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15.3     Nanomedicinal Oncological Products Intended 
for Clinical Practice 

 There are different classes of nanomaterials developed for drug delivery, therapeu-
tics and/or as imaging tools: lipid-based systems (liposomes, solid lipid nanoparti-
cles, lipopoliplexes), polymer-based (nanogels, polymeric particles, core-shell 
systems, vesicles, micelles, polymer therapeutics, dendrimers), biotechnology- 
based systems (transporter peptides, monoclonal antibodies, inhibitory kinases, 
siRNA, miRNA) and other nanosystems (metal and ceramic nanoparticles, carbon 
nanotubes, quantum dots or nanocrystals). 

 A considerable number of those nanotechnology-based products are in the mar-
ket, and many others are in pharmaceutical pipelines, at different stages of develop-
ment. Marketed nanomedicines and nano-imaging agents have recently been 
reviewed (Duncan and Gaspar  2011 ; Wang et al.  2013 ; Schütz et al.  2013 ), providing 
extensive information regarding some of those products in clinical development. 

 Besides the diffi culties faced by researchers, pharmaceutical industries and regu-
lators regarding the development of nano-based products, some of the already 
approved systems are usually used as case studies and thus have been in the central 
discussion regarding the regulation of similar pharmaceutical products. 

 Within nanomedicinal oncological products in clinical practice are the liposomal 
formulations. Liposomes are concentric phospholipidic bilayers that can encapsulate 
hydrophilic compounds in the internal aqueous space and hydrophobic compounds 
in the lipidic matrix    (Allen and Cullis  2013 ).  Ambisome  ®  (amphotericin B-loaded 
liposomes) was commercially approved in Europe since the late 1980s, being in fact 
the fi rst nanopharmaceutical product (as such) to receive marketing authorisation for 
systemic fungal infections mainly in neutropenic oncology patients (Moen et al. 
 2009 ; Wang et al.  2013 ; Puri et al.  2009 ). Since then more than 40 products have 
been already marketed worldwide, being more than 40 % of those protein–polymer 
conjugates and liposomal based formulations (Puri et al.  2009 ; Schütz et al.  2013 ). 
In addition, more than 20 % of nanoparticulate systems currently in the marked are 
indicated for cancer treatment, being developed by taking advantage of their ability 
for selective targeting, to promote higher cellular uptake of drugs, as well as through 
the entrapment of two different molecules within a single carrier. These important 
features have been used to improve the pharmacokinetics and bioavailability of cyto-
toxic drugs (e.g. paclitaxel) and/or decrease their adverse side effects (doxorubicin) 
that normally impaired their application in clinical use (Wang et al.  2013 ). 

 For example, doxorubicin-loaded PEGylated liposomes were the fi rst approved 
liposomal formulation for treatment of cancer. In addition, those were the fi rst 
PEGylated formulations that were granted approval by the USA and the European 
Union in 1994/1995, being called  Doxil  ®  and  Caelyx  ® , respectively. These formula-
tions consisted of a long circulating liposomal formulation with a PEG2000 coating 
(hydrogenated soy phosphatidyl choline, cholesterol, MPEG2000-distearoyl phos-
phatidylethanolamine, 56:39:5 molar ratio) and with Doxorubicin hydrochloride 
encapsulated/entrapped in the internal aqueous space. It was fi rst authorised for the 
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treatment of Kaposi sarcoma in HIV patients, being further approved for ovarian 
cancer treatment in 1999, as a monotherapy treatment for patients with metastatic 
breast cancer in 2003 (for use in 69 countries) and multiple myeloma in 2007 (Wang 
et al.  2013 ; Plosker  2008 ; Paliwal et al.  2011 ). In the European Union,  Caelyx/
Doxil  ®  has reached routine clinical use to treat breast cancer in patients at risk of 
heart problems. 

  Myocet  ®  is the non-PEGylated liposomal-loaded doxorubicin product that was 
later approved in Canada and Europe through a centralised procedure for the treat-
ment of metastatic breast cancer in combination with cyclophosphamide (Wang 
et al.  2013 ; Schütz et al.  2013 ). The liposomal formulation consists of egg phospha-
tidylcholine and cholesterol (molar ration of 55:45). 

 Two main differences are very important that distinguished the two Doxorubicin 
formulations. First, the form in which Doxorubicin is encapsulated in the liposomes: 
as a sulphate salt (drug precipitates as sulphate salt forming striated gel) and a citrate 
fi bre (drug forms organised fi bre bundles with citrate) for  Caelyx/Doxil  ®  and 
 Myocet  ® , respectively. Secondly, the presence of PEG coating in  Caelyx/Doxil  ®  con-
fers it long circulating properties, in contrast with the non-PEGylated formulation. 
This difference leads to different relative rates of Mononuclear Phagocyte System 
(MPS) clearance with  Caelyx/Doxil  ®  avoiding the system and  Myocet  ®  being 
uptaken. In 2012, the FDA has approved a generic version of  Doxil  ®  (doxorubicin 
hydrochloride liposome injection) for the treatment of ovarian cancer (progressed or 
recurred disease after platinum-based chemotherapy) and for AIDS-related Kaposi’s 
sarcoma also with failure or intolerance to other systemic chemotherapy (Allen and 
Cullis  2013 ). This was done through controversy on criteria and relevance of shortage 
regarding  Doxil  ®  availability in the market, after a number of GMP issues. 

 The other Doxorubicin liposomal formulation,  Lipodox  ® , is also approved since 
1998 in Taiwan (Kan  2007 ). This PEGylated liposomal doxorubicin consisted of 
Distearoyl Phosphatidylcholine, cholesterol, MPEG2000-distearoyl phosphatidyl-
ethanolamine (56:39:5 molar ratio), and the therapeutic indications are for Kaposi 
sarcoma, breast and ovarian cancer.  Lipodox  ®  is considered a formulation with high 
similarity to  Doxil  ®  (same active ingredient, dosage, route of administration) but not 
approved by FDA and not considered as a “generic” of  Doxil  ® . However, in 2012 
FDA has approved discretion for the imports of  Lipodox  ®  during a critical shortage 
of  Doxil  ®  (Allen and Cullis  2013 ). 

  DaunoXome  ®  is a liposome-encapsulated form of daunorubicin with the lipo-
somes consisting of small unilamellar vesicles (mean diameter size 45 nm) com-
posed of a 2:1 molar ratio of distearoyl phosphatidylcholine and cholesterol. This 
formulation has been approved since 1996 in Europe and in the USA for the treat-
ment of Kaposi’s sarcoma (Minotti et al.  2004 ). 

  Marqibo  ® , an orphan drug, was approved by FDA in 2012 under agency’s accel-
erated approval for patients at second or more relapsed acute lymphoblastic leukae-
mia or who had already followed two or more regimens of anti-leukaemia therapy. 
It is a liposomal formulation of vincristine sulphate with a lipid composition of 
cholesterol and egg sphingomyelin (45:55 molar ratio) to be administered intrave-
nously (Rodriguez et al.  2009 ). 
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 On the other hand, albumin-based nanoparticles ( Abraxane  ® ) were the fi rst 
 non- inorganic nanoparticles that was granted permission to be commercialised, 
 initially for breast cancer treatment in 2005 in the USA and 2008 by EMA (Schütz 
et al.  2013 ; Gradishar  2006 ). In addition, FDA has approved its use against 
non-small cell lung cancer in October 2012. 

 Besides those approved  liposomal formulations , the driving force of research is 
leading in two ways: the search of new therapeutic indications for the approved for-
mulations (different doses, treatment schedule, etc.) or the development of new for-
mulations with different drugs and/or different liposomes (lipid composition, size, 
targeting agents, triggered action, multifunctional, etc.) or the combination therapy. 

 Within these approaches, several liposomal formulations reached different stages 
of clinical trials. In 2013, more than 450  clinical trials  are referred by US National 
Institutes of Health under liposomal treatment for cancer therapy. Some selected 
examples of different liposomal formulations either by new drugs or new therapeu-
tic approaches were as follows: 

  ThermoDox  (Celsion Corp) is a liposomal doxorubicin composed of DPPC, 
mono stearoyl PC and PEG2000-DSPE (90:10:4 molar ratio). This formulation has 
   the particularity of being temperature-triggered (41–42 °C) release. These long circu-
lating liposomes will release their content inside the tumour upon heating locally at 
low hyperthermia. The currently explored potential therapeutic indications are along 
primary liver cancer (hepatocellular carcinoma) not eligible for resection surgery. 
Currently it is in phase III clinical trial (Poon and Borys  2011 ; Staruch et al.  2011 ). 

  SPI-077  (Alza) is a liposomal cisplatin formulation composed of hydrogenated 
soy phosphatidylcholine, cholesterol and methoxy polyethylene glycol distearoyl 
phosphatidylethanolamine (mPEG-DSPE) (51:44:5 molar ratio). Liposomal encap-
sulation of cisplatin was developed to deliver cisplatin to tumours with increased 
selectivity while decreasing the exposure of cisplatin to normal tissue by the 
enhanced permeation and retention process. The proposed therapeutic indications 
are directed to solid tumours. Currently it attained the stage of phase II clinical trial 
(Seetharamu et al.  2010 ; White et al.  2006 ; Vail et al.  2002 ). 

  Lipoplatin™  (Regulon) is a liposomal cisplatin formulation composed of 
DPPG, soy PC, cholesterol and PEG2000-DSPE. The main difference with previ-
ous described cisplatin liposomal formulation is based on long circulating proper-
ties of this system. The main therapeutic indication currently pursued is non-small 
cell lung cancer, already in phase III clinical trial (Boulikas  2009 ). 

  Endo-Tag  ®  -1  (Medigene) is a cationic liposomal paclitaxel composed of 
DOTAP, DOPC and paclitaxel (50:47:3 molar ratio). The combination with neutral 
and positive lipids of the established cytostatic drug paclitaxel allows EndoTAG ® -1 
to interact with negatively charged endothelial cells, which are especially required 
for the growth of tumour blood vessels; given to this formulation anti-angiogenesis 
properties. The main therapeutic indication is pancreatic cancer and triple negative 
breast cancer. Currently it is in a phase II clinical trial for both indications (Fasol 
et al.  2012 ). 

  ALN-VSP  (Alnylam) aims at RNAi targeting for liver cancer, and the research 
program is currently partnered with Ascletis for HCC in China (including Hong 
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Kong, Macau and Taiwan). The main therapeutic indication is liver cancer and liver 
metastasis. Currently it is in a phase II clinical trial for both indications. 

 Several  nanoparticle-based formulations  are under clinical evaluation for a 
wide range of cancer treatments (Schütz et al.  2013 ; Wang et al.  2013 ), as  Livatag  
at phase III (doxorubicin-loaded polymeric NP from BioAlliance Pharma SA), 
 Aurimmune  at phase II (TNF-bound colloidal gold NP from CytImmune Sciences) 
and  camptothecin-loaded polymeric nanoparticles  also at phase II (Cerulean 
Pharma Inc./Calando and Cell Therapeutics).  Docetaxel-labelled nanoparticles  
are still at initial stages of their clinical development. 

  Polymer therapeutics  is an important class of nanopharmaceutical products 
within nanomedicine fi eld, including protein/peptide-polymer conjugates (e.g. 
pegylated interferons, cytokines, monoclonal antibodies, erythropoietin) and drug- 
polymer conjugates (Duncan  2006 ). Paclitaxel conjugation with polyglutamic acid 
( Xyotax ,  Taxoprexin ) leads to a very promising polymer therapeutic formulation, 
but severe adverse effects have interrupted their evaluation by EMA for its use in the 
treatment of non-small cell lung cancer (NSCLC), being then proposed for ovarian 
cancer treatment in Phase III (Peer et al.  2007 ; Vicent et al.  2009 ). HPMA conjugates 
with doxorubicin for liver targeting, camptothecin-polymer conjugates and platinum-
polymer conjugates are currently still under clinical evaluation (Seymour et al.  2002 ). 

 The fi rst micellar system for paclitaxel, Taxol ® , was launched in the USA in 1992 
and has since been one of the most used anticancer agents. Due to some problems 
arising from surfactant toxicity, a demand for other amphiphilic molecules is required 
in order to allow the administration of poorly soluble drugs (Zhang et al.  2005 ). 
Nowadays, amphiphilic materials composed of block copolymers (generally di- and 
triblock-copolymers) or polymers conjugated with lipids or phospholipids are largely 
used (Torchilin  2007 ). Anticancer agents-loaded micelles, namely including pacli-
taxel, doxorubicin, camptothecin or cisplatin derivatives, are currently in phase II 
clinical trials showing their potential as drug carriers (Schütz et al.  2013 ; Ruiz et al. 
 2014 ). With the extensive number of PEG-block-copolymers being developed, it is 
expected an increased industry desire to foster their translation to clinic. Again, the 
most challenging issue is that regulation considers polymeric micelles as an excep-
tion thus applying a case-by-case policy. Nevertheless, since current nanopharma-
ceuticals development relies heavily on surface functionalisation, the most widely 
studied block copolymers, such as poly(ethylene glycol)-poly(propylene oxide)-
poly(ethylene glycol) (PEG-PPO-PEG), poly(E-caprolactone)- b -chitooligosaccha-
ride- b -poly(ethylene glycol) (PCL-b - COS- b -PEG), poly(ethylene 
glycol)-phosphatidylethanolamine (PEG-PE), polylactide- poly(ethylene glycol) 
(PLA-PEG), will allow the binding of a variety of targeting moieties potentiating 
both combined and selective therapies (Ruiz et al.  2014 ; Torchilin  2009 ). 

 Crucial to the unlocking of the therapeutic potential of some of the already devel-
oped platforms is how to obtain the fi rst approval. A signifi cant opportunity to enter 
in clinical trials is consequently open for those systems under investigation derived 
from the same family, whether they are adaptations or previous products or novel 
nanotherapeutics. Examples of obvious nanopharmaceutical candidates to reach 
phase III clinical trials are systems that use albumin-nanoparticles technology 
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 platform like the already approved Abraxane ®  (Abraxis Biosciences/Celgene). 
In fact, we can fi nd in this pipeline, the ABI 008 Nab-docetaxel in a clinical phase 
III and ABI-009, ABI-010 and ABI-011 in phase I clinical trials (Schütz et al.  2013 ). 

 Pharmaceutical companies that intended to drive growth based on  innovative 
platforms  able to target multiple stage diseases know that preclinical proof-of- 
concept tools remain critically important. Shaping this needs the input from differ-
ent key players in the pharmaceutical development chain: academia, patients, policy 
makers, pharmaceutical industry. Moreover, as stressed out previously, nanomedi-
cines are drug delivery systems beyond the 100 nm (Gaspar and Duncan  2009 ). 
Thus, nanotherapeutics target-specifi c interaction with cell components need that 
they are capable of passing cell membrane and move through the cell cytosol to 
exert their biological activity. 

 Specifi c aspects can be identifi ed from modifi cation of particles surface and from 
inherent diffi culties in the delivery of nucleic acids. 

 Several approaches have been explored to modify particle surface in order to 
modulate their in vivo biodistribution profi le and thus to optimise the resulting ther-
apeutic outcome. However, the interaction of these particulate systems with plasma 
proteins is strongly regulated by their surface properties and thus, proposed modifi -
cations have to be fully addressed and characterised at preclinical level in order to 
attest their safety before moving to clinical studies (Dobrovolskaia and McNeil 
 2007 ). Accordingly, it is fundamental not only to characterise their distribution at 
whole body level but also to know and establish a relation between surface charac-
teristics and particle interaction with plasma membranes and further uptake and 
intracellular traffi cking. These properties have a major impact not only in their bio-
distribution but also inherent metabolic profi le and thus have shown to have major 
implication in nanopharmaceuticals safety. pH-sensitive systems (Torchilin  2009 ), 
light-activated materials (Reddy et al.  2006 ; Wood et al.  2012 ), magnetic-based 
nanostructures, temperature-sensitive systems (Ponce et al.  2007 ) and the grafting 
of molecules for specifi cally targeting organelles within the cytosol are some of the 
strategies used to manipulate their pharmacokinetics and pharmacodynamic profi les 
(Ponce et al.  2007 ; Reddy et al.  2006 ; Iyer et al.  2013 ; Wood et al.  2012 ). 

 This feature, while exciting for the next generation of nanotherapeutics, is also a 
challenge for the regulatory authorities and is also responsible for the lengthy devel-
opment as previously mentioned. Moreover, combinatory systems could perhaps 
improve therapeutic outcomes, meaning that clear harmonised paths to the clinic must 
be established to achieve further regulatory acceptance (Ruenraroengsak et al.  2010 ). 

 Concerning nucleic acid delivery towards cancer treatment, work previously 
done showed that the effective regulation of tumour unregulated protein expression 
is defi nitely a powerful tool, since theoretically any gene could be elected as a RNAi 
target, opening up the possibility for biomedical research to truly solve unmet clini-
cal challenges (Videira et al.  2013 ; Pecot et al.  2011 ; Bader et al.  2011 ; Oh and Park 
 2009 ). More impactful, different tumour stages, from cell differentiation, progres-
sion or resistance to tumour-host interaction, could be targeted eliciting a new class 
of RNAs-based therapeutics (Croce  2009 ). 
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 To emphasise the broader impact of the siRNA-based technology, (Reischl and 
Zimmer  2009 ), divided it in four major anti-mRNA strategies: (1) single-stranded 
oligodeoxyribonucleotides (ODNs) that inhibit the translation of a specifi c gene by 
hybridisation with the corresponding mRNA through the Watson-Crick binding; (2) 
the anti-mRNA strategy involving ribozymes, able to cleave single-stranded regions 
in mRNA through trans-esterifi cation or hydrolysis reactions; (3) microRNAs with 
20–24 nucleotides (nt) that target mRNAs post-transcriptionally interacting with 
partially mismatched sequences in the 3′-untranslated (UTR) regions; and (4) the 
siRNA strategy (Reischl and Zimmer  2009 ). 

 The demand for therapeutic solutions prompted an extensively investigation in 
the nucleic acid delivery with a gradual shift towards the nanocarrier-based strate-
gies (Tokatlian and Segura  2010 ). Different synthetic siRNA carriers have been 
engineered using current nanotechnologies in order to achieve carrier-mediated 
transport, recognition of the cell surface, cell internalisation and cytosolic delivery 
of siRNA in vitro and in vivo while providing modulation of the innate immune 
system and protection from premature serum nucleases degradation and elimination 
from blood stream (Grimm  2009 ; Singh and Hajeri  2009 ). 

 Despite the initial expectations with the viral-based vectors, induced immunoge-
nicity and other safety issues have prompted the nanotechnology development focus 
on engineered nanocarriers. In fact, currently RNAi-based nanomedicines under 
preclinical and clinical evaluation are mainly based on lipid or polymeric materials 
(Videira et al.  2013 ). 

 Although engineering siRNA-nanocarriers could render powerful cell modula-
tors as can be proved by the enormous amount of recent published literature, trans-
lation to the clinic involves a harmonisation on regulatory requirements for safety 
and effi cacy. A truly global framework for physical characterisation of nanomedi-
cines and biological compatibility studies is urgently needed. A large number of 
preclinical studies have presented favourable outcomes for dramatic diseases after 
in vivo siRNA delivery and further gene silencing critical but have not reached the 
stage of clinical trials. Only a few nanoparticulate formulations are now being eval-
uated in clinical trials. CALAA-01, a cyclodextrin-containing polymer system for 
encapsulation of an siRNA against ribonucleotide reductase subunit 2 (RRM2), is 
the fi rst system engaged in a phase I clinical trial. The formulation modifi ed with 
polyethylene glycol (PEG) and the human targeting ligand transferrin (Tf) was 
designed to inhibit and/or reduce tumour growth (Davis  2009 ). TKM-PLK1 and 
ALN-PCL are examples of stable nucleic acid lipid particles (SNALPs)-based 
siRNA systems, also under phase I clinical trial (Simon  2012 ). The focus in this 
strategy, as with other nanomedicines, is the development of common tools and 
standardised analysis protocols for critical parameters evaluation. In fact, market 
growth is challenged by lengthy development procedures. To accept the preclinical 
proof-of-concept and move into the early clinical research stage, a particular empha-
sis should be given to regulatory harmonisation concerning universal characterisa-
tion frameworks, and therefore improvements are needed from current “systems 
pharmacology” approaches. 
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 New innovative materials can also be a way to move forward in a more compre-
hensive manner, opening new challenges to product innovation and development. 

 Sphingolipids (SL) have emerged as important modulators in cancer progression 
and therefore alternative therapies based both on the development of SL-based- 
nanotechnologies and on the targeting of SL metabolism to enhance cancer cell 
death are currently being explored (Hawkins et al.  2008 ; Morad and Cabot  2013 ). 
The principle underlying these strategies relies on the ability of ceramide, the back-
bone of all SL, in enhancing tumour cell death. Accordingly, nanocarriers contain-
ing ceramide in its composition have been extensively exploited (Hawkins et al. 
 2008 ). Several different ceramide delivery systems have been developed, including 
polymer-based (van Vlerken et al.  2007 ; Devalapally et al.  2007 ,  2008 ; Barth et al. 
 2010b ) and lipid-based nanocarriers (Barth et al.  2010a ; van Lummel et al.  2011 ). 
Focus has been given to the development of combinatorial strategies based on the 
use of ceramide nanosystems as a platform to deliver either chemotherapeutic 
agents (Tran et al.  2008 ; Jiang et al.  2011 ) or modulators of the SL metabolism 
(Barth et al.  2010b ; Jiang et al.  2011 ; Dickson et al.  2011 ). Both the in vitro and the 
in vivo studies showed a synergistic enhancement of cancer cell death in this com-
binatorial nanomedicine approach. Ceramide-based nanotherapies have also been 
engineered in order to specifi cally target cancer cells (Pastorino et al.  2006 ; Adrian 
et al.  2011 ; Koshkaryev et al.  2012 ) and even subcellular compartments (Boddapati 
et al.  2008 ) by taking advantage of the strategies discussed in the previous section. 
Despite the promising in vitro and in vivo results, none of the SL-based-nanocarriers 
has, so far, reached the clinic. 

 Besides cancer therapeutics, nano-based products have been extensively devel-
oped as imaging tools, the second major application of nanoproducts already avail-
able in the market. 

 Oncology imaging plays an important role in disease detection, prognosis and 
treatment planning (Akin et al.  2012 ). Major medical imaging tools include X-ray 
computed tomography (CT), magnetic resonance imaging (MRI), ultrasound imag-
ing, positron emission tomography (PET), single-photon emission CT (SPECT), 
optical imaging and photoacoustic imaging. Most of these techniques require the 
use of imaging agents like labels, probes or contrast agents. Some imaging agents 
for cancer imaging are in nanoparticles; a table with those in clinical use or in clini-
cal trials is provided in Thakor and Gambhir ( 2013 ). 

 A number of relevant developments are the combined imaging equipment for 
clinical and preclinical diagnostics such as the combination of CT and MRI and of 
PET and MRI and more recently the combination of SPECT and MRI. Consequently 
a diversity of developments on bimodal and multimodal imaging agents is in prog-
ress. Although, combining more than one type of imaging agent in the same 
nanoparticle for multimodal detectability is a challenge with impact on imaging and 
molecular diagnostics (Kievit and Zhang  2011 ; Yu et al.  2012 ; Gautier et al.  2013 ). 

 Furthermore, nanoplatforms for therapeutics and diagnostics (theranostics) in 
oncology have attracted much interest in recent years. These nanoplatforms are based 
on combining imaging agents and medicines in the same nanostructure, i.e. engineer-
ing nanoparticles to integrate simultaneously several functions of clinical relevance 
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such as (1) the delivery of imaging agents for one or several clinical imaging tools, 
like magnetic resonance imaging or radionuclide imaging or fl uorescence imaging; 
(2) the co-delivery of specifi c therapeutic agents such as a drug or a gene; and also 
(3) to allow the functionalisation of the external shell surface for passive targeting or 
active targeting or for other functionalities. 

 The scientifi c interest in this area is evidenced by the exponential increase in the 
number of scientifi c papers (Xie and Jon  2012 ). Other imaging technologies include 
MRI and the potential for theranostic approaches. 

 Superparamagnetic iron oxide nanoparticles (SPIONs) were approved as vascu-
lar negative contrast agents for improving cancer imaging using MRI in clinic. 
A signifi cant amount of research work used SPIONs coated with biocompatible 
moieties and acting as a platform for attach targeting tags and/or drugs and/or 
 additional imaging agents, making them multimodal theranostic platforms (Yu et al. 
 2012 ; Wahajuddin  2012 ; Hervé et al.  2008 ; Santhosh and Ulrih  2013 ). 

 Furthermore SPIONs, having a size comparable to functional biomolecules, are 
suitable for being loaded into a diversity of drug delivery systems benefi ting from 
the extensive knowledge of biodistribution, pharmacokinetics and specifi c targeting 
already studied for the nanomedicinal oncological products already in the market or 
clinical phases (Duncan and Gaspar  2011 ; Duncan and Richardson  2012 ). The con-
sequent benefi ts are both the modulation of the imaging agent to the target site in 
analogy with the therapeutics, limiting its exposure to healthy tissue, and the accu-
mulation into tumours where these drug delivery systems were designed for, allow-
ing an improved image acquisition by MRI (Cohen and Shoushan  2013 ; Kim et al. 
 2013 ; Lv et al.  2013 ; Gautier et al.  2013 ; Kocbek et al.  2013 ; Gultepe et al.  2010 ). 

 Clinical trials evaluating the utility of magnetic nanoparticles as therapeutics and diag-
nostic agents in cancer and other diseases have been reported (Singh and Sahoo  2013 ). 

 Most of the published theranostic platforms are for oncology applications in gen-
eral including magnetic nanoparticles (Cohen and Shoushan  2013 ). Relevant tech-
nological advances were attained either in preparation, functionalisation or 
concerning the design of strategies for clinical applications. Their success as ther-
anostics agents in the clinical use (Cohen and Shoushan  2013 ) depends on some 
crucial issues for clinical translation (Duncan and Gaspar  2011 ), and an effective 
collaboration between chemists, biologists, material scientists, engineers and clini-
cians can lead to promising application in several clinical situations or management 
of patients (Cohen and Shoushan  2013 ). 

 Beyond the effi cacy, safety is also an absolute prerequisite for biological imaging 
probes, such as magnetic-based nanoparticles (currently at phase I) or the highly 
versatile quantum dots-based systems (QDs) (Gandon et al.  1991 ; Gao et al.  2007 ). 
In order to explore their ability to be used as multiplexed bioassays, medical diag-
nostics or theranostics, large-scale toxicity data is needed, especially in living ani-
mals. Although different surface-coating technologies have emerged for these 
inorganic nanoparticles, only the implementation of high-throughput technologies 
could support its clinical application. The setting up of well-defi ned analysis and 
standardisation protocols will certainly contribute to have new insights in under-
standing nanopharmaceutical complex systems.  
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15.4     Regulatory Environment Overview: Changing Times 

 The regulation of medicinal products has been in a changing and evolutive path 
since ICH started in the early 1990s (Fig.  15.1 ). Meanwhile also the regulatory 
environment around the development of nanopharmaceuticals for oncology clinical 
use has been under increased challenge.

   First, the evolution from clinical oncology development has demanded more and 
more proof of superiority in clinical effi cacy from new innovative approaches. 
Demonstration of non-inferiority is no longer acceptable under current clinical stan-
dards for most applications in oncology. Also the need to demonstrate increased 
advantage in pharmacoeconomic analysis has been a constant and increased  pressure 
on the development of new and innovative medicinal products. Moreover the new 
perspectives in healthcare management, incorporating health technologies assess-
ment (HTA), also bring into play the need to integrate different medical interven-
tions complementary to the therapeutic classical oncology setting (Main et al.  2006 ). 

 Second, the major advances in biopharmaceuticals in the oncology area also 
have demonstrated their potential for superiority regarding some of the nano-based 
approaches (most of which were based on molecules that were innovative in the late 
1970s or early 1980s but no longer today, like doxorubicin) but also their limitations 
when regarding evidence for critical “hard” clinical effi cacy end points in clinical 
trials, like survival rates over 5 years. 

  Fig. 15.1    Overview of regulatory presence on the research and development life cycle of any 
medicinal product       
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 Another critical issue is the discussion on nanosimilars or also the debate over 
similar formulations within non-biological complex drugs (NBCD), brought to the 
forefront a number of critical issues in specifi c formulations (iron oxide nanoparti-
cles, liposomes, polymeric micelles) and now under increased regulatory attention. 

 It is surprising for some that only the discussion about similar medicinal prod-
ucts triggered a regulatory discussion on innovative drug delivery systems. But for 
those more used to the practice of regulatory agencies, this will not come as a sur-
prise. Medicine’s regulators tend to move in the direction of major regulatory 
changes only when major problems arise on the dispute between the reliability of 
products or when science identifi es major concerns about potential implications on 
quality, safety and effi cacy of medicinal products. On the other hand, as referred 
above, it can be considered that most of the regulatory guidance in place has dem-
onstrated to be suffi cient to address the development of a new medicinal product 
which includes simultaneously a new molecular entity and a (innovative) nanosys-
tem, as all those will have to be studied, characterised and justifi ed in their proof of 
concept, quality, safety and effi cacy. Therefore, it makes sense that the major con-
cerns triggering the need for regulatory reaction have occurred with the innovative 
nano-sized systems incorporating already known and well-characterised molecules. 
Indeed, contrariwise to most situations where a new formulation of a well-known 
active substance would not trigger safety relevant concerns, regulatory authorities 
recognised that, associated to the claimed and intended activity changes in the activ-
ity profi le, also safety changes could occur, due either to the nanosystems them-
selves, or/and to the associated changes in target access, cellular, tissue, organ and 
body distribution, immune reactions. 

 The burst of generic submissions of MAA (marketing authorisation applications) 
in the middle of the last decade prompted a European response to a problem that 
(basically) arises from a wrong classifi cation of medicinal products based on iron- 
oxide nanoparticles, identifi ed since the 1960s, when they were introduced in the 
market as “injectable aqueous solutions of iron”. This was considered to be of major 
importance in cancer therapy, due to their use in severe anaemia patients, with sig-
nifi cant impact in an oncology setting. The reaction of European regulators to the 
event of a huge number of submissions of national MAAs related to the claimed 
similarity to those old formulations prompted a regulatory statement that dominated 
and initiated the debate over new regulation for (nano)similar medicinal products. 

 In parallel the ITF (innovation task force) at the European Medicines Agency 
had already started to assemble data and in 2009 started a number of activities from 
the ad hoc expert group in nanomedicines to the fi rst global conference on the topic 
mobilising also regulators and stakeholders from the USA and Japan among others. 
In parallel different discussions have been triggered, from the European Union dis-
cussion on nanomaterials classifi cation to the “similarity” discussion, namely from 
a TI Pharma-based international expert group in the Netherlands (NBCDs or non- 
biological complex drugs expert group) composed of a number of experts originated 
from academia and industry. FDA and Japanese authorities, in parallel with Canada, 
Switzerland, Australia and others, also developed their own initiatives, some of 
them coordinated with the European Medicines Agency. 
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 The major outputs from this burst of new regulatory initiatives were the guidance 
documents from the European Medicines Agency related to iron-oxide nanoparti-
cles (Refl ection Paper on Non-Clinical Studies for Generic Nanoparticle Iron 
Medicinal Product Applications- Ema/Chmp/Swp/100094/2011  2011 ), liposomal 
similar products (Refl ection Paper on the Data Requirements for Intravenous 
Liposomal Products Developed with Reference to an Innovator Liposomal Product: 
Ema/Chmp/Swp/100094/2011  2013 ) and polymeric micelles (Joint MHLW/EMA 
Refl ection Paper on the Development of Block Copolymer Micelle Medicinal 
Products:Ema/Chmp/13099/2013  2013 ). The latter one can be considered a “revo-
lutionary” document in two ways: it considers a technology being developed before 
it comes to market; results from the integrative collaboration of EMA and the 
Japanese authorities being a fi rst example of a “global” nanomedicines regulatory 
guidance document. An integration of the concepts behind those documents has 
been recently published (Ehmann et al.  2013 ). 

 Also relevant to the current trends are the documents from the FDA on liposomal 
products and the scientifi c discussions about regulatory implications in NBCDs. 
The latest took place not only at the NBCD expert group but also recently in open- 
fora    at FIP (International Pharmaceutical Federation), EUFEPS (European 
Federation of Pharmaceutical Sciences), AAPS (American Association of 
Pharmaceutical Scientists) and NYAS (New York Academy of Sciences) (Holloway 
et al.  2012 ). Two relevant papers in NBCDs were also recently published (Crommelin 
et al.  2014 ; Schellekens et al.  2014 ). 

 An increased concern both at European and US level has been the question of the 
harmonisation of methodology essential to characterise the quality requirements. 
The Nanotechnology Characterization Laboratory (NCL) at the National Cancer 
Institute in the USA has provided a major contribution to this matter assembling 
data with several innovative platforms for the development of nanomedicines in 
oncology. Their role as a platform for support of innovation and helping SMEs and 
start-ups to move upwards to the clinical stage has been considered of major rele-
vance. The data assembled over the years by the NCL have been inspiring for a 
number of critical issues in nanomedicines regulation that will be present in the 
coming years. Mostly   , the needs to better understand the implications of subtle 
changes in surface modifi cation and their impact on the biological interaction of 
nanosystems in specifi c applications (McNeil  2011 ). 

 A major focus in the coming years will also be played by the need to better 
understand the pathophysiology of tumours at specifi c stages. Probably    the fact that 
the worst clinical conditions are selected fi rst in human trials triggered a lower suc-
cess rate than expected, due to the fact that huge tumours, with considerable tissue 
necrosis and hypoxia, will cause diffi culty on the impact of EPR. Better selection of 
patients that can benefi t largely from therapeutic strategies using the EPR and/or 
specifi cally targeted formulations will need companion diagnostics including imag-
ing agents to better characterise the relevant patient (sub)populations. 

 The complexity of integrated platforms of different technologies, from therapeu-
tics to imaging, including cancer therapeutic vaccines and multiplex medical 
devices, will foster new and critical regulatory considerations, along the theranos-
tics and combination product pathways. 
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 A critical role will be played by regulatory authorities through their scientifi c 
advise procedures, and an increased pressure will be present to have more coopera-
tive work between different regional regulatory bodies (EMA, FDA, Japanese) 
major academic and industry stakeholders.     
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    Chapter 16 
   BO-110, a dsRNA-Based Anticancer Agent    

 Case Study: Gene Therapy Using Polymer Carriers       

          Mercedes     Pozuelo-Rubio    ,     Damià     Tormo     Carulla    ,     Andrés     P.     Gagete    , 
and     María     Soengas    

16.1            Overview 

 Effi cient treatment of aggressive cancers such as melanoma has been traditionally 
hampered by a plethora of (epi)genetic alterations that deactivate classical apoptotic 
death programs and potentiate multiple intrinsic mechanisms of cell survival. 
Targeted activation of tumor self-degradation by autophagy is emerging as an alter-
native strategy to deplete tumor cells of essential organelles and promote their 
demise. However, autophagy is frequently activated as a fail-safe mechanism, for 
example, as a catabolic process to sustain the high-energy demand of tumor cells. 
Moreover, autolysosome formation may also be induced to counteract reactive oxy-
gen or other stress-inducing signals that may accompany drug treatment. An addi-
tional complication in the design of pro-autophagy treatments is that normal cells 
also undergo basal autophagy. Therefore, a key challenge in the fi eld is to design 
compounds that are selectively incorporated by malignant cells and activate self- 
degradation without unwanted secondary effects to normal cell compartments. Here 
we describe the identifi cation and functional validation of BO-110, a new double- 
stranded (ds)RNA-based nanocomplex that we found as a potent anti-cancer agent 
in vivo. BO-110 is a polyplex of viral dsRNA mimetics (improved version of the 
classical polyinosinic-polycytidylic acid,    pIC), complexed with cationic carriers for 
enhanced cytosolic delivery. First tested in melanoma cells, BO-110 was found to 
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induce a tumor-cell selective autophagosome-lysosome fusion, in part via a selective 
induction of the innate immunity sensor Melanoma Differentiation-Associated 
gene-5 (MDA5), a cytosolic dsRNA helicase. Importantly, BO-110-driven activa-
tion of innate responses led to the upregulation of the pro-apoptotic protein NOXA 
in a manner not recapitulated by classical chemo or immunotherapeutic agents. 
BO-110 was also found to display a broad therapeutic effect against pancreatic can-
cer, bladder cancer, and glioblastoma, among others. These results revealed a novel 
link between cytosolic RNA helicases, autophagy, and apoptosis that can be 
exploited for therapeutic intervention in otherwise highly resistant human cancers.  

16.2     The First Indication of BO-110: Malignant Melanoma 

 Melanoma is an aggressive cancer derived from the malignant transformation of 
pigment-producing cells, melanocytes, which predominantly reside in the skin 
(Chin et al.  2006 ). This tumor type is characterized by an intrinsically high meta-
static potential (Gupta et al.  2005 ; Scott et al.  2011 ) and a persistent resistance to 
standard chemotherapy (Soengas and Lowe  2003 ). 

 In the last years, comprehensive genomic and functional analyses of human mel-
anoma tumors (Berger et al.  2012 ; Hodis et al.  2012 ; Krauthammer et al.  2012 ) have 
resulted in the discovery of new promising anti-tumoral drugs (Chapman et al. 
 2011 ; Flaherty et al.  2012 ; Hodi et al.  2010 ). Nevertheless, a complex and heteroge-
neous histopathology (Quintana et al.  2010 ; Whiteman et al.  2011 ) and genetic 
background (Dutton-Regester and Hayward  2012 ; Lawrence et al.  2013 ) have com-
plicated the development of long-term effective therapies. Despite great progress in 
the understanding of mechanisms underlying melanoma initiation and progression 
(see below), this tumor remains as a prototype of deadly cancer at advanced stages. 
Thus, the prognosis of patients with metastatic melanoma is bleak, with an average 
survival of 6–12 months after diagnosis. With an incidence in continuous increase 
for the last 30 years and being responsible for over 80 % of skin cancer related 
deaths, melanoma is becoming a key public health problem (Gray-Schopfer et al. 
 2007 ; Siegel et al.  2013 ). 

  Currently approved therapies against melanoma.  The clinical management of 
patients with cutaneous melanoma is conditioned by the staging at the time of diag-
nosis. Specifi cally, standard care of localized melanoma is surgical excision. 
Patients with stage III disease    (i.e., presence of tumor cells in draining lymph nodes) 
usually undergo complete sentinel lymph node dissection (Sondak and Zager  2014 ) 
and adjuvant therapy traditionally with interferon alpha (IFNα)-2b, which has sub-
stantial side effects (Davar et al.  2013 ). For metastatic stages, the alkylating agent 
dacarbazine was used since 1970 and until very recently, although the correspond-
ing rates were traditionally of less than 10 % and generally transient (Eggermont 
and Kirkwood  2004 ). Interleukin 2 (IL-2) was also approved by the FDA in 1998, 
although responses were also limited (<0–8 % of patients) and associated with sig-
nifi cant toxicity (Tarhini and Agarwala  2005 ). More recently, new strategies have 
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revolutionized the treatment of melanoma.    These correspond to (1) ipilimumab, a 
monoclonal antibody against the cytotoxic T-lymphocyte-associated antigen 4 
(CTLA-4) aimed to potentiate intrinsic T-cell responses (Page et al.  2014 ); (2) 
vemurafenib and dabrafenib, selective inhibitors of activated BRAF mutations from 
valine to a glutamic acid at position 600 (V600E) characteristic of melanoma; (3) 
and trametinib, a blocker of MEK (a key effector in MAPK pathways) (Bollag et al. 
 2010 ; Chapman et al.  2011 ; Flaherty et al.  2010 ; Kim et al.  2013 ; Wright and 
McCormack  2013 ). Other ongoing efforts include vaccines against immunogenic 
melanoma antigens (Kazaks et al.  2008 ; Slingluff et al.  2008 ; Zarour and Kirkwood 
 2003 ); immunotherapy targeting PD1 or PDL1 (Hamid et al.  2013 ); targeted ther-
apy against  KIT, MEK, PI3K, AKT, NRAS, mTOR,  and  CDK4  (Gray-Schopfer et al. 
 2007 ); and several combinatorial approaches (Flaherty et al.  2012 ), among many 
other strategies (see Tables  16.1  and  16.2 ).

    A compilation of new drugs that are now in development is indicated below 
(Table  16.2 ). 

 Despite the new anticancer agents described above, the melanoma fi eld still faces 
key challenges. First, durable anti-tumoral responses are transient or limited to spe-
cifi c subsets of melanoma patients. For example, BRAF inhibitors are invariably 
opposed by an array of resistance mechanisms (Prahallad et al.  2012 ; Shi et al. 
 2012 ; Sloot et al.  2014 ; Vultur and Herlyn  2009 ; Wilson et al.  2012 ). Similarly, in 
the case of the immunotherapy, relatively slow responses, serious side effects, and 
no consistent biomarkers also compromise clinical benefi ts (Fecher et al.  2013 ; 
Holzel et al.  2013 ; Ma and Armstrong  2014 ; Page et al.  2014 ; Pennock et al.  2012 ). 
Therefore, improved strategies to overcome the intrinsic and acquired resistance of 
melanoma cells are still needed.  

16.3     Apoptosis and Autophagy in Cancer Therapy 

 Traditionally, most anticancer treatments have aimed to activate intrinsic programs 
of cell death in tumor cells and/or their accompanying stroma (Bunz  2001 ; Galluzzi 
et al.  2007 ; Maiuri et al.  2007 ). In this context, large efforts have been dedicated to 
the activation of programmed cell death by apoptotic cysteine-aspartate proteases 
(caspases) (Strasser et al.  2000 ). Dying apoptotic cells are recognized by macro-
phages and other phagocytic cells and thus represent a “clean” strategy to preclude 
the release of infl ammatory responses typical of uncontrolled or necrotic death 
inducers (Johnstone et al.  2002 ). Different research teams, including ours, have 
been able to induce caspase activation in several mouse melanoma models. Targeted 
drugs against MEK (Verhaegen et al.  2006 ), anti-apoptotic factors such as Mcl-1 or 
Bcl-xL (Wolter et al.  2007 ), the proteasome (Fernandez et al.  2005 ,  2006 ), or 
MDM2 (Verhaegen et al.  2012 ), as well as small interfering RNAs against chroma-
tin remodeling factors (DEK) (Khodadoust et al.  2009 ), have been shown to delay 
melanoma growth in mice. These compounds have identifi ed novel candidate tar-
gets for second-generation drugs, but durable responses have yet to be achieved 
in vivo (Soengas and Lowe  2003 ). Given the partial effi cacy of classical apoptotic 
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inducers, we decided to screen for compounds with different modes of action. In 
particular, we turned our attention to self-degradative mechanisms mediated by 
autophagy. Macroautophagy (herein refer to as autophagy for simplicity) involves 
the sequestration of bulk cytosolic components in autophagosomes, for subsequent 
lysosomal degradation (Yang and Klionsky  2010 ) (see schematic in Fig.  16.1 ). This 
degradative process is intrinsically active in a large range of cell types as a mecha-
nism of survival to remove large protein aggregates, damaged organelles, and con-
tribute to ATP generation in situations of starvation (Cuervo  2004 ; Mizushima et al. 
 2008 ). However, hyperactivation of autophagy can result on the depletion of essen-
tial organelles, and consequently, promote cell death (Galluzzi et al.  2008 ; 
Rubinsztein et al.  2007 ). How to shift the protective function of autophagy into 
tumor cell killing is an active area of research in oncology.

16.4        Discovery of BO-110 

 To identify novel autophagy inducers, we set up a screening based on the well- 
known autophagosome marker LC3. In resting conditions, LC3 is homogeneously 
distributed in the cytosol, but gets lipidated and inserted in the membrane of 
autophagosomes at early stages of autophagy (Xie and Klionsky  2007 ) (Fig.  16.1 ). 
Fluorescent derivatives of LC3 (i.e., fusion to green fl uorescence protein, GFP) thus 
allow for a relatively straightforward scoring of non-autophagic vs. autophagosome 
containing cells (diffuse vs. focal staining) by fl uorescence microscopy (Klionsky 
et al.  2012 ). 

 From that study we obtained 3 groups of compounds: (1) displaying no autophagic 
activity, (2) inducing autophagy as a survival mechanism, and fi nally, (3) promoting 
excessive or persistent autophagy leading to cellular collapse. Among all the com-
pounds with tumor cell-selective activity in vitro, we focused on those allowing for 
systemic delivery without associated secondary toxicities. From those bioavailable 
compounds, the most potent were nanoparticles constituted of long synthetic dsRNA 
(pIC: polyinosinic-polycytidylic acid) packed with polycations (polyethylenimine) to 

Phagophore Autophagosome Autolysosome

LyosomeEndosomal
vesicles

LC3

? ?

RAB7

  Fig. 16.1    Simplifi ed overview of macroautophagy in cross talk with less characterized endo- 
lysosomal pathways. LC3 and the small GTPase RAB7 are shown as examples of autophagosome 
and late endosome markers       

 

M. Pozuelo-Rubio et al.



459

improve cellular uptake (Tormo et al.  2009b ). For simplicity, these nanocomplexes of 
pIC were named BO-110 (in reference to Bioncotech Therapeutics, the company now 
pursuing the clinical development of this compound).  

16.5     Mode of Action of BO-110 

16.5.1     Mobilization of the Endocytic Machinery 

 Biochemical and functional analyses of BO-110-treated cells revealed a complex 
mode of action (Alonso-Curbelo and Soengas  2010 ; Tormo et al.  2009a ,  b ). Electron 
microscopy showed the uptake of the BO-110 nanocomplexes by vesicular struc-
tures at the plasma membrane (Fig.  16.2a , black arrows). Classical autophagosomes 
were also found by this technique (Fig.  16.2a , middle panels) and confi rmed inde-
pendently by monitoring foci formation by the autophagosome marker LC3 
(Fig.  16.2b ) or by depletion of key autophagy genes (not shown). These features 

  Fig. 16.2    Ultrastructural changes driven by BO-110. ( a ) Electron micrographs of BO-110 nano-
complexes ( black arrows ), and the autophagosomes and large endosomes generated thereafter. ( b ) 
Fluorescence micrographs of autophagosomes and endosomes by means of the visualization of 
LC3 and RAB7 fused to Cherry and GFP, respectively. ( c ) Fusion of lysosomes (labeled with 
   LysoTracker Red) to late endosomes (decorated by GFP-RAB7) at the indicated times ( in seconds ) 
after treatment       
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were unexpected as dsRNA mimics had not been previously associated with autoph-
agy in tumor cells. However, even more surprising was a massive and sustained 
mobilization of the endosomal machinery by BO-110. This could be visualized as 
large multivesicular structures by electron microscopy (Fig.  16.2b, c ) and fl uores-
cence-based imaging of the distribution of the small GTPase RAB7, a marker of late 
endosomes (Rink et al.  2005 ). Time-lapse fl uorescence microscopy revealed a 
sequential order of fusion events whereby RAB7-decorated vesicles recruited the 
LC3 protein (i.e., to form hybrid endosome/autophagosome structures or amphi-
somes) to subsequently fuse with lysosomes (Fig.  16.3  and results not shown). 
These fusion events occurred for hours until cells fi nally autodigest. Importantly, 
these RAB7 > LC3 > lysosome fusion events mentioned were found to proceed an 
effi cient cellular collapse independent of the mutational or functional status of 
BRAF, NRAS, PTEN, p14 ARF , or p16 INK4a , genes previously associated with mela-
noma progression. Moreover, the anti-tumoral activity of BO-110 was tumor cell 

NOXA
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Cathepsins

Autolysosome

Autophagosome

Lysosome

(Drug Product)

MDA-5

IRF7

IFNb IFNa
IMMUNE

RESPONSE 

IPS-1

TNK1 IKKε

TANK

TRAF3 NAP1

IRF3

APOPTOSIS AUTOPHAGY

Caspases

BO-110

  Fig. 16.3    Mechanism of action of BO-110. Model summarizing a new strategy to promote tumor 
cell death. BO-110 in the cytosol activates the helicase MDA-5 (*specifi c sensor of pIC, active 
ingredient of BO-110, in tumor cells). Accordingly, it induced a subsequent activation of apoptotic 
and autophagy-dependent cancer cell death. Within 2–3 h of incubation with BO-110, tumor cells 
undergo massive ultrastructural changes in the endosomal compartment. Although MDA-5 could 
facilitate autophagosome formation, MDA-5 actively induces the pro-apoptotic factor NOXA. Thus, 
the activation of apoptotic caspases accompanied by a sustained lysosomal-dependent degradative 
process can ultimately converge in an effi cient tumor cell death in presence of BO-110       
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selective, as normal skin melanocytes, keratinocytes, or fi broblasts remained viable. 
Together, these results identifi ed BO-110 as an effi cient and selective anti-mela-
noma agent.

16.5.2         Biosensors of dsRNA: The MDA5 Helicase 

 Next, we questioned about the identity of the cellular sensors that underlie the effi -
cacy and selectivity of BO-110. Specifi cally, we focused on the best known dsRNA- 
driven signaling cascades: (1) the Toll-like receptor 3 (TLR3), which is located in 
endosomes; (2) the Melanoma Differentiation-Associated gene-5 (MDA5), a cyto-
solic dsRNA helicase; and (3) the dsRNA-activated protein kinase (PKR) (Takeuchi 
and Akira  2008 ). To assess all these proteins simultaneously and to perform an 
unbiased analysis of alternative dsRNA sensors and effectors, we defi ned transcrip-
tional profi les of BO-110-treated cells. Specifi cally, we compared changes in the 
transcriptome induced by BO-110 (which kills) but not by naked dsRNA (which 
does not affect viability). Melanocytes were also tested in parallel as controls for 
cells in which BO-110 lacked anticancer activity. 

 Interestingly, neither naked dsRNA (classical pIC) nor BO-110 induced signifi -
cant changes in the expression profi le of normal melanocytes. In melanoma cells, 
both naked dsRNA and BO-110 activated a transcriptional program consistent with 
an antiviral state. However, while changes in mRNA expression induced by naked 
dsRNA were transient, BO-110 induced a sustained response. These studies led to 
the cytosolic helicase MDA-5 (Melanoma Differentiation Associated gene-5) as the 
dsRNA sensor activated by BO-110. The functional role of MDA5 was indepen-
dently assessed by generating xenografts with MDA-5 defi cient cells and observing 
a reduced effi cacy of BO-110. Of note, MDA-5 dependent induction of NOXA was 
confi rmed in melanoma cells by an independent study (Besch et al.  2009 ). 
Nevertheless, although MDA5 is critical for the cytotoxic activity of BO-110, it is 
not absolutely essential, indicating that other dsRNA helicases may also be present 
in tumor cells for recognition of BO-110.  

16.5.3     Dual Activation of Autophagy and Apoptosis by BO-110 

 cDNA arrays and protein expression studies identifi ed a parallel wave of events 
induced by BO-110 involving the activation of a caspase-dependent apoptotic pro-
gram (Fig.  16.3 ). Searching for caspase activators, we found that BO-110 promoted 
a marked upregulation of the proapoptotic protein NOXA. shRNA studies placed 
NOXA downstream of MDA5 and demonstrated BO-110’s unique feature to 
 activate both the endo-lysosomal pathways and the apoptotic machinery (Fig.  16.3 ). 
Our data suggest that the level of stress imposed by BO-110 on endocytic and apop-
totic programs is of such magnitude that intrinsic protective mechanisms of autoph-
agy are overridden, allowing for an effective tumor inhibition.   
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16.6     Effi cacy and Tumor Cell Selectivity of BO-110 In Vivo 

 To validate the signifi cance of the newly described mechanism of action of BO-110, 
three tumor models were investigated (Tormo et al.  2009b ):

    1.     Immunodefi cient mice  in which human melanoma cell lines (showing resistance 
to other therapies) were implanted to pulmonary metastasis   

   2.     Immunocompetent mice  implanted with cell lines (B16) isolated from spontane-
ous melanoma originated in syngeneic animals   

   3.    Immunocompetent genetically modifi ed mice, in which melanoma formation is 
induced by oncogenic NRAS in IN4a/ARF −/−  melanocytes (a  genetic background 
reproducing human melanoma )    

  In all three models, BO-110 lead to a signifi cantly stronger and sustained anti- 
melanoma activity than naked dsRNA (pIC), as determined by the inhibition in the 
number, onset, and growth of melanoma tumors, as well as by PET/CT-based analy-
sis of metabolic activity. Importantly, BO-110 was found to extend progression-free 
survival at dosing schedules where no secondary toxicities are observed. Given the 
traditional resistance of melanomas to classical therapies, these results are signifi -
cant as they offer new avenues for drug development.  

16.7     Effi cacy of BO-110 in Non-melanoma Tumors 

 To determine whether the therapeutic activity of BO-110 could benefi t other tumor 
types, viability assays were performed on a battery of cell lines isolated from a 
variety of cancers. These included lines from cancer of the colon, bladder, prostate, 
lung, and ovary. Triple negative melanoma cells, as well as stem cells from glioma, 
were also tested for their response to BO-110. These studies confi rmed a broad 
spectrum of action of BO-110, extending beyond melanoma (not shown).  

16.8     Development of BO-110 as Antitumoral Drug 

16.8.1     BO-110 Chemistry, Manufacturing, and Control 

 pIC has been reported to stimulate innate and adaptative immune responses 
against tumor cells and as well as to trigger apoptosis in some tumor types (Cheng 
and Xu  2010 ). However, naked pIC was found unsuccessful in clinical trials 
because of degradation by nucleases. Recent approaches to overcome the failure 
of naked pIC in the clinics are Ampligen (polyI:polyC12U) (Armstrong et al. 
 1992 ; Jasani et al.  2009 ; Navabi et al.  2009 ) and Oncovir’s product Hiltonol 
(poly- ICLC) (Hartman et al.  2013 ; Levine et al.  1979 ; Ming Lim et al.  2013 ; 
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Rapoport et al.  2014 ; Sabado et al.  2013 ; Salazar et al.  2014 ). These drugs have 
mostly been described as adjuvants with immunostimulatory properties by modi-
fying PolyI:C to increase its stability and effi cacy in vivo. 

 BO-110 is as a pharmaceutical product formed by pIC as the active pharmaco-
logical ingredient (API), developed by Bioncotech under a proprietary manufacture 
process. In particular, proprietary chromatographic and electrophoretical analyses 
were optimized to guarantee size and high quality of the pIC derivative, according 
to regulatory agency guidelines. Regarding the carrier, BO-110 was formulated 
with a linear polyethylenimine (PEI). This particular coupling of pIC-PEI (1) over-
came the nuclease degradation characteristic of naked dsRNA without affecting its 
inherent anti- tumoral properties and (2) favored the activation of dsRNA sensors in 
the cytosol, which as indicated above are otherwise maintained in a silent state. 
Other formulations in Ampligen (Armstrong et al.  1992 ; Jasani et al.  2009 ), Hiltonol 
(Nakamura et al.  1982 ; Salazar et al.  2014 ) or Poly- L -lysine polyplexes (Basarkar 
and Singh  2007 ), appear to require higher doses of pIC for effi cacy in vivo, support-
ing a more effi cient role of PEI as a packaging agent. 

 PEI is an organic macromolecule with high density of amine groups ideal to con-
dense nucleic acids into particles of nanometer range (Dunlap et al.  1997 ). It has 
been reported that PEI promoted the intracellular delivery of nanoparticles and cell 
targeting ligands functioning as a viral delivery tool (Wagner  2004 ). PEI has been 
synthesized with a linear or a branched topology, available in a wide range of molec-
ular weights (Kichler et al.  2001 ). The branched PEI was fi rst described by Boussif 
and collaborators (Boussif et al.  1995 ) as an effective transfection reagent. 
Nevertheless, other authors (Wightman et al.  2001 ) found that linear low molecular 
weight (LMW)-PEI was more effective than branched high molecular weight 
(HMW)-PEI and with lower cytotoxicity (Kunath et al.  2003 ; Ledley  1996 ). 
Transfection effi ciency of PEI has been found to be dependent on a multitude of fac-
tors such as molecular weight, degree of branching, nitrogen to phosphate (N/P) 
ratio, and complex size, among others (Thomas et al.  2005 ). In the case of BO-110, 
linear PEI became the best option to deliver synthetic dsRNA to the cytosol. 
PEI:dsRNA ratios were optimized to achieve a potent and sustained death response 
in tumor cells, by promoting autophagy initiation and apoptosis activation selectively 
in the malignant compartment. 

 Core stability data package for drug substance was established according to 
regulatory guidelines. Characterization tests included description of amorphous 
or crystal structures, potency, water content, impurity profi le, microbiological 
content, and solubility of the lyophilized active ingredient. Comparisons between 
pIC batches showed reproducibility of the manufacturing process and the proper-
ties consistency between batches. Specifi cally, particle size distribution, osmolar-
ity, and pH are highly controlled to produce a consistently optimal BO-110 
manufacture for intravenous administration by bolus injections. Ultimately, 
BO-110 is provided by the manufacturer in vials containing 12 ml of product 
aimed to be stored at 4 °C.  
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16.8.2     Preclinical Evaluation of BO-110 

 BO-110 is intended to be tested initially in patients with solid cancers of poor 
 prognosis, which are refractory to approved or available therapies. The BO-110 
targets included melanoma, pancreatic cancer, bladder cancer, and triple negative 
cancers based on preclinical data. Guidelines will follow standard Nonclinical 
Evaluation for Anticancer Pharmaceuticals. 

    Minimum effective dose (MED) and maximum tolerated dose (MTD) defi ned in 
mouse xenografts were used to guide in toxicity studies in rats and dogs (granted by 
the expression and induction of MDA-5 and NOXA in tumor cells generated in these 
species). In particular, biochemical analyses demonstrated lack of apparent hemato-
logical toxicity in rodent species at doses of up to 25xMED. Exploratory pharmacoki-
netic analyses (PK) using phosphorus-32 ( 32 P) labelled-BO-110 indicated accumulation 
in the kidney and liver but with no apparent side effects (not shown). In addition, no 
adverse effects of BO-110 have been found in cardiac function through in vitro analy-
ses for hERG (“human Ether-à-go-go-Related Gene”) that codes for the alpha subunit 
of a potassium ion channel, to evaluate the electrical activity of the heart. In addition, 
no functional changes were detected for diverse cytochromes. BO-110     toxicity effects 
were in line with those found previously for pIC (Homan et al.  1972 ), where signs of 
toxicity were dose dependent. Doses close to the MTD promoted hypoactivity and 
diarrhea; in addition, clinical changes included affectation in red blood cells and eleva-
tion of liver transaminases and interferon. All these tox signs appeared to be reversible 
in all the preclinical species after cessation of dosing. Additional toxicity evaluation is 
being completed and Phase I clinical trials are planned for late-2014.  

16.8.3     Clinical Development of BO-110 

 Melanoma accumulates many genetic and epigenetic defects that contribute to the 
limited effi cacy of current anticancer treatments. This has been largely evidenced by 
a variety of resistance mechanisms which ultimately limit life expectancy. Nevertheless, 
melanoma tumors retain the ability to sense and respond to mimetics of viral dsRNA, 
inducing autophagy and apoptosis in melanoma and a variety of other tumor cell 
types. Bioncotech Therapeutics is pursuing the clinical development of BO-110.   

16.9     Other dsRNA-Based Anticancer Agents 

 As mentioned above, other strategies have been developed to protect naked dsRNA 
(pIC) to take advantage of its pro-stimulatory effects in the immune system. 
Compounds in clinical trials are Hemispherx’s Ampligen (Strayer et al.  2012 ), 
Oncovir’s poly-ICLC (Butowski et al.  2009a ,  b ; Morse et al.  2011 ; Rapoport et al. 
 2014 ; Rosenfeld et al.  2010 ; Sabbatini et al.  2012 ), and BioLineRx’s BL-7030 
(Schaffert et al.  2011 ). 
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 Ampligen (polyI:polyC12U) is an experimental antiviral and immunomodulatory 
double stranded RNA drug. It has been primarily tested as a treatment for chronic 
fatigue syndrome (ME/CFS) and acquired immunodefi ciency syndrome (AIDS). 
The drug has undergone regulatory clinical trials up to registration. Clinical trials 
in 760 patients show that the drug is generally safe and effective (Strayer et al. 
 2012 ). According to Hemispherx, the Mode of action (MoA) of Ampligen is related 
to the interaction with Toll-like receptors such as TLR3. In this context, Ampligen 
is an immune- stimulator similar to naked pIC as it is not complexed with any 
stabilizer. 

 Oncovir’s product Hiltonol (poly-ICLC) is made of pIC stabilized with poly- 
lysine. The resulting compound is a stable dsRNA that is a potent interferon inducer 
(Krown  1986 ). Hiltonol has been proposed for wider indications such as the treatment 
of viral infections and the treatment of glioblastoma and other brain tumors (Butowski 
et al.  2009a ,  b ; Morse et al.  2011 ; Rosenfeld et al.  2010 ; Sabbatini et al.  2012 ). 

 BioLineRx’s BL-7030 is a polyIC complexed with PEI and Endothelial Growth 
Factor (pIC-pEI-EGF). The drug was intended for the treatment of EGFR- 
overexpressing cancers. BL-7030 eradicated human breast tumors and glioblastoma 
in preclinical models.  

16.10     Conclusions 

 In summary, dsRNA-based therapies, here exemplifi ed by BO-110, represent an 
alternative strategy to control aggressive cancers of poor prognosis by activating 
distinct mechanisms of cell death by apoptosis and autophagy, together with a 
potent induction of innate immunity programs. Clinical trials underway will dem-
onstrate the effi cacy of dsRNA nanocomplexes in long-term treatments, hopefully 
providing a signifi cant improvement of the overall survival of affected patients.     
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