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  Introduction  to Volume III   

 As a continuation of the previous two volumes, this third volume concentrates on 
commercial aspects. Unfortunately, obtaining data from the industry has proven to 
be almost impossible. Thus, we tried collecting manuscripts with emphasis on some 
preclinical and clinical applications. 

 Our introductory chapter (Prokop-Weissig) introduces problems associated with 
the translation of research from the bench to the clinic and subsequently market. 
This chapter was written by us to serve as an introduction to the entire volume. We 
failed to get some topics covered, e.g., on patenting as well as on the situation of 
funding in the USA. 

 The editors would like to acknowledge the effort of some individuals to peer- 
review manuscripts submitted by other authors as well as by outside reviewers. 
These are Fyllos Stylianopoulos, Ales Prokop, Shanta Dhar, Mansoor Amiji, Gerard 
D’Souza, Biana Godin, Vladimir Torchillin, Hideoyoshi Harashima, Pablo 
Scodeller, Volkmar Weissig, Nicolas Anton, Lars Kuepfer, Karel Petrak, Sjoerd 
Hak and  

     Ales     Prokop     
    Volkmar     Weissig     



   Part I 
   Introductory Chapters        



3© Springer International Publishing Switzerland 2016 
A. Prokop, V. Weissig (eds.), Intracellular Delivery III, Fundamental 
Biomedical Technologies 8, DOI 10.1007/978-3-319-43525-1_1

    Chapter 1   
 Overview of Present Problems Facing 
Commercialization of Nanomedicines                     

     Aleš     Prokop      and     Volkmar     Weissig   

    Abstract     A critical review is attempted to assess the status of nanomedicine entry 
onto the market.   The emergence of new potential therapeutic entities such as DNA 
and RNA fragments requires that these new “drugs” will need to be delivered in a 
cell-and organelle-specifi c manner. Although efforts have been made over the last 
50 years or so to develop such delivery technology, no effective and above all clini-
cally approved protocol for cell-specifi c drug delivery in humans exists as yet. 
Various particles, macromolecules, liposomes and most recently “nanomaterials” 
have been said to “show promise” but none of these promises have so far been 
“reduced” to human clinical practice. 

 The focus of this volume is on cancer indication since the majority of published 
research relates to this application; within that, we focus on solid tumors (solid 
malignancies). Our aim is to critically evaluate whether nanomaterials, both non-
targeted and targeted to specifi c cells, could be of therapeutic benefi t in clinical 
practice. The emphasis of this volume will be on pharmacokinetics (PK) and phar-
macodynamics (PD) in animal and human studies. 

 Apart from the case of exquisitely specifi c antibody-based drugs, the develop-
ment of target-specifi c drug–carrier delivery systems has not yet been broadly suc-
cessful at the clinical level. It can be argued that drugs generated using the 
conventional means of drug development (i.e., relying on facile biodistribution and 
activity after (preferably) oral administration) are not suitable for a target-specifi c 
delivery and would not benefi t from such delivery even when a seemingly perfect 
delivery system is available. Therefore, successful development of site-selective 
drug delivery systems will need to include not only the development of suitable car-
riers, but also the development of drug entities that meet the required PK/PD 
profi le. 

        A.   Prokop      (*) •    V.   Weissig    
  Chemical and Biomolecular Engineering ,  Vanderbilt University ,   Nashville ,  TN ,  USA    

  Pharmaceutical Sciences ,  Midwestern University ,   Glendale ,  AZ ,  USA   
 e-mail: ales.prokop@vanderbilt.edu  
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 In general, human clinical studies are approved only after the expected benefi ts 
of targeting have been shown in pre-clinical,  in vivo  animal studies fi rst. Therefore, 
quantitative data on biodistribution of targeted and non-targeted nanoparticles 
should be generated as the fi rst step. This should be followed by determining 
whether an increased presence of nanoparticles in tumors also results in increased 
concentration of the  free drug  within the tumor space. Any “promise” for reproduc-
ing similar data in human clinical studies should be supported by relevant scaling 
from the animal model used to humans. 

 For too long now, the same or similar approaches have been used by researchers 
without success. We believe that new fundamentally different approaches are 
needed to make cell- specifi c drug delivery clinical reality. In this volume we want 
to focus on (a) how nanoparticles could be redesigned from the material-science 
point of view (for example, redesigning nanoparticles for long-circulating proper-
ties, passive (EPR) and active targeting concept); and (b) on the design and proper-
ties of drugs that would benefi t from cell-specifi c targeting (examining why active 
targeting of drug carrier does not necessarily result in drug accumulation in tumor). 
Further, we will draw attention to (c) the manner pre-clinical animal data should be 
translated to humans using appropriate scaling, in particular with reference to the 
differences between mice and men in terms of differing vascular morphology and 
immunological background. 

 Successful development of cell-specifi c drug-delivery systems requires that reli-
able quantitative pharmacokinetic/pharmacodynamic (PK/PD) data are collected 
both in animal and human studies. This volume will include (d) information on 
improved body imaging technologies and on enabling quantitative tools available. 

 Finally, we address (e) the issue of diminishing academic funding of animal 
studies and of (f) the current dismal market and proprietary situation in the area of 
site-specifi c drug delivery.  

    Keywords     Nanomedicine   •   Market   •   Enhanced permeability effect   •   Targeted 
delivery   •   Extracellular matrix components   •   Imaging   •   Patenting  

  Acronyms 

   μCT    microcomputed tomography   
  ACA    anticancer agent (functionalized oligomer with attached target-

ing motif)   
  Ad-p53    Human Adenovirus Type5 (dE1/E3) expressing Tumor Protein 

P53 (P53) under a CMV promoter   
  ADMET    absorption, distribution, metabolism, and excretion – toxicity in 

pharmacokinetics   
  AuNC-CS-TPP    Chitosan-coated gold nanocluster – triphenylphosphonium   
  AuNP-TPP    Triphenylphosphonium gold nanoparticles   
  BITES    bispecifi c T-cell engagers   

A. Prokop and V. Weissig
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  CAFs    cancer associated fi broblasts   
  CAGR    compound annual growth rate   
  CBER    Center for Biologics Evaluation and Research   
  CD3ɛ    anti-human scFv monoclonal antibody   
  CT    computed tomography   
  CTC    circulating tumor cells   
  DCE-CT    dynamic contrast enhanced computed tomography   
  DDD    drug discovery and development   
  DOX    doxorubicin   
  ECM    extracellular cell matrix   
  EPR    enhanced permeability retention effect R –endoplasmic 

reticulum   
  FA    Folic acid   
  FMT 3D    fl uorescence molecular tomography   
  FRET    Fluorescence Resonance Energy Transfer   
  GFP    Green Fluorescence Protein   
  HA    hyaluronic acid   
  HPMA    N-(2-hydroxypropyl) methacrylamide   
  HTS    high throughput screening   
  HYAL    hyaluronidase   
  IFP    interstitial fl uid pressure   
  mRNA    messenger RNA   
  MALDI-IMS      Matrix-assisted laser desorption     imaging – ionization mass 

spectrometry   
  MHC I    Multihistocompatibility complex I   
  MHC II    Multihistocompatibility complex II   
  MRI    magnetic resonance imaging   
  MSP    mononuclear phagocyte system   
  NP    nanoparticle   
  NIRF    near infrared fl uorophore   
  OI    optical imaging   
  OMICS    a fi eld of study in biology ending in -omics, such as genom-

ics, proteomics or metabolomics   
  PD    pharmacodynamics   
  PE-PEG-TPP    phosphatidylethanolamine polyethylene glycol triphenyl 

phosphonium   
  PL-TPP    phospholipid triphenyl phosphonium   
  PEG    polyethylene glycol   
  PEI-TPP    polyethylene imine triphenyl phosphonium   
  PET    positron emission tomography   
  PLGA-PEG-TPP    poly(lactic-co-glycolic acid)- block – polyethylene glycol)

triphenylphosphonium   
  PIT    photo-immunotherapy   
  PK    pharmacokinetics   
  PMN    p  olymorphonuclear leukocyte       

1 Overview of Present Problems Facing Commercialization of Nanomedicines
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  RES    reticuloendothelial system   
  SB    systems biology   
  SiNP    silica based nanoparticle   
  TPGS1000-TPP    tocopherol polyethylene glycol 1000 succinate 

triphenylphosphonium   
  STPP    stearyl triphenyl phosphonium   
  SUPR    super enhanced permeability effect   
  QSAR    quantitative structure activity relationship   
  T (see Fig. 1) or Tox    toxicology   
  TAMs    tumor-associated macrophages   
  TPP    triphenylphosphonium   
  TSAS    tumor-specifi c antigen   
  VW    Volkmar Weissig   

1.1         Introduction 

 It should be stated upfront that the emphasis of this chapter (and Volume) will be on 
pharmacokinetics (PK) in animal and human studies if available. The focus is on 
cancer market since it is the most important; as the cancer interest, no doubt, is the 
fastest growing component of the US market. The majority of literature concerns 
with this application. We also stress the emphasis on solid tumors (solid malignan-
cies). The controversy of this fi eld is whether targeted (and non-targeted) nanopar-
ticles are of any benefi t in clinical practice and how to push towards the market. 

 The topic of this volume was in part inspired by a statement by Petrák ( 2005 ):

  Future efforts will need to be directed to solve, in practical terms, the following fundamen-
tal issues:

•    The drug–carrier system (including the drug to be delivered) must avoid nonspecifi c 
interactions in the vascular compartment (RES).  

•   The system should retain its ability to accumulate at the target site(s) (defi ned in terms 
of unique anatomical, physiological or disease conditions) and be in a form capable of 
acting on its pharmacological activity target.  

•   Drugs need to be selected, or rather designed, to have the pharmacokinetic properties 
compatible with the demands of target-selective drug delivery (especially drug retention 
at the site of delivery and its ability to access its site of molecular action).    

   According to a report published by BCC Research, the market value of the 
worldwide nanomedicine industry was $72.8 billion in 2011. The market is esti-
mated to grow at a CAGR of 12.5 % to reach $130.9 billion by the fi scal year 2016. 
The market for anti-cancer products was valued at $28 billion in the fi scal year 2011 
and is anticipated to reach $46.7 billion by the fi scal year 2016. As indicated by 
Petrák (personal communication) we should note that 10 % rate of infl ation would 
take the market value from $28 to $46 billion in 5 years (i.e., between 2011 and 
2016), hence such numbers effectively mean no growth. We don’t’ know what the 
market value is today (i.e., in 2016). 

A. Prokop and V. Weissig
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 Tremendous efforts are underway worldwide, at the bench and in preclinical 
research, in order to make the big promise of the nano-revolution a reality. However, 
there is a low number of trials, which refl ects neither the massive investments made 
in the fi eld of nanomedicine nor the general hype associated with the term “nano”. 
This is supported by fi nding of Weissig in two papers (Weissig et al.  2014 ; Weissig 
and Guzman-Villanueva  2015 ). We believe (BCC Report above) the true promise of 
nanoscience for drug development still has to materialize. 

 Soluble cancer drugs present a different kind of problem. When a soluble cancer 
drug is injected into the patient, it quickly distributes into all the body tissues so that 
only a small fraction of the drug actually reaches the tumor. Most of the drug enters 
normal tissues where it kills normal dividing cells, causing the serious side-effects 
associated with chemotherapy. Another disadvantage to soluble drugs is their rapid 
elimination from the body through the kidneys. Nanotechnology may offer a 
solution. 

 Unfortunately, nanotechnology promises anything but  miniscule effects , but most 
of these visions are hypothetical at this point. Most of the present nanotechnologies 
may come into fruition in 10–20 years. Accordingly, most pitfalls of molecular 
manufacturing have not yet been explored, because the benefi ts remain the domi-
nant focus of researchers. We intend to discuss new approaches that would help to 
realize “dream” of nanomedicine to help the mankind. It is the insuffi cient innova-
tion which results in a high failure rate in clinic. 

 We then question the conventional wisdom of defi nition of nanomedine. We 
partly redefi ne nanoparticulate (NP) delivery vehicles, i.e. as to include term “intra-
cellular uptake”, although for some applications (i.e. imaging, there is no need to 
uptake, just to stay fi rmly at the site). This is in contrast to previously defi ned nano-
medicine or nanopharmaceutical: According to Rivera et al. ( 2010 ) nanopharma-
ceuticals are defi ned as “pharmaceuticals engineered on the nanoscale, i.e., 
pharmaceuticals in which the nanomaterial plays a pivotal therapeutic role or adds 
additional functionality to the previous compound”. And, according to the “ Medical 
Standing Committee of the ESF, nanomedicines result from “the science and tech-
nology of diagnosing, treating, and preventing disease and traumatic injury, of 
relieving pain, and of preserving and improving human health, using molecular tools 
and molecular knowledge of the human body” (ESF–European Science Foundation 
 2004 ). The stress on the internalization is important regardless of specifi c route out 
of many possible mechanisms. The rapidly proliferating cross-disciplinary area of 
endocytosis of nanomedicines is at the interface of biology and material science and 
may bring the next wave of signifi cant technological breakthrough. 

 As we will see from the assessment discussed below, we have also serious doubts 
about both targeted and non-targeted carriers, especially in terms of benefi ts they 
provide. To resolve all above problems,  we suggest below the following coverage in 
this volume . (Interestingly, recently, some other authors considered similar or some 
additional impediments to drug delivery – in form of nanomedicine. For example, 
Blanco et al. ( 2015 ) highlighted innovative designs, such as the use of nontradi-
tional nanoparticle geometries for improved vascular dynamics, endosomal escape, 
and multidrug resistance to overcome clinical translations problems. Likewise, 

1 Overview of Present Problems Facing Commercialization of Nanomedicines
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Stylianopoulos and Jain ( 2015 ) and separately Bertrand et al. ( 2014 ) reviewed our 
understanding of therapeutic cancer treatments via nanomedicinal approaches, the 
latter with help of condensed mathematical formulations, discussing most of the 
impediments as above with a hope that some of the presently developed nanomedi-
cines might become future’s blockblusters).  

1.2     Extracellular Matrix Manipulation 

 We would encourage to develop suffi cient cell biology understanding of basic prin-
ciples of cellular uptake and internalization (Hillaireau and Couvreur  2009 ) and 
relate them to material science as a basis for nanoparticle (NP) redesign. There is 
plethora of possible new designs, based on extracellular matrix molecules. Examples 
are those based on collagen, hyaluronan, and other ECM components. 

 One recent example features a balance in size: there is a possibility to choose a 
nanoparticle that is small enough to escape the leaky blood vessels that surround 
tumors but large enough to avoid rapid clearance from the blood stream via the 
kidneys. Balancing these two requirements usually results in using nanoparticles 
that are indeed small enough to accumulate in the vicinity of tumors, but that are 
really too large to penetrate deeply enough into tumors to have the maximum thera-
peutic effect. Jain et al. ( 2015 ) developed multilayered, or multistage, nanoparticles 
that partially dissolve once they accumulate around tumors, leaving behind a pay-
load of nanoparticles a mere one-tenth the size of the original delivery vehicle. The 
remaining 10-nm-diameter nanoparticles, loaded with anticancer drugs, can then 
diffuse deeply into a tumor’s dense interior. The key to the new nanoparticles is a 
gelatin material that can serve as a substrate for enzymes that are produced at high 
levels by tumors. Cancer cells use these enzymes to dissolve the extracellular matrix 
that surrounds organs, enabling these malignant cells to escape into the bloodstream 
and colonize sites distant from the primary tumor. The researchers took advantage 
of this enzyme by embedding tiny nanoparticles within the gelatin core of the larger 
nanoparticles that they designed to be injected into the blood stream. 

 For this set of experiments, the investigators loaded 100-nm the gelatin nanopar-
ticles with 10-nm quantum dots. While quantum dots are not likely to be used to 
deliver drugs to tumors, these nanobeacons produce bright optical signals that can 
be easily monitored as they are released from the larger nanoparticles. Initial experi-
ments using tumors growing in culture showed that the gelatin-degrading enzymes 
indeed released quantum dots which were able to diffuse farther and more effi -
ciently than the 100 nm particles into the tumors. Subsequent experiments in tumor- 
bearing mice confi rmed these  in vitro  fi ndings, and as a result, the investigators are 
now planning to repeat these experiments using drug loaded 10-nm particles in 
place of the quantum dots they used in this study. 
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 Another approach to facilitate the access of nanoparticles deep into tumors is to 
disrupt a tumor’s ability to form the dense extracellular matrix, made of the protein 
collagen, which keeps nanoparticles in the outer regions of a tumor. Jain et al. used 
the widely used high-blood pressure medication Losartan to inhibit collagen synthe-
sis. Human clinical studies have shown that Losartan reduces the incidence of car-
diac and renal fi brosis by reducing the synthesis of one particular form of collagen 
(type I). They reasoned that this same inhibitory effect might lead to easier passage 
of nanoparticles into the deep recesses of a tumor. Consequently, they observed this 
effect at doses of the drug that were small enough to leave blood pressure unaf-
fected. Their tests showed that Doxil, the fi rst approved nanoparticulate anticancer 
agent, was more effective at treating dense, fi brotic tumors, such as pancreatic 
tumors, growing in mice. They also noted in that because long-term Losartan ther-
apy has proven safe in humans, and because many anticancer agents raise blood 
pressure, administering Losartan with nanoparticles has the strong possibility of 
benefi tting cancer patients. 

 In addition, many solid tumors develop extensive fi broses, a result of what is 
termed the desmoplastic reaction. Desmoplasia leads to a signifi cant increase in the 
production of extracellular matrix (ECM) proteins, as well as extensive prolifera-
tion of myofi broblast-like cells. The result is the formation of a dense and fi brous 
connective tissue that is composed of multiple ECM components, including colla-
gen types I, III, and IV; fi bronectin; laminin; hyaluronan (HA); and the glycoprotein 
osteonectin [also known as secreted protein, acidic and rich in cysteine (SPARC)]. 
This fi broinfl ammatory component of the tumor (sometimes called stroma) contrib-
utes to an increase in tumor interstitial fl uid pressure, blocking perfusion of antican-
cer therapies to the tumor. Targeting the components of the stromal compartment, in 
conjunction with cytotoxic agents directed against tumor cells, is gaining attraction 
as a potential approach to treating patients and overcoming chemoresistance. 
Hyaluronidase (HYAL), may have the potential to increase penetration of drugs 
through the stromal compartment and ultimately into tumor cells. With the clinical 
availability of recombinant HYAL, prospects for targeting HA in the treatment of 
cancer are improved. Scodeller et al. ( 2013 ) have developed new nanoparticle, 
employing HYAL immobilized on 250 nm silica nanoparticles (SiNP) maintaining 
specifi c activity of the enzyme. They noted that tumor volume reduction with SiNP- 
immobilized HYAL was signifi cantly enhanced compared to non-immobilized 
HYAL control. In support of the above, prior the Scodeller paper, Whatcott et al. 
( 2011 ) reported on employment of HYAL itself to facilitate anticancer drug delivery 
(not in a nano-form). Increased levels of one ECM component—namely, hyaluro-
nan—leads to reduced elasticity of tumor tissue and increased interstitial fl uid pres-
sure. Multiple initial reports showed that the addition of hyaluronidase (HYAL) to 
chemotherapeutic regimens could greatly improve effi cacy. Unfortunately, the 
bovine HYAL used in those studies is limited therapeutically by immunologic 
responses to treatment. Newly developed recombinant human HYAL has recently 
been introduced into clinical trials.  
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1.3     Extending the Blood Nanoparticle Circulation 

 We next encourage to modify NPs for long circulating properties in order to mini-
mize the MPS uptake (liver, spleen, bone marrow); there are ways of shielding NPs 
with pre-treatments and surface modifi cations (stealth particles and liposomes, 
employing a variety of PEG length and MW, affecting the receptor availability), and 
charge reversal (negative NP). Pretreatments include e.g. Intralipid, a nutritional 
supplement approved by FDA. For example, Liu et al. ( 2013 ) employed Intralipid 
for shielding of MSP (more on update in this Volume). Even better results were 
obtained by Rodriguez et al. ( 2013 ) who developed an immune-shielding technol-
ogy (“self-peptide” shielding or “active stealth strategy”). Foreign particles and 
cells are cleared from the body by phagocytes that must also recognize and avoid 
clearance of “self” cells. The membrane protein CD47 is reportedly a “marker of 
self” in mice that impedes phagocytosis of self by signaling through the phagocyte 
receptor CD172a. Minimal “Self” peptides were computationally designed from 
human CD47 and then synthesized and attached to 160 nm nanobeads – virus-size 
particles – for intravenous injection into NSG (non-obese diabetic – NOD – severe 
combined immunodeffi cient IL2rγ null ) mice that express a CD172a variant compat-
ible with hCD47. Self peptides delay macrophage-mediated clearance of nanopar-
ticles, which promotes persistent circulation that delay clearance by the liver and 
spleen and enhances drug delivery to tumors. Recent report states that some of the 
above ideas are currently being put to the test in the clinic with initial results from 
anti-cancer clinical trials hopefully to be reported (Sosale et al.  2015 ). 

 Another strategy to prolong the circulation is to attach a biomimetic coating 
derived from membranes isolated from leukocytes (Parodi et al  2013 ) or from red 
blood cells (Hu et al.  2011 ). Likewise, clinical outcomes are not known.  

1.4     Passive and Active Targeting 

 We will discuss drawbacks of passive (EPR) and active targeting now. Often dis-
cussed issue is how nanomedicines access the disease site? Here do we recognize 
passive or active targeting? 

 Passive targeting of tumors by nanoparticles takes advantage of their endothelial 
cell lining. The rapid vascularization of solid tumors results in leaky, defective 
endothelial cells and impaired lymphatic drainage. Nanoparticles ranging from 10 
to 100 nm in size then begin to accumulate within tumors because of their ineffec-
tive lymphatic drainage. This results in a phenomenon known as the enhanced per-
meability and retention effect (EPR). Although accumulation in solid tumors is 
observed, the cellular uptake by neoplastic cells and the subsequent intracellular 
drug release have been questioned. The EPR effect is purely size- and geometry- 
dependent mode of action, however. On the other hand, ligand-targeted NPs (active 
targeting) may prove benefi cial in increasing drug exposure due to increased target 
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cell uptake and target tissue retention compared to ligand-lacking NP. Ligand- 
targeted approaches are crucial for molecules that need to localize intracellularly for 
therapeutic activity but are not capable of crossing cellular membranes, such as 
nucleic acids. 

 Targeting antibodies or ligands are often selected because of their high specifi c-
ity and high affi nities towards overexpressed antigens on target cells and their abil-
ity to trigger receptor-mediated endocytosis after binding. However, the targeting 
ligands or antibodies do not infl uence the biodistribution of the nanoparticle: biodis-
tribution still depends on passive targeting to tissues with a leaky vasculature, and 
targeting ligands only triggers internalization after extravasation into the tumor. The 
bio-distribution of targeted and non-targeted NPs is often similar. The targeted 
nanoparticles will show benefi ts compared to their non-targeted counterparts if they 
can freely and directly access their targets (PEG chains often impair the ligand-cell 
interaction). Crommelin and Florence ( 2013 ) marked the drug targeting concept as 
intrinsically biased which has perhaps contributed to the hype surrounding drug 
targeting. The ideal scenario is if the drug delivery system can reach only one target 
organ while sparing all other organs. This is rarely the case as most delivery systems 
reach other organs often at even higher concentrations than the tissue/organ of inter-
est thus undermining the aim of drug targeting. There are many issues that need to 
be addressed in drug targeting such as the undesirable side effects that may result 
due to uptake by off-target organs e.g., liver (in case of transferrin-based targeted 
systems) and kidney (in case of folate-based targeted systems). Thus a critical 
assessment is needed. They also defi ned the following: the fi rst-line targeting that 
can be achieved at the organ level; second-line targeting can be achieved at the cell 
level, and the third-order targeting at the organelle level. Toxicity is also an impor-
tant criterion: toxicity, or rather the lack of is very important; one cannot even do 
human clinical studies if preclinical toxicity is not acceptable (i.e., a high benefi t/
risk ratio). The critical factors of NP systems for success in clinical application with 
regard to complement activation and hypersensitivity reactions in particular against 
polyethylene glycol – PEG (Lehner et al.  2015 ) are to be assessed. 

 Very recently, Kobayashi et al. ( 2014 ) have developed a “super-enhanced perme-
ability and retention effect” ( SUPR) concept induced by photo-immunother-
apy (PIT). Photo-immunotherapy (PIT) is a newly developed therapy involving the 
injection of a conjugate composed of an armed monoclonal antibody and a near 
infrared phthalocyanine dye. Because it damages cells immediately adjacent to the 
tumor vasculature, PIT results in marked increases in vascular permeability leading 
to 12- to 25-fold enhanced nanoparticle delivery into cancer tissue in animals. 
Again, this effect should be confi rmed in humans. 

 Very small nanodelivery objects, micellar formulations, feature exceptions in 
tumor accumulation because of their small size. Micelle carriers selectively accu-
mulate in tumor tissue owing to the EPR effect and directly reach the cancer cells in 
order to attack them. Alternatively, the formulation spontaneously disintegrates 
while it is retained within the tumor tissue. Disintegrated ACA-bound unimers with 
the attached drug-payload or released ACA immediately reach and enter cancer 
cells to kill the cancer cells (Matsumura  2014 ; also Osada et al.  2009 ). ACA is an 
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optimized block copolymer that is typically functionalized with 6-aminocaproic 
acid, polyaspartate, polyglutamate, etc. and a drug payload. 

 Very recent, Etrych et al. ( 2014 ) reported on micellar DOX formulation (no size 
given, possibly very small), without targeting, showed selectivity toward solid 
tumors in mice: (i) drug accumulation in tumors driven by enhanced permeability 
and retention (EPR) effect, which results in almost 100 times higher concentration 
of drug in the solid tumor than in normal tissue, (ii) pH-dependent release of drug 
from polymer-drug conjugate, which releases free drug more effi ciently at a lower 
pH in tumors. This effect might be explained on the basis of hydrophobicity of the 
carrier (Maeda  2015 ). The size is thus also an issue. Eventually, a drug concentra-
tion at the site would be of help to know. Advanced cytotoxicity has been observed. 

 A considerable critique of classical EPR was recently brought up by Nichols and 
Bae ( 2014 ). They noted that clinical outcomes from nano-sized drug delivery 
 systems, however, have indicated that EPR is not as reliable as previously thought. 
Drug carriers generally fail to provide superior effi cacy to free drug systems when 
tested in clinical trials. A closer look reveals that EPR-dependent drug delivery is 
complicated by high tumor interstitial fl uid pressure (IFP), irregular vascular distri-
bution, poor blood fl ow inside tumors and perhaps absence of lymphatics in experi-
mental models. Furthermore, the animal tumor models used to study EPR differ 
from clinical tumors in several key aspects that seem to make EPR more pronounced 
than in human patients. Khawar et al. ( 2015 ) also reviewed the evidence that sup-
ports a statement that considerable barriers of tumors via various mechanisms exist, 
which results in imperfect or ineffi cient EPR and/or targeting effect. Barua and 
Mitragotri ( 2014 ) review focuses on the current understanding of penetration of 
NPs through biological barriers. Emphasis is placed on transport barriers. 

 As a way towards a progress in this area, Wong et al. ( 2015 ) presented a mathe-
matical model that provides a quantitative framework to guide preclinical trials of 
new chemotherapeutic delivery vehicles and ultimately to develop design rules that 
can increase targeting effi ciency and decrease unwanted side effects in normal 
tissue. Likewise, Stapleton devised a linear mixed effect model and verifi ed it on 
animals  in vivo . The intra-tumoral relationship between the tumor microcirculation, 
elevated IFP, and accumulation of liposomes was investigated through experiments. 
This was accomplished by evaluation of the tumor microcirculation using dynamic 
contrast enhanced computed tomography (DCE-CT) and measurement of tumor 
IFP using a novel image-guided robotic needle placement system connected to the 
micro-CT scanner. Results have important implications for guiding drug delivery 
using image-based approaches. Elucidating the factors mediating heterogeneous 
intra-tumoral delivery of nanoparticles can substantially enhance their use in diag-
nostic and therapeutic applications. As the tumor imaging by means of CT repre-
sents a robust and noinvasive way of imaging, it could be potentially used in a 
clinical setting. 

 Very recently, a major development was reported in terms of predicting EPR 
variability to improve the clinical applications of nanomedicines. Miller et al. 
( 2015 ) reported that a 30-nm magnetic NP (MNP) in clinical use could predict co- 
localization of TNPs (therapeutic nanoparticles) by magnetic resonance imaging 
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(MRI). A central question in nanomedicine is whether imaging could be used to 
identify patients with higher predisposition to TNP accumulation and, in turn, effi -
cacy of understanding how to best exploit EPR effects for clinical applications, how 
to design better TNPs, and how to alter key physiologic parameters to maximize 
distributions to and within tumors. Heterogeneous tumor vascularization is a recog-
nized clinical feature that can be detected using various angiography modalities. To 
progress further clinically, more human-representative disease models, as patient- 
derived xenografts, genetically engineered autochthonous mouse models, and larger 
animals, should be used to study EPR effects in metastatic lesions, as suggested by 
the authors.  

1.5     Differences Between Man and Mice 

 The predictive value of animal models for a given clinical condition is getting 
increasingly attention. Models in both large and small animal species have value for 
pharmacology and toxicology, including the fi rst evaluation of adverse side effects 
and pharmacological effi cacy of innovative disease intervention strategies, as well 
as the selection in a given therapeutic discovery program. Also, such models are 
helpful in elucidating pathways in physiological or pathological processes. But, 
progress in the fi eld has made it increasingly clear that animal models have their 
limitations regarding translational value (van der Meer et al. 2015). 

 Still not resolved is a fundamental question why cancer trials in men often fail 
while performing well in mice. The problem is what is the differences between mice 
(and other animals) and men when moving to upper scale at translational medicine. 
Perhaps, it is the vascular and immune systems which are different but no real clues 
are available. 

 It looks like that a way out is the identifi cation of molecular abnormalities that 
are not only critical for the life of cancer—but not normal cells—but are also the 
dominant or the only molecular abnormality within the tumor. Is it possible to iden-
tify a common denominator across all of these abnormalities that is not only critical 
for the survival of cancer cells but is also not present in normal cells? And to push 
the envelope even further, is it possible that this common denominator is also pres-
ent in cancer stem cells, so that if targeted, tumor relapse would be limited as well 
(Kinnaird  2015 ). 

 To make it even more complicated and add more doubts, clinical outcomes from 
nano-sized drug delivery systems, however, have indicated that EPR is not as reli-
able as previously thought (Nichols and Bae  2014 ). The number of publications 
citing EPR has increased exponentially; this fl ourish of creativity has largely failed 
to translate into new clinical therapies. Drug carriers generally fail to provide supe-
rior effi cacy to free drug systems when tested in clinical trials. A closer look reveals 
that EPR- dependent drug delivery is complicated by high tumor interstitial fl uid 
pressure (IFP), irregular vascular distribution, and poor blood fl ow inside tumors, 
typical for mice (see a subchapter above; Nichols and Bae  2014 ). 
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 Furthermore, the animal tumor models (often very fresh tumors) used to study 
EPR differ from clinical tumors in several key aspects that seem to make EPR more 
pronounced than in human patients. The architecture of tumors in humans is very 
different with irregular distribution of the vascular bed leaving unperfused areas, 
and the diffi culty of penetrating the irregular extracellular matrix (ECM) found in 
the tumors. Exceptions seem to be with liposomal systems, as the increase was sug-
gested to be due to the longer circulation time of the smaller liposomes (also 
micelles), mostly because the smaller particles were able to more easily avoid 
uptake by the mononuclear phagocyte system (MPS). Thus, tumor (human) angio-
genesis is prone to leave large regions devoid of active blood vessels within the 
tumor. These void spaces can present a formidable distance barrier to diffusion, 
with some particles requiring hours or even days to diffuse 200 μm. 

 Several key differences between human and murine tumors may account for the 
disparity between preclinical and clinical trial results of most drug carriers the mod-
els with which EPR was discovered and validated may not be suffi ciently represen-
tative of clinical tumors to justify our confi dence. The collagenase treatment to 
reduce IFP and improve intratumoral transport as well as normalizing tumor vascu-
lature to provide more reliable drug access proved to be of help (Jain  2013 ). 
Concluding, after 30 years, EPR-based cancer therapeutics have left us in only a 
marginally better position than we would have been without. Few new formulations 
have been made available for clinical use, and among those, negligible gains in the 
drug’s therapeutic index have proven the norm rather than the exception. 

 Besides, the signifi cance of a non-vascular microenvironment which consists of 
non-cancer cells such as cancer associated fi broblasts (CAFs) or tumor-associated 
macrophages (TAMs) has been recognized as a major factor for cancer promotion. 
These stromal components could be possible players to modulate pharmacokinetics 
not only for small molecules but also for nanodrugs, because the stromal cells are 
usually located between the blood vessels and the pharmacological targets such as 
cancer cells. However, the pathophysiological approach for non-vascular stromal 
cells in nanomedicine has been insuffi ciently discussed (Nishihara  2014 ). 

 Zschaler et al. ( 2014 ) discusses basic differences in the organization of immune 
responses and the differences among cells of the innate immune system, as well as 
the critical refl ection of disease models. He also assessed problems in translation of 
disease data from mouse to man. Furthermore, mouse models tend to form rela-
tively few spontaneous metastases or form metastases with divergent tissue specifi c-
ity. He concludes that these differences in organization of the immune system 
greatly disturb direct translation of data from murine disease models to human 
pathologies. Thus, it is not surprising that in many cases promising therapeutic prin-
ciples found in mice models do not work in humans.  
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1.6     Cell-Specifi c Targeting 

 The extracellular targets are typically employed for imaging of cells and tissues (in 
terms of nanomedicine of their vehicles). We should now review the development of 
cell-specifi c targeting systems relevant for tumors and circulating tumor cells 
(TCT). As stated by Petrák ( 2012 ), a systematic approach which should be adopted, 
starting whether the drug under the consideration could benefi t from site-selective 
targeting based on pharmacokinetic and pharmacodynamic behavior, and physio-
logical properties of the intended target site. In our view, target validation requires 
understanding target biology in the context of disease, and the chemistry of the 
drug’s ability to modulate the target. 

 Generally, it is believed that the introduction of targeting ligands does not 
enhance nanoparticle accumulation into tumors as compared to non-targeted ones, 
but shows higher effi cacy by enhancing internalization into tumor cells (Wang and 
Tanou  2010 ). Likewise, van der Meel et al. ( 2013 ) state that it is believed that 
ligand-lacking and ligand-targeted PNM have comparable pharmacokinetic param-
eters, biodistribution and tumor targeting profi les. They continue that PK and  bio-
distribution data  of ligand-lacking versus ligand-modifi ed PNM are scarce and 
more importantly:  impossible in the clinic setting . The number of ligand-targeted 
PNM tested for  in vivo  target cell internalization is too limited to provide conclusive 
evidence. How improved effi cacy is related to the presence of a targeting ligand 
cannot be resolved because the comparison of PK and distribution ligand-modifi ed 
versus ligand-lacking PNM is often not included. Such comparisons are scarce and 
 clinical trials are not designed to compare ligand-lacking and ligand-targeted 
PNM.  In the majority of the cases described, there is insuffi cient literature. The 
effi cacy and safety of ligand-targeted PNM has been shown in animals, but the evi-
dence for the added delivery value of target ligand-coupling to nanomedicines in 
humans remains to be established. 

 As stated by Dawidczyk et al. ( 2014 ), assessing the effi ciency of a targeting 
ligand in increasing tumor accumulation is complicated by the different control 
experiments used in these studies. The contribution of passive targeting is assessed 
by measuring tumor accumulation of the delivery system without attachment of the 
targeting ligand, with attachment of a non-specifi c ligand, pre-injection with a 
blocking molecule or treatment, or with a xenograft formed from a cell line that did 
not express the target molecule. 

 As far as circulating cancer cells, recent advances in the fi elds of nanotechnology 
and microfl uidics have led to the development of several devices for  in vivo  target-
ing of CTC during transit in the circulation (Immuno-magnetic separation,  In vivo  
photo-acoustic fl ow cytometry (Faltas  2012 ). 

 It can be concluded that in the case of many pathologies, ligand-targeted nano-
medicines are mostly subjected to the same physiological localization as ligand- 
lacking nanomedicines and therefore have comparable biodistribution and 
accumulation profi les. Of course, there are exceptions. 
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 One approach could be to look at the “most promising” (out of thousands of 
publications that over the years used this description to promote their research 
work), examine these critically to identify likely reasons for failures, and to provide 
“hindsight” comments and explanation, and possibly the way forward to correct 
what was wrong.  

1.7     Subcellular Organelle-Targeted Drug Delivery 

 Over the last decade, subcellular drug targeting, i.e. the specifi c delivery of biologi-
cally active molecules to and into cell organelles has emerged as the “new frontier” 
(Lim  2007 ; D’Souza and Weissig  2009 ) or “third level” (Sakhrani and Padh  2013 ) 
of drug targeting for, in hindsight, quite obvious reasons. First it is very well known 
that essentially all subcellular organelles can be either involved in the etiology and/
or subsequently pathogenesis of human diseases and second literally all drugs 
except those which act on cell membrane receptors exert their pharmacological 
action on molecular targets on the subcellular level, either in the cytosol or at or 
inside cell organelles. This also applies to the therapy of infectious diseases as long 
as the pathogen is harbored inside human cells. Table  1.1  gives a brief (but by no 
means comprehensive) overview over diseases associated with cell organelles.

   Looking back it appears there has been a widely held assumption that mediating 
cell cytosolic internalization might be suffi cient to ensure the interaction of the bio-
logically active molecule with its sub-cellular target based on simple diffusion of 
the drug molecule throughout the cytosol. One of us (VW) when trying to submit a 
paper about mitochondria-specifi c nanocarriers to a prestigious journal was even 
challenged by an anonymous reviewer with the question as to why to deliver a drug 

   Table 1.1    Major diseases associated with specifi c cell organelles   

 Cell organelle  Disease 

 Nucleus  All monogenic diseases 
 Cancer 

 Nuclear envelope  Diseases of skeletal and cardiac muscle, neurons and tendons 
 Progeria 
 Emery-Dreyfuss Muscular Dystrophy 

 Mitochondria  Large variety of Neuromuscular and neurodegenerative diseases 
 Cancer 

 Lysosomes  Lysosomal storage diseases 
 Endoplasmic reticulum 
(ER) 

 Large number of diseases caused by misfolded proteins and ER 
stress 

 Golgi Apparatus  Congenital disorders of glycosylation 
 Plasma Membrane  Cystic Fibrosis 

 Diabetes 
 Familial Hypercholesterolemia 
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to mitochondria in the fi rst place, there were so many mitochondria inside a cell that 
the drug would eventually get to interact with them anyway. However, increasing 
evidence has accumulated showing this general assumption to be faulty for two 
major reasons. First, the cytosol is a highly crowded environment. At least three 
factors slow down or even prevent the free diffusion of solutes within the cytosol, 
which are fi rst its fl uid-phase viscosity, second collisional interaction due to macro-
molecular crowding and third binding to subcellular components (Lukacs  2000 ; 
Seksek  1997 ). In this context, “binding” includes specifi c molecular interactions 
like substrate/inhibitor enzyme binding as well as the trapping of for example 
weakly basic molecules inside acidic cellular vesicles (Weissig  2005 ). Naturally, 
such an environment which is hostile towards any free diffusion also impedes the 
intracellular distribution of nanocarriers. 

 Second, it has been well established that the intracellular disposition of any low- 
molecular weight molecule is (in addition to the above indicated cytosolic barriers) 
dictated by their physico-chemical properties. Charge and amphiphilic index, con-
jugated bond number, log P and pKa value, molecular weight as well as the size of 
the largest conjugated fragment are all parameters determining the intracellular 
 distribution of low-molecular weight compounds (Horobin  2001 ). Using the above 
listed molecular parameters a QSAR model was developed which allowed estab-
lishing synthetic guidelines for the chemical modifi cation of molecules not display-
ing any intrinsic affi nity towards mitochondria in order to make them highly 
mitochondria-specifi c (Horobin  2007 ). 

 Though it is now possible to either modify existing drug molecules or to design 
entirely new molecules in order to ensure their mitochondrial disposition once they 
have entered the cytosol the big challenge remains with respect to their biological 
activity. How to make sure a drug which for example acts on mitochondria, but does 
not possess any intrinsic mitochondrial affi nity, remains its biological activity after 
it has been chemically modifi ed in order to render it mitochondriotropic? This chal-
lenge potentially applies to any drug which is supposed to act on any cell organelle. 
Just to clarify in this context the use of terms, a drug which has a molecular target 
at a certain organelle does not per se also targets that organelle, i.e. “moves” to this 
organelle. Having a target at an organelle and actively targeting that organelle are 
two different concepts. 

 For overcoming this challenge, i.e. rendering a drug molecule organelle-specifi c 
while preserving its potential pharmacological activity site-specifi c nanocarriers 
appear as the most promising alternative. Once a nanocarrier has been designed 
which possesses a high specifi ty for a particulate organelle, it potentially could be 
used to deliver any biologically active molecule to that organelle completely side-
stepping the need for altering the chemical structure of that molecule. 

 The use of nanocarriers for the delivery of biologically active molecules was 
arguably proposed for the very fi rst time in 1971. Based on their earlier work about 
the encapsulation of amyloglucosidase into artifi cial phospholipid vesicles, back 
then simply called liposomes since the term nanocarrier came into vogue only after 
the launch of the National nanotechnology Initiative in 2000, Gregory Gregoriadis 
and Brenda Ryman proposed these lipid vesicles as carriers of enzymes or drugs as 
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a new approach to the treatment of storage diseases (Gregoriadis and Ryman  1971 ). 
These authors succeeded in entrapping  Aspergillus niger  amyloglucosidase with an 
effi ciency of between 4 and 10 % together with  131 I-labelled albumin into liposomes 
composed of phosphatidylcholine, cholesterol and dicetyl phosphate. However, fol-
lowing i.v. injection into rats it was found that the large majority of all injected 
liposomes were eliminated from the circulation within 10 min. Most of the radioac-
tivity was recovered in liver and to some extent in the spleen. This rapid clearance 
of i.v. injected liposomes via organs of the RES system, as fi rstly described by 
Gregoriadis and Ryman in 1971, proved to become the major and almost insur-
mountable hurdle for getting liposome-based drugs into the clinic. It took almost 
20 years to overcome this barrier towards the clinical application of liposomes. In 
1990 it was demonstrated that grafting polyethylene glycol (PEG) chains onto the 
surface of liposomes signifi cantly prolonged the circulation time of liposomes 
(Klibanov et al.  1990 ). Such fl exible long PEG chains literally shield liposomes 
from interacting with opsonins thereby signifi cantly slowing down their clearance 
from circulation via the RES system (Blume and Cevc  1993 ). In addition, what is 
extremely important from the pharmaceutical manufacturer’s view of point, these 
PEG chains also minimize vesicle interactions thereby vesicle aggregation, which 
in turn dramatically improves the stability of such liposomal formulations (Needham 
et al  1992 ). Only 5 years later, in 1995, the FDA (USA) approved the fi rst injectable 
liposomal drug, Doxil, which are doxorubicin-loaded liposomes the surface of 
which is protected by a layer of PEG chains (Barenholz  2012 ). Though, it should be 
noted that Doxil does not possess any subcellular, organelle-targeting specifi city. 

 Back to Gregoriadis and Ryman in 1971, after subcellular fractionation of the 
liver following i.v. injection of radiolabeled and enzyme loaded liposomes into rats, 
these authors recovered most of the liposomes and their content in the mitochondrial- 
lysosomal fraction as well as the cytosol of both, liver parenchymal and Kupffer 
cells. In the author’s words, liposomes indeed revealed themselves as “a promising 
vehicle for the direction of enzymes and drugs to the liver and spleen” (Gregoriadis 
and Ryman  1971 ). Yet, fast forward, 45 years later, no liposome-based enzyme 
replacement therapy has been approved for clinical use. Though since passing the 
US orphan drug act in 1983 about ten enzyme replacement therapies have entered 
the clinic (Mechler et al.  2015 ) none of these therapies is utilizing any nanocarrier 
or liposome-based platform. In most cases, recombinant enzymes injected intrave-
nously are targeted to the lysosomes of affected cells by interactions with cell- 
surface receptors that recognize carbohydrate moieties such as mannose and 
mannose 6-phosphate on the enzymes (Grubb et al.  2010 ). A data base search for 
ongoing or completed clinical trials (Web Ref. a) yielded 523 hits using the search 
term “lysosomal storage disease” and 1642 hits using “liposomes”, but the combi-
nation of both search terms did not turn out any results. It remains to be seen whether 
the early promise of using liposomes for lysosomal enzyme replacement therapy 
will ever materialize. 

 Since lysosomal storage diseases are monogenic diseases a completely different 
alternative approach would be gene therapy, which leads us to the overarching and 
without a doubt main target inside a cell, the cell nucleus. Early attempts towards 
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manipulating the cellular genome were reported already in 1971, when transgene 
expression in human cells was demonstrated by Merril et al ( 1971 ) and when 
Munyon et al. ( 1971 ) restored the ability to synthesize thymidine kinase in thymi-
dine kinase-defi cient mouse cells by infection with ultraviolet-irradiated herpes 
simplex virus (Munyon et al.  1971 ). Right after the publication of those two papers 
in 1971, Friedman and Roblin ( 1972 ) expressed in 1972 their concern about the 
premature character of any attempts directed at gene therapy in human patients and 
proposed that a sustained effort be made to formulate a complete set of ethic and 
scientifi c criteria to guide the development and clinical application of gene therapy 
techniques. Following a 10-year moratorium asking for the halt of all gene therapy 
trials involving human patients, the fi rst transfer of genes into humans was approved 
by the NIH (USA) in January 1989. One year later Rosenberg et al. demonstrated 
the feasibility and safety of using retroviral gene transduction for human gene ther-
apy by successfully introducing the gene coding for resistance to neomycin into 
human Tumor Infi ltrating Lymphocytes before their infusion into patients 
(Rosenberg et al.  1990 ). The 1990s then saw an explosion of academic and com-
mercial efforts towards gene therapy. By the turn of the century, worldwide over 500 
clinical trials have been conducted and as of today a total of 2210 clinical trials are 
listed in the Gene Therapy Clinical Trials Worldwide Database (Web Ref. b). 
Numerous nanocarrier-based strategies involving a large variety of viral, non-viral 
and hybrid vectors for the delivery of nucleic acid into the cell nucleus have been 
developed. Currently, 115 clinical trials are based on cationic lipidic nanocarriers 
and about 1500 trials are utilizing a variety of viral vectors (Web Ref. b). The large 
number of clinical trials also refl ects a shift of paradigm in gene therapy. While only 
9.5 % of all clinical trials are aimed at curing monogenic diseases, 64 % explore a 
large diversity of anticancer therapies (Web Ref b.). 

 However, and quite surprisingly, despite the enormous amount of brain power 
and money spent over the last quarter of a century on getting gene therapy protocols 
into the clinic, the Center for Biologics Evaluation and Research (CBER) at the 
FDA (USA) has not yet approved any human gene therapy product for sale (Web 
Ref c.). World-wide, so far only three gene therapy-based therapies were approved 
by the corresponding authorities. On October 16, 2003, Shenzhen SiBiono GenTech 
(Shenzhen, China), obtained a drug license from the State Food and Drug 
Administration of China (SFDA; Beijing, China) for its recombinant Ad-p53 gene 
therapy for head and neck squamous cell carcinoma. Sold under the brand name 
Gendicine, the world’s fi rst commercial gene therapy uses an adenoviral vector 
(Pearson et al.  2004 ). Russia registered in 2011 Neovasculgen as a gene therapy 
drug for the treatment of peripheral artery disease (Nikulnikov  2015 ) and in 2012 
Glybera, a therapy for a rare inherited disorder was approved for clinical use in 
Europe (Yla-Herttuala  2012 ). 

 The reasons for this so far very modest success of translational research in gene 
therapy are manifold and far beyond the scope of this chapter. Nevertheless, it 
appears to us that one of the major concerns which were expressed by the Panel to 
Assess the NIH Investment in Research on Gene Therapy already back in 1995 still 
has not yet been properly addressed: “Signifi cant problems remain in all basic 
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aspects of gene therapy. Major diffi culties at the basic level include shortcomings in 
all current gene transfer vectors and an inadequate understanding of the biological 
interaction of these vectors with the host ”  (Web Ref d). The “inadequate under-
standing” of how a nucleic acid containing nanocarrier interacts with its host applies 
to all levels of drug delivery, from the systemic level down to the fate of the nano-
carrier inside a cell. A Science paper back in 2003 (Savic et al.  2003 ) claimed that 
“Micellar nanocontainers distribute to defi ned cytoplasmic organelles”, although 
the author’s triple-labeling confocal microscopy-based data clearly showed a rather 
random intracellular distribution of the studied block copolymer micelles. As can be 
clearly seen from the published confocal fl uorescence images (Savic et al.  2003 ), 
these nanocontainers were found to localize in the cytosol and to partly co-localize 
with lysosomes, the Golgi apparatus, the endoplasmic reticulum as well as with 
mitochondria. Considering that in these experiments no organelle-specifi c ligands 
have been used in order to render these nanocontainers organelle-specifi c this out-
come was to be expected. 

 A serendipitous observation in the laboratory made during the late 1990s opened 
the way towards the design and development of organelle-targeted pharmaceutical 
nanocarriers. Dequalinium chloride (DQA), a bola-amphiphilic cationic molecule 
with a delocalized charge center and known since 1987 to accumulate inside mito-
chondria (Weiss et al.  1987 ) was found to be able of self-assembling into liposome- 
like vesicles named DQAsomes (DeQAlinium-based lipoSOMES) at the time of 
their discovery in 1998 (Weissig et al.  1998a ,  b ), which was a few years before the 
term “nano” came into vogue. A combination of a quantitative structure-activity 
relationship (QSAR) model with a Fick-Nernst-Planck physico-chemical model 
was used to analyze mechanistic aspects of DQA’s affi nity for energized mitochon-
dria (Horobin et al.  2007 ). The same theoretical approach has been tried a few years 
later to predict the intracellular distribution of nanocontainers but only with limited 
success (Horobin et al.  2010 ). 

 DQA’s strong affi nity for mitochondria combined with its unique feature of 
being able to form cationic liposome-like vesicles prompted its exploration as the 
very fi rst mitochondria-specifi c transfection vector (summarized in (Weissig et al. 
 2011a ,  b ). The proof-of-concept was provided in 2011 when Lyrawati et al. 
(Lyrawati et al.  2011 ) demonstrated the capacity of DQAsomes to deliver an artifi -
cial mini-mitochondrial genome construct encoding Green Fluorescence Protein to 
the mitochondrial compartment of a mouse macrophage cell line which resulted 
(though with very low effi ciency) in the expression of GFP mRNA and protein. 

 DQAsomes have also been extensively tested as a pharmaceutical nanocarrier for 
the delivery of low-molecular weight compounds (summarized in Weissig et al. 
 2011a ). For example, the incorporation of paclitaxel into DQAsomes yields a stable 
colloidal solution of the drug with an average size distribution between 400 and 
600 nm and increases the solubility of the drug in comparison to free paclitaxel by 
a factor of roughly 3000 thereby presenting a much needed alternative to Cremophor- 
based formulations of the highly insoluble paclitaxel (Cheng et al.  2005 ). Although 
DQAsomes have been suffi ciently covered by a series of patents (Weissig et al. 
 2000 ,  2001 ;  2003 ) and commercialization attempts have been made at the begin-
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ning of the 2000s, DQA’s toxicity eventually proved to become an insurmountable 
hurdle. To overcome DQA’s toxicity issues and to build upon the FDA approval of 
liposome-based nanomedicines (Doxil – Barenholz  2012 ), mitochondria-targeted 
liposomes have been developed as an alternative to DQAsomes. It was demon-
strated in 2005 that the surface modifi cation of liposomes with triphenylphospho-
nium (TPP) cations renders these vesicles highly mitochondriotropic (Boddapati 
et al.  2005 ) and follow-up studies in vitro and in vivo showed the capacity of such 
mitochondria-targeted liposomes to signifi cantly increase the effi ciency of pro- 
apoptotic anticancer drugs known to act on mitochondria (Boddapati et al.  2008 ; 
Patel et al.  2010 )). Unfortunately, the commercial development of TPP-bearing 
liposomes was made impossible by the decision of a U.S. patent offi cer who decided 
that the design of mitochondriotropic liposomes was “obvious” due to the earlier 
description of DQAsomes, which is quite astonishing considering the chemical and 
structural differences between liposomes and DQAsomes. 

 Nevertheless, the demonstration from 2005 that conjugating TPP cations to the 
surface of nanovesicles (i.e., liposomes) renders them mitochondriotropic has 
launched the development of a large variety of TPP –bearing nanocarriers as can be 
seen in Table  1.2 . To what extent the design of all of the listed TPP-bearing nano-
containers will be considered by the US Trade and Patent Offi ce as “obvious” in 
light of the granted DQAsome patents remains to be seen.

   In summary, the principal way towards the design of organelle-targeted pharma-
ceutical nanocarriers has been shown via the development of mitochondria-targeted 
carriers. Either the nanocontainer is entirely (or partly?) composed of molecules 
possessing an inherent affi nity towards a specifi c organelle (like DQAsomes) or the 
nanocarrier bears organelle-specifi c ligands on its surface (like STPP liposomes). 
Whether any of such organelle-targeted pharmaceutical nanocarriers will eventually 
enter the clinic remains to be seen. 

 A special case of intracellular targeting is represented by targeting solid tumors 
which are not easily accessible as most tumor antigens are intracellular proteins. 
Such targeting with antibodies is often followed by a related immunoreaction 
response.   Tumor antigens     are those antigens that are presented by   MHC I     or   MHC 
II     molecules on the surface of   tumor cells    . Antigens found only on such cells are 
called   tumor-specifi c antigens     (TSAs) and resulting from a tumor-specifi c   mutation    . 
An oncoantigen is a surface or soluble   tumor antigen     that supports   tumor     growth 
and have a causal role in the promotion of carcinogenesis and cannot be easily 
downmodulated or negatively selected by precancerous lesions under the pressure 
of a specifi c immune attack. A major problem of   cancer immunotherapy     is thus the 
selection of tumor cell variants that escape immune recognition. Novel strategies 
will be required to identify new oncoantigens amenable to targeting for human 
applications (Cavallo et al.  2007 ). One promising strategy is to recruit a patient’s T 
cells to tumor cells using fusion proteins called bispecifi c T-cell engagers (BiTEs), 
which consist of two single-chain antibody fragments, one specifi c to CD3ε on the 
T cell and the other specifi c to an integral membrane protein on the tumor cell. Dao 
et al. ( 2015 ) demonstrated that such access to intracellular antigens accessible to 
this class of reagents for the fi rst time is possible. Another way is to employ nano-
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medicinal approach to allow for intracellular access and targeting. Hong and Zeng 
( 2013 ) demonstrated this approach for several pathogens. The cancer application 
remain to be demonstrated, if any.  

1.8     Towards the Improved Imaging Technique in Humans 

 We will shortly review the developments in suitable imaging technique for human 
body/organ assessment of targeted sites to extend animal PK and PD studies to 
human body incl. molecular imaging targets. New developments are emerging in 
noninvasive imaging modalities for monitoring biodistribution, such as applications 
of molecular imaging to oncology, including molecular-genetic imaging, imaging 
the tumor microenvironment for precision medicine and theranostics, tracking cel-
lular and immune therapies in cancer cells and vaccines  in vivo , PET molecular 
imaging with suitable, single photon emission computed tomography (SPECT), and 
optical imaging (OI). Nanoimaging or molecular imaging via fabrication of nonin-
vasive  in vivo  analytic nanotools with improved sensitivity and resolution for 
molecular imaging and for studying pathologic processes in vivo (main benefi ts 
include early detection of disease as well as monitoring of various disease stages) is 
becoming reality. 

 Anton and Vandamme ( 2014 ) stated that new possibilities for molecular imaging 
are offered by the increased half-life of nanosystems in blood stream, as well as by 
the specifi c accumulation in organ of lesions through passive or active targeting 
mechanisms. Thus, heavy metal or iodinated-loaded nanoparticles are excellent 
absorbers of X-rays and can offer excellent improvement in medical diagnosis and 
X-ray imaging by means of computed tomography (CT). CT offers cheaper format 
compared to MRI. Also, the CT modality has an important place in the future ther-
anostics; however, it means that the nanoparticulate contrast agent must have a res-
ervoir structure, e.g. like the lipid-based or polymeric nano-carriers. The potential 
industrial scaling up is also reviewed. Recent developments in imaging in humans 
are presented in this Volume. 

 OI has become extremely popular in recent years, and it is about to surpass 
nuclear medicine- and MR-based imaging techniques in the drug delivery fi eld. The 
combination of FMT (3D fl uorescence molecular tomography) with microcom-
puted tomography (μCT) for molecular imaging purposes, using N-(2- 
hydroxypropyl) methacrylamide (HPMA)-based and NIRF-labeled polymeric 
nanocarriers enables the noninvasive assessment of nanomedicine biodistribution. 
(Kunjachan et al.  2013 ) established a hybrid imaging protocol for noninvasively 
visualizing and quantifying the accumulation of near-infrared fl uorophore-labeled 
nanomedicines in tissues other than superfi cial tumors. To this end, HPMA-based 
polymeric drug carriers were labeled with Dy750, their biodistribution and tumor 
accumulation were analyzed using FMT, and the resulting data sets were fused with 
anatomical μCT data sets in which several different physiologically relevant organs 
were pre-segmented. Their fi ndings convincingly demonstrate that combining ana-
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tomical μCT with molecular FMT facilitates the noninvasive assessment of nano-
medicine biodistribution. 

 Matsumura ( 2014 ) developed a new technique for imaging, denoted as MALDI- 
IMS. In this paper, they fi rst report describing the precise distribution of a micelle- 
drug distribution by IMS and on successful visualization and quantifi cation of the 
distribution of a non-radiolabeled and non-chemically modifi ed drug in various fro-
zen tissue slices microscopically. They have successfully visualized different anti-
cancer agents, and demonstrated that the MALDI-IMS technique can be applied to 
clinical biopsy specimens or surgically resected tissues after neo-adjuvant chemo-
therapy. Likewise, details on this procedure are presented in this Volume.  

1.9     New Quantitative Tools to Explore Pharmacokinetics 

 Shortly, we encourage to employ new quantitative tools of PK study to link molecu-
lar mechanistic (Intracellular) understanding (i.e. signaling) with standard PK 
methods; extend to both membrane- and perfusion-limited scenarios (Jones and 
Rowland-Yeo  2013 ) and to account for scales by means of multiscale systems biol-
ogy simulation (from molecular mechanisms to up to human body) (Krauss et al. 
 2012 ); extend to a generalized PK (Pilari and Huisinga  2010 ); and employ new 
systems biology for designing of drug  combination therapy  (at least two drugs, i.e., 
dual blockage; e.g., Lammers et al.  2010 ) via search by employing an interrogation 
of models of signaling pathways (also called network targeting. Yildirim et al. 
 2007 ). The latter efforts are absolutely needed because the body is learning that 
cancer is able to hijack (by-pass) multiple escape mechanisms (of signaling path-
ways) to avoid destruction by the immune system. Our working defi nition of 
Systems Biology (SB) is a “quantitative, postgenomic, postproteomic, dynamic, 
 multiscale  physiology” (Wikswo et al.  2006 ). In addition, our adopted defi nition of 
Systems Biology is a two-directional, integrative, top-down (mechanism-based) 
and bottom-up (hypothesis-driven), often hybrid, methodology to systematically 
study complex biological/biomedical experimental data. These data can span the 
spectrum of experimental experience from in vitro molecular biology to whole body 
levels. The characterization of these data includes both qualitative and (preferably) 
quantitative tools. The impact of this characterization helps us evaluate a functional 
organization that is dynamic, defi ning within its scope relationships and interactions 
among various system components and between living systems and their interaction 
with the environment. In a clear departure from the mechanism-based reductionist 
approach, SB will embrace both arms of scientifi c dogma, reductionist and holistic, 
by employing a well-defi ned middle ground. This scope and structure of this middle 
ground may shift in time as more SB global tools are developed. This effort will 
allow us to obtain a deeper understanding of disease mechanisms (including the 
upper level interactions), and derive benefi ts for expedited drug discovery and 
improved drug safety and effi cacy. 
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 All drugs somehow interfere with signal transduction, receptor signaling and 
biochemical equilibrium. Additionally, for many drugs we know, and for most we 
suspect, that they interact with more than one target (pleiotropy). So, there will be 
simultaneous changes in several biochemical signals, and there will be feedback 
reactions from the perturbed pathways. In most cases, the net result will not be lin-
early deductible from single effects and Systems Biology tools must be applied. In 
addition, this phenomenon is a source of off-target effects. For drug combinations, 
this is even more complicated. Thus, a clinically relevant ‘target’ might consist not 
of a single biochemical entity, but of simultaneous interference of a number of 
receptors (pathways, enzymes and so on). And, only the net clinical effect will be 
benefi cial. Such target defi nition, not derived from a single direct chemical interac-
tion will require input from systems biology (Imming et al.  2006 ). 

 Prokop and Michelson ( 2012 ) defi ned Steps in Systems Biology/Computational 
SB:

•    Defi ne a preliminary, data-driven (prior knowledge and data mining), hypothesis 
of a complex process (note that subsequent iterations will defi ne this step 
further).  

•   Collect global, dynamic OMICs data with a multitude of different technologies 
for healthy and disease phenotypes over a range of environmental and genetic 
changes (from perturbed experiments)  

•   Analyze them and confront with available information (mining)  
•   Identify a network model (by exploring the parameter space) that quantitatively 

recapitulates prior observations and predicts behavior in new environments, and 
validate it with data collected: reduce model into a correlation or reaction 
network  

•   Simulate and interrogate data  in silico  and discover new targets  
•   Repeat the cycle (return to data collection in order to improve experimental con-

ditions, etc.) to distinguish between competing model hypotheses; repeat the 
above steps to refi ne the model over successive iterations and resolve the model 
inconsistencies and revisions in the topology and in regulatory circuits    

 The Fig.  1.1  is strictly an academic fl owchart. For a real-life scenario, see below 
Flowchart (Cookbook); called Systems Biology paradigm by Michelson in terms of 
practical application of systems approach and SB. Although developed for ordinary 
drugs, it also applies for nanomedicinal systems. The wide range of emerging nano-
technology systems for targeted delivery further increases the need for reliable  in 
silico  predictions. Several computational approaches at different scales in the design 
of traditional oral drug delivery systems are available. A multiscale framework for 
integrating continuum, stochastic, and computational chemistry models has been 
proposed and a several successful case studies are available (Haddish-Berhane et al. 
 2007 ).

   Prokop and Michelson then specifi es the following steps. “Identifying and 
 characterizing the patient subpopulation identifi cation and its segmentation is a fi rst 
step. The key is to use either deductive logic (from data mining and/or statistical 
analysis) or inductive logic (hypothesizing as to the extent and impact of a  pathway), 
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  Fig. 1.1    Systems Biology paradigm by Michelson and Prokop, step-by-step approach. This could 
be used both qualitatively and quantitatively. Note that PK/PD and toxicology is central to this 
approach. The chapter numbers refer to the original paper (Courtesy of Springer)       
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identify a candidate molecular target for a particular kind of intervention. Then 
assure yourself of its potential viability both with a modeling platform of the physi-
ological context (as complete as possible) that will identify possible (hypothetical) 
compensatory dynamics (e.g., unregulation of subsidiary pathways, etc.). Then, 
using a highly focused wet lab experimentation strategy, explore the hypothetical 
landscape (at any level that is feasible, but typically in vitro). Then, when you think 
you understand your target “well enough”, see if there is any molecule that will 
manipulate it to therapeutic advantage. This can be done using on HTS machinery 
and robots,  in silico  data mining and chemometrics, or both simultaneously. Once 
one has a family of molecules (post screening—whether  in silico  or HTS), the leads 
are typically “optimized” by medicinal chemistry to insure “optimal” effi cacy (i.e., 
are we better—more potent, less toxic—than our competitor?) and that exhibit 
“optimal” PK/PD/Tox profi les to “insure” one is minimizing the chance of failure in 
Clinical Development. This is typically an iterative process with close interactions 
between the in vivo biologists and the medicinal chemists, but the output of this 
“conversation” is typically the top candidate compound and a few back-ups (just in 
case). Once one has good reason to believe that there are a family of molecules (it 
is NEVER just one) that might “work” in a more completely physiological environ-
ment (i.e. in vivo), fi nd an appropriate in vivo model (typically a lower species like 
rodent) that you can make “sick” and then make better. Then, to close the loop to SB 
even tighter, refi ne/enhance your model to uncover subsidiary dynamics that might 
indicate subsidiary or parallel pathways that could either enhance or, more likely, 
retard the effi cacy of your candidate molecule. Then, use the model to develop, 
refi ne, and posit more complete testable hypotheses (feedback back to induction 
again), and design the right experiment in the right way to yield the most informa-
tive insight as to how the biology and chemistry are interacting. The work product 
of this effort should yield some level of insight into the dynamics underlying the 
disease process and its response to external manipulation. That knowledge should, 
in turn, yield insights into the existence and accessibility of any informative bio-
markers one might use to design/optimize a clinical trial and to eventually identify 
a subpopulation that will likely form the best subject cohort for therapeutic inter-
vention. Now, do it again for ADMET. This loop of scientifi c induction/deduction 
and focused hypothesis generation and experimental validation forms the Holy 
Grail of DDD.” 

 This Volume presents some details on Bayer’s systems biology approach to PK/
PD and as well on the combination therapy methodology, based on systems 
biology.  

1.10     How can Academia Survive With Diminishing Funding 
and How it Affects Nanomedicine Patenting? 

 We then discuss rapidly diminishing funding for PK studies in academia and limited 
proprietary effort on this side. As stated “NIH’s ability in US to support vital 
research at more than 2500 universities and organizations across the nation is 
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reeling from a decline in funding that threatens our health, our economy, and our 
standing as the world leader in biomedical innovation. After 10 years of essentially 
fl at budgets eroded by the effects of infl ation, and now precipitously worsened by 
the impact of sequestration (an automatic, across-the-board 5.5 % cut in NIH sup-
port), NIH’s purchasing power has been cut by almost 25 % compared to a decade 
ago.” (Rockey and Collins 2013, see the Web Ref e.). Furthermore, as reported by 
Kwame Boadi in 2014 (Web Ref f.), “A new nationwide survey by the American 
Society for Clinical Oncology found that three out of four cancer researchers said 
the current federal funding situation is negatively affecting their ability to conduct 
research. The survey reports 28 % of the cancer researchers have decided to partici-
pate in fewer federally-funded clinical trials; 27 % have postponed the launch of a 
clinical trial; and 23 % have had to limit patient enrollment on a clinical trial.” And, 
again by Boadi, “These funding fi gures, however, obscure a critical factor that 
affects America’s capacity to continue leading the world in biomedical research—
infl ation. The cost of conducting biomedical research is increasing faster than the 
cost of other goods and services in the economy. As a result, although much was 
made of the partial rollback of sequestration in FY 2014 and FY 2015 under the 
Murray- Ryan budget deal, this partial relief ultimately will do little to stem the trend 
in recent years of rapidly diminishing purchasing power for biomedical research 
funding dollars. The decisions of the past decade, however, have begun to threaten 
America’s pre-eminence in biomedical research. As NIH budgets began stagnating 
after 2003 and declining in 2010, the costs of conducting biomedical research con-
tinued to rapidly increase. As such, the lost purchasing power that NIH has experi-
enced over the past decade cannot be undone by simply repealing sequestration. 
Rather, in order to secure America’s position as the global leader in biomedical 
research for the foreseeable future, Congress must pursue signifi cant new invest-
ments above and beyond repealing sequestration.” To demonstrate in numbers, we 
present the NIH funding in 2015/2016 years and expected expenditures for 2016 (in 
dollar in millions) (Table  1.3 ).

   From the same source, funding is rather fl at since 2001 year until now, indicating 
a decrease in real dollars (Reference g.). Within the NIH funding, however, a special 
attention is paid to funding in oncology. Potential benefi ts are being explored by 
NCI through support of multi-disciplinary research under the umbrella of the NCI 
Alliance for Nanotechnology in Cancer. 

 In terms of patenting, Big Pharma business model, which relies on a few block-
busters to generate enormous profi ts, is clearly not valid anymore. Patent expiration 
on several blockbusters in recent years is already altering the drug landscape. 
Additionally, market forces are dictating that new R&D approaches be developed 
and implemented so that drug companies can continue to discover and fi ll the 
pipeline with novel compounds (or develop reformulations of older compounds). 
Some of these strategies revolve around nanotechnology and miniaturization. 
Nananomedicine is already having an enormous impact in this regard. However, the 

  Table 1.3    Recent NIH nano 
funding  

 Year 2015  Year 2016  Year 2017 projected 

 364.0  382.0  382.0 
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burgeoning number of new nanomedicine patent applications fi led at the PTO, cou-
pled with the continued issuance of surprisingly broad patents, is creating a chaotic 
patent landscape where competing players are unsure as to the validity and enforce-
ability of numerous issued patents. If this trend continues, it could stifl e competition 
and limit access to some inventions (Bawa  2007 ).  

1.11     Analysis of Present Market Push 

 We then will look at new methods for market identifi cation (i.e. via cancer biomark-
ers, computational approach) – and assess why market is lagging on delivery of 
promises. As stated by Petrák (personal communication) a suggested approach 
would be to (a) select applications (e.g., diagnostics, therapy, etc.), (b) select dis-
eases, (c) determine the “unmet medical need”, (d) review/list applications of 
“nanomedicine” that has been shown (in scientifi c terms) to have an impact (or at 
least a potential, in cancer area), and fi nally (e) based on the above, discuss the 
“market push”. 

 Why promises of “nanomedicine” solving problems are not met? It could be also 
that the science focus is somewhat distorted: investigators do not appreciate the 
importance of clinical trials. Further, a contributing factor is the dismal funding situ-
ation in academia and Pharma emphasis on block-busters. Petrák notes (personal 
communication) that “effective cell-specifi c drug delivery should lead actually to 
treat the disease (as compared to the currently prevailing trend of treating symp-
toms, and/or attenuating disease). Current drug block-busters tend to be adminis-
tered to chronic conditions resulting in repeated sales. It needs to be considered how 
a drug therapy that actually cures the disease would be priced (this is not subject of 
this Volume, however)”. 

 Zamboni (Lucas et al.  2016 ) emphasize the importance of preclinical animal 
models in understanding and evaluating the interaction between nanomedicines and 
the immune system, including the MPS, which ultimately infl uences PK (clearance 
and distribution) and from the body by the liver and kidneys. Nanoparticles are 
engulfed and cleared by the monocytes, macrophages, and dendritic cells that make 
up the MPS. Because the function of the MPS varies greatly across patients, the 
ability of physicians to predict the proper dosage for nanodrugs is more diffi cult 
than with conventional pharmaceuticals. A probe for characterizing an interaction 
between nanomedicines and MPS was suggested by Bill Zamboni. The authors also 
stress that an understanding of the biomolecular interactions of nanomedicines and 
that the MPS is critical for optimal development of nanomedicines and better pre-
diction of effi cacy such therapies.     
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    Chapter 2   
 Precision Drugs and Cell-Specifi c Drug 
Delivery                     

     Karel     Petrak    

    Abstract     Precision medicine is an approach to prevent and treat disease that takes 
into account people’s individual variations in genes, environment, and lifestyle. The 
current Precision Medicine Initiative of the US Government is to: “generate the 
scientifi c evidence needed to move the concept of precision medicine into clinical 
practice”. In the fi rst approximation, precision medicine may provide a more accu-
rate diagnosis of the disease, but may not have the means to offer an improved 
therapy. 

 The aim of drug targeting is to generate pharmacologically effective drug con-
centration at the site of disease while keeping a very low/minimal drug concentra-
tion in the rest of the body, away from the site of disease. Targeted drugs are thus 
“precision drugs” needed to bring precision medicine into the clinical practice. 

 Focusing on the area of cancer therapy, this review examines the essential 
requirements that must be met for tumor-cell-targeted drug-delivery systems to 
work. It examines the progress to date and draws conclusions to offer an optimal 
paradigm for future drug-delivery systems’ development.  
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  PMI    Precision Medicine Initiative   
  TAA    Tumor-Associated Antigen   
  TSA    Tumor-Specifi c Antigen   
  US    United States   
  VEGF    Vascular Endothelial Growth Factor   
  VEGFR    Vascular Endothelial Growth Factor Receptor   

2.1         Introduction 

 By way of introduction, the advent of “precision medicine initiative (PMI)”, an 
effort to treat and prevent disease based on individual differences in genetics, envi-
ronment and lifestyle, is now 1-year old. Ambitious goals of PMI are to: “transform 
the way research is done, prevention is practiced, treatments are developed and 
cures are found”. At a White House celebration of the PMI anniversary, fi ve reasons 
were given why these goals will be met (Giusti  2016 ):

•    Patients Are Ready,  
•   Its A-Team Leadership,  
•   It’s Powered by Cross-Sector Partnerships,  
•   It Has Bipartisan Support, and  
•   Obama Has Every Reason to Get It Done.    

 Putting this new knowledge into clinical practice will require that corresponding 
“precision drugs” are developed. It may be “just politics” but such a broad rationale 
and support for developing new therapies is essential.  

2.2     Precision Drugs 

 This review adopts the view expressed in other recent reviews of site-specifi c drug 
delivery. It has been argued that: “drugs to be delivered must exhibit the pharmaco-
kinetic properties matching the essential requirements of cell specifi c-drug deliv-
ery” (Boddy et al.  1989 ; Petrak  2005 ), that too many promises had been made about 
effi cacy of new drug-delivery system (Petrak  2013 ) and that calling old materials 
(such as polymers, particles, liposomes, etc.) new names (typically adding “nano” 
at the start of the word) does not solve the drug-delivery issues (Petrak  2006 ). For 
too many decades now, the fi eld has been “turning the handle” and using old 
approaches without getting anywhere near of creating the “magic bullet” of Paul 
Ehrlich (Ehrlich  1954 ; Petrak  2012 ,  2015b ). It was argued (Petrak  2015a ) that “… 
research in this fi eld needs do adopt a new paradigm that centers on “self-targeting 
carriers” such as antibodies combined with “high-potency” drugs specifi cally 
selected or developed  de novo  that fully meet the specifi c pharmacokinetic require-
ments of targeted drug delivery”. It is clear that old approaches using non-specifi c 
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vehicles such as polymers, particles and liposomes have not worked, and for very 
good reasons are unlikely to be made to work. Let us therefore examine how well 
the new concepts might be working, focusing on the fi eld of cancer therapy. The 
term “targeting” has been used not only for physical delivery of drugs to specifi c 
body locations such as cell types etc., but also when infl uencing (e.g., by inhibiting) 
mechanism by which disease processes operate. This review focuses on the former 
use of the term.  

2.3     Antibodies 

 I was not by any means the fi rst one to argue for antibodies (Abs) to be used for 
delivering anticancer drugs to tumor targets (Rowland et al.  1993 ; Panowksi et al. 
 2014 ). 

 Decades ago, Rowland reported that mice could be cured of cancer. But the 
effective delivery of anticancer drugs to tumors in humans has not yet become a 
reality for a number of reasons: some being due to irrelevance of mouse model to 
predict outcome in humans, and another being associated with consequences of 
scaling therapy from mice to men (Fujimori et al.  1990 ). 

 When considering cell-specifi c drug targeting using Abs, key elements are the 
presence of tumor antigens, availability of antibodies to such tumor antigens, uptake 
of antibody-drug construct by tumor cells, the choice of drug to be delivered, its 
linkage to the antibody and the payload, and the release and site-residence of the 
drug.  

2.4     Tumor Antigens 

 Ideally, structures uniquely associated with a given tumor should be identifi ed and 
viable option to which antibody-drug complexes could be targeted. In this context, 
there are two groups of antigens expressed on tumor cells: tumor-associated anti-
gens (TAAs) and tumor-specifi c antigens (TSAs). Both TSAs and TAAs are mostly 
portions of intracellular molecules expressed on the cell surface as part of the major 
histocompatibility complex. 

2.4.1     Tumor-Associated Antigens 

 Many such antigens have been described in the literature. For example, haematopoi-
etic differentiation antigens associated with cluster of differentiation (CD) group-
ings (Van den Eynde and Scott  1998 ), growth factors (Hudis  2007 ; Schoeberl et al. 
 2009 ; Cañadas et al.  2010 ; Scartozzi et al.  2010 ), vascular endothelial growth factor 
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(VEGF), VEGF receptor (VEGFR), and integrins (Schliemann and Neri  2010 ) and 
many others (Deckert  2009 ; Zarour et al.  2003 ). 

 Tumor-associated antigens are not exclusively expressed by tumor cells but are 
also found on normal tissues and when shed are found in circulation. Blood-born 
cancer cell antigens are relatively easier to target. Antigens associated with solid 
tumors present much harder locations to access. TAAs may be useful in imaging 
and in diagnostics but offer little, if any, opportunity as targets for tumor-specifi c 
delivery of drugs. Signifi cant barriers are presented by the heterogeneity of target 
antigen expression in the tumor (Van den Eynde and Scott  1998 ), and by the distri-
bution and pharmacokinetics of antibodies (Pillay et al.  2011 ) as infl uenced by 
tumor blood supply and interstitial pressure. To overcome this, a direct injection of 
antibody-drug conjugates into the tumor may eventually be the best option (Van der 
Jeught et al.  2015 ).  

2.4.2     Tumor-Specifi c Antigens 

 According to the National Cancer Institute, “tumor-specifi c antigen is a protein or 
other molecule that is unique to cancer cells or is much more abundant in them. 
These molecules are usually found in the plasma (outer) membrane, and they are 
thought to be potential targets for immunotherapy or other types of anticancer treat-
ment” (NCI Dictionary of Cancer Terms  2015 ). The issue here lies with the term 
“much more abundant”. As more sensitive methods of detection are being devel-
oped, “tumor-specifi c” structures are being found to be also present in non- neoplastic 
tissues, albeit in small amounts. However, when one compares the volume of tumor 
tissues with that of the rest of the body, the overall mass balance may show any 
“specifi city” to be of little use to enable effective tumor-specifi c drug targeting. 

 It also needs to be kept in mind that tumors and their environment are by no 
means static. As discussed by Vesely and Schreiber ( 2013 ), surveillance by the 
immune system, chronic infl ammation, immune-selection of poorly immunogenic 
variants, and suppression of antitumor immunity (together referred to as cancer 
immune-editing) is a dynamic process; composition of tumor-specifi c antigens as 
determined at any one specifi c time is likely to change as the disease progresses. 
There are multiple other mechanisms that can make a treatment with an antibody- 
drug complex ineffective – in addition to the above-mentioned tumor heterogeneity 
of targeted-antigen expression, physical properties and pharmacokinetics of anti-
bodies and intra-tumoral microenvironment (including vascularity and interstitial 
pressure) have an impact on access to, and uniform distribution of the antibody-drug 
in the tumor (Pillay et al.  2011 ; Beck et al.  2010 ). Issues associated with the drug 
dose, drug release at the site and its pharmacokinetics will be discussed below. 

 New methods of identifying tumor-specifi c antigens are becoming available 
(Barrett et al.  2015 ; Barrett et al.  2013 ). 

 Some antibodies that specifi cally bind tumor-surface antigens can act as effective 
drugs. Antibodies lacking a direct therapeutic effect have been instead applied as 
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antibody-drug conjugates (ADCs) to deliver cytotoxic drugs to tumors, with some 
success. Brentuximab vedotin (Adcetris®) and ado-trastuzumab emtansine 
(Kadcyla®) have been approved by the US Food and Drug Administration. FDA- 
approval documents for the two products (FDA Drug Approval Package ADCETRIS 
(brentuximab vedotin)  2011 ; FDA Drug Approval Package Kadcyla  2013 ) do pres-
ent mechanistic schemes for how the putative drug delivery to target cancer cell is 
to take place, however, no quantitative data substantiating that this actually happens 
have been presented. The usually required safety, toxicity and effi cacy test needed 
for drug approval do not address the issue of drug targeting. The therapeutic win-
dow for most reported ADCs remains narrow, no doubt at least in part being associ-
ated with an unfavorable distribution of the antibody target as mentioned above. 
Efforts aimed at further improvements to enhance the therapeutic potential of these 
constructs have been thoroughly discussed by Panowksi et al. ( 2014 ) that addressed 
ADC heterogeneity and reviewed various site-specifi c conjugation strategies in cur-
rent use and highlighted critical factors to be considered when designing next- 
generation ADC therapeutics.   

2.5     Uptake by Cells & Drug Release 

 A useful tumor antigen must be localized to the cell-surface to allow ADC binding. 
Further, it is important that tumor antigen is able to be internalized following anti-
body binding. Internalization typically occurs via receptor-mediated endocytosis, 
followed by antibody-drug degradation in the lysosome that need to results in opti-
mal free and active-drug release and effective therapeutic action. It is not always the 
case that cell-surface antigens are endocytosed nor at a desired rate. It is further 
desirable that antibody does not recycle to the cell surface and that the intracellular 
processing required for effective drug release occur at the required rate (see later 
under drug requirements). 

 As discussed elsewhere (Boddy et al.  1989 ; Petrak  2005 ,  2013 ,  2015a ), it is 
essential that after its release, the drug must remain at the target in its active form 
long enough locally to reach its pharmacologically effective concentration. Many 
conventional small-molecular-size drugs do not satisfy this condition. However, 
many anticancer drugs, because of their relatively low solubility, do. Poor water 
solubility of many anticancer agents (such as paclitaxel and camptothecin) presents 
diffi culty when used for direct parenteral administration. Consequently, various for-
mulation strategies using drug-carrier systems (such as polymeric micelles) have 
been explored to overcome their poor solubility (Garcia-Carbonero and Supko 
 2002 ; Singla et al.  2002 ; Mu et al.  2005 ). In this context, antibodies can serve as 
drug carriers offering exquisite target specifi city. However, it is critical that drug- 
antibody linkages and their degradation at the target site are such that the drug is 
released from its antibody without increasing is aqueous solubility. 

 Further, linker needs to be made with consideration of the target antigen to be 
used (Polson et al.  2009 ) as the mechanism available for drug release may depend 
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on the mode of antibody uptake by the cells. Ideally, the drug should only be released 
inside the target cells to maximize drug effi cacy and minimize its toxicity. In prac-
tice, optimal linker selection will ultimately “depend on experimentally determin-
ing the optimal combination of the correct linker, the target antigen and desired 
payload” (Panowksi et al.  2014 ).  

2.6     Tumor Environment & Drug Access 

 It has well been recognized that angiogenesis plays an important role in cancer 
development and progression. The vasculature of solid tumors is fundamentally dif-
ferent from that of normal vasculature (Siemann  2011 ). The blood supply to the 
normal tissues of the body is maintained by an orderly and effi cient vascular net-
work, whereas aggressive growth of the neoplastic-cell population and associated 
over-expression of pro-angiogenic factors in tumors leads to the development of 
disorganized blood-vessel networks that are fundamentally different from normal 
vasculature. This creates an obstacle to the effi cient distribution of anticancer- 
therapy drugs to tumor cells (Huang et al.  2015 ). 

 So called “vascular normalization theory” tries to explain additional antitumor 
effects of inhibitors of vascular endothelial growth factor (VEGF) signaling when 
the inhibitors are combined with chemotherapeutics. However, vascular normaliza-
tion is time and dose dependent and thus diffi cult to implement clinically. An alter-
native strategy of “vascular promotion therapy” (Siemann  2011 ) that can increase 
chemotherapeutics delivery and intracellular uptake of the drug by increasing tumor 
blood vessel density and blood fl ow which leads to reduced cancer growth and 
metastasis is also being investigated clinically. Hence, both apparently contradic-
tory approaches, pro- and anti-angiogenesis, may be applicable in infl uencing tumor 
environment. 

 Penetration by antibodies of tumor mass, with antibodies being of a rather large- 
molecular size, is very much infl uenced and often prevented evenly and completely 
to reach tumor cancer cells. Combining an antibody-drug complex administration 
with “vascular normalization” may well be a successful approach provided an opti-
mal timing of the therapy can be identifi ed using the “precision medicine” approach.  

2.7     Drug Payload 

 How many molecules of cytotoxic drugs must an antibody bring to cancer cells in 
order to exert therapeutic effect? Let us make the following approximation, and take 
cell volume as 1 μm 3  = 1 × 10 −15  L, and IC 50  of a cytotoxic drug (e.g., deoxorubicin) 
as 1 μM (keeping in mind that this IC value, typically determined in an  in vitro  
experiment, represent the concentration of the drug that needs to be in the external 
environment of the cell to kill 50 % of the cells). Under “optimal” (but unrealistic) 
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static conditions (i.e., all drug being released from the antibody-drug conjugate and 
all remaining close to the cell surface), a minimum of 600 drug molecules would 
need to be brought to each tumor cell. Considering the intercellular volume of the 
tumor and aiming to kill close to 100 % of all tumor cells, we can make a conserva-
tive estimate that some 6000 drug molecules per cell need to be delivered to tumors. 
As stated by Panowksi et al. ( 2014 ), the percent of an injected antibody that local-
izes to a solid tumor is very small (0.003–0.08 % injected dose per gram of tumor). 
For this reason, and given the above “ball-park” calculation, it is necessary to use 
cytotoxic compounds of sub-nanomolar potency, such as auristatin (free drug IC 50 : 
10 −11 –10 −9  M) or maytansinoid (free drug IC 50 : 10 −11 –10 −9  M). The potency of 
antibody- drug conjugates may increase with increasing drug loading, however, the 
hydrophobicity of the construct also increases which leads to an increased plasma 
clearance (Lyon et al.  2015 ). Using hydrophilic spacers between the drug and the 
antibody (Lyon et al.  2015 ) is unlikely to improve the overall behavior of the 
antibody- drug complex.  

2.8     A Word of Caution 

   NEWS RELEASE 
 For Immediate Release :  June 21, 2010 
 FDA: Pfi zer Voluntarily Withdraws Cancer Treatment Mylotarg from U.S. Market 
 “Pfi zer Inc. today announced the voluntary withdrawal from the U.S. market of the drug 

Mylotarg (gemtuzumab ozogamicin) for patients with acute myeloid leukemia (AML), a 
bone marrow cancer.”…“Mylotarg was approved in May 2000 under the FDA’s accelerated 
approval program.”… “Under accelerated approval, the company is required to conduct 
additional clinical trials after approval to confi rm the drug’s benefi t.”… 

 “A confi rmatory, post approval clinical trial was begun by Wyeth (now Pfi zer) in 2004. 
The trial was designed to determine whether adding Mylotarg to standard chemotherapy 
demonstrated an improvement in clinical benefi t (survival time) to AML patients. The trial 
was stopped early when no improvement in clinical benefi t was observed, and after a 
greater number of deaths occurred in the group of patients who received Mylotarg com-
pared with those receiving chemotherapy alone.”…“Mylotarg was granted an accelerated 
approval to allow patient access to what was believed to be a promising new treatment for 
a devastating form of cancer,” said Richard Pazdur, M.D., director, Offi ce of Oncology 
Drug Products, part of FDA’s Center for Drug Evaluation and Research.” (Jefferson  2010 ). 

   “My Cancer Genome” website (Abramson  2016 ) offers a partial list of 70 “tar-
geted cancer therapies” defi ned as “drugs designed to interfere with specifi c mole-
cules necessary for tumor growth and progression”. On examining the effi cacy and 
side effects of these medications one is likely to conclude that “targeting” here is 
more an intent rather than an outcome. It would be prudent that approval of any new 
drug or therapy that claims cell-specifi c drug delivery requires data showing that a 
“substantial” fraction (more than 50 %?) of the administered dose actually reaches 
its cancer target.  
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2.9     Conclusions 

 It is nice to see that some (Scott et al.  2012 ) consider that “…cancer therapy has 
achieved considerable success in recent years…”, and brim with optimism that 
“Antibody–drug conjugates are powerful new treatment options…”; however, even 
these authors still recognize that “…promise of antibody therapeutics in cancer is 
dependent on having a better understanding…, on applying innovative approaches 
to target and antibody selection…” This review shows that there are many obstacles 
to be overcome on the way of developing effective targeting antibody-drug 
conjugates:

    1.    Cancer-cell specifi c antigens for selected indication   
   2.    Corresponding antigen-specifi c antibody with the required binding strength to 

the target   
   3.    Drug that has adequate potency and matching pharmacokinetic behavior   
   4.    Drug-antibody linkage enabling timely release of the drug in its required form   
   5.    Antibody-drug complex with minimal non-specifi c interaction  in vivo    
   6.    Antibody-drug complex stability away from the target site (i.e., no or minimal 

release of the drug away from the target to minimize toxicity and side effects)   
   7.    Antibody-drug complex payload suffi cient to generate the required pharmaco-

logical concentration of the drug at the intra-cellular target site   
   8.    Adequate access to the tumor cells, achieved by

•    Direct intra-tumoral injection or  
•   Appropriate timing of systemic administration to coincide with vascular 

normalization.       

  But above all, new paradigms of cell-specifi c targeting need to be discovered and 
implemented.     
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    Chapter 3   
 Extracellular Matrix Degrading Enzymes 
for Nanocarrier-Based Anticancer Therapy                     

     Pablo     Scodeller    

    Abstract     Perfusion is seriously hampered in solid tumors that overexpress extra-
cellular matrix components like hyaluronic acid, collagen and chondroitin sulfate. 
Tumor penetration of circulating material is most affected for nanocarriers because 
of their size and lower diffusion. Due to this, the aid of enzymes that degrade the 
matrix becomes essential when applying nanocarrier based anticancer therapies like 
oncolytic viruses or nano-formulated drugs like Abraxane or Doxil. 

 In the case of hyaluronic acid and chondroitin sulfate, these biomacromolecules 
bind water very tightly and as a consequence of this, tumors that abound in them 
have an elevated resistance to a contacting fl uid. In the case of collagen, the dense 
molecular network represents a physical barrier for any nanocarrier and also com-
presses the tumor vessels obstructing perfusion. Drug penetration and therapeutic 
index increase when anticancer therapies are combined with enzymes that specifi -
cally degrade the over-expressed matrix component. 

 This chapter will cover the use of matrix degrading enzymes for enhancing the 
delivery of nanocarriers, including oncolytic viruses and synthetic nanoparticles. 
Ongoing clinical trials will be discussed.  

  Keywords     Extracellular matrix   •   Chemoadjuvant   •   Hyaluronidase   •   Collagenase   • 
  Chondroitinase   •   Oncolytic virus   •   Nanocarrier   •   Polymersome   •   Abraxane   •   Doxil  

  Abbreviations 

   HA    hyaluronic acid   
  Hyal    hyaluronidase   
  IFP    interstitial fl uid pressure   
  GFP    green fl uorescent protein   
  ECM    extracellular matrix   
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  b-HABP    biotynilated hyaluronic acid binding protein   
  CSPG    chondroitin sulfate proteoglycan   
  PDA, PDAC    Pancreatic ductal adenocarcinoma   
  FDA    Food and drug administration   
  OV    Oncolytic virus   
  Chase    Chondroitinase   

3.1         Matrix in Tumors 

 Matrix components like hyaluronic acid (HA), collagen, and chondroitin sulfate are 
overexpressed in many solid cancers, altering the perfusion of tumors with the anti- 
cancer drug containing solutions and correlating with a poor prognosis. 

 The overexpression of HA, chondroitin sulfate, or collagen results in a gel-like 
extracellular matrix which resists the penetration of external fl uid and drugs or mac-
romolecules and specially nanocarriers dissolved therein (see Fig.  3.1 ), elevating 
the interstitial fl uid pressure (IFP) (Chauhan et al.  2013 ),(Fadnes et al.  1977 ),(Heldin 
et al.  2004 ),(PP et al.  2012 ) or the solid stress of the tumor, always decreasing the 
perfused vessel fraction (defi ned as the number of perfused vessels over number of 
CD31 positive vessels) (Chauhan et al.  2013 ).

   HA is overexpressed in cancers of the pancreas, lung, ovary, melanoma, 
 osteosarcoma, mastocitoma, fi brosarcoma, and neuroendocrine hepatic carcinomas; 
being the most excessive case of HA overproduction in pancreatic ductal adenocar-
cinoma (PDAC) (PP et al.  2012 ). Collagen is aberrantly expressed in pancreatic 
ductal carcinoma (Armstrong et al.  2004 ), breast tumors (Plodinec et al. 
 2012 ),(Chauhan et al.  2013 ), sarcomas and hepatomas (Nugent and Jain  1984 ). 
Chondroitin sulfate and chondroitin sulfate proteoglycans (CSPGs) are overex-
pressed in glioblastomas (Dmitrieva et al.  2011 ) and breast tumors (Ricciardelli 
et al.  2002 ; Suwiwat et al.  2004 ). 

 Among all the stroma barriers, the most tackled one has been HA, with the use 
of its degrading enzyme hyaluronidase (Hyal), which is close to reaching the clinic 
for the oncology market (see   http://meetinglibrary.asco.org/content/160151-173    .) 
thanks to its ability to potentiate Abraxane® and also Gemcitabine therapy. The 
reasons for Hyal being the most studied ECM enzyme in this fi eld are that, unlike 
collagen, the turnover rate of HA is very rapid, which means that HA degradation 
that may occur in healthy tissue and joints is more tolerable. A  pegylated  recombi-
nant version of a human Hyal (Hylenex from Halozyme) has repeatedly been used 
in clinical trials without raising immunogenicity concerns. Also, only one enzyme 
is needed to degrade HA, whereas in the case of collagen, different enzymes are 
needed to degrade the different types of collagen.  
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  Fig. 3.1    Schematics representing the use of ECM degrading enzymes to facilitate the delivery of 
therapeutic nanocarriers to tumor cells       
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3.2     Hyaluronic Acid 

 HA is a large, negatively charged, unbranched polymer consisting of repeating units 
of N-acetylglucosamine and D-glucuronic acid and is normally present in the 
 extracellular matrix and a major component of the joints and ovum wall. In 
 physiological conditions, HA can be composed of up to 2000–25,000 disaccharide 
units, with molecular masses of 106–107 and polymer lengths of 2–25 μm (Toole 
 2004 ). A reference to its molecular weight must always be made when speaking of 
HA, since different sizes have different chemical and biological properties (STERN 
et al.  2006 ). In humans, the turnover of HA in the body is very fast, with a half-life 
of less than 2 days in the skin (Laurent et al.  1991 ), (Fraser and Laurent  1989 ). The 
most specifi c way to stain for HA is using biotynilated HA Binding protein 
(b-HABP). Alcian Blue, a dye that binds acid mucopolysaccharides, is also used to 
stain HA (Slsca et al.  1971 ). 

3.2.1     HA in Tumors 

 HA over-expression in tumors of different mouse models has been characterized by 
defi ning three categories according to the HA over-expression compared to the 
respective non-cancerous tissue, using biotynilated HA binding protein (b-HABP) 
on tissue sections (Jacobetz et al.  2013 ). Overexpression of HA is highest in pancre-
atic tumors (PP et al.  2012 ), (Jacobetz et al.  2013 ) and specially in pancreatic ductal 
adenocarcinoma, one of the cancers with worse prognosis. HA over- expression 
occurs also in breast cancer (Chauhan et al.  2013 ),(Suwiwat et al.  2004 ), in different 
melanoma variants (Turley and Tretiak  1985 ), (Scodeller et al.  2013 ), (Zhang et al. 
 1995 ), (Ganesh et al.  2008 ), in spontaneous canine tumors of osteosarcoma, ade-
noma, mastocitoma, fi brosarcoma, and neuroendocrine hepatic carcinomas 
(Laborda et al.  2014 ). 

 In patients with breast and ovarian carcinomas, high levels of HA in the stroma 
correlate with low survival rates (Toole  2004 ),(Toole  2009 ) and elevated levels of 
stromal HA associate with malignancy in patients with non-small-cell lung adeno-
carcinomas (Pirinen et al.  2001 ) and prostate cancer (Lipponen et al.  2001 ). In pan-
creatic neoplasms, HA accumulation promotes tumor growth (Kultti et al.  2014 ) 
and metastasis correlates with HA present on the tumor cell surface (Zhang et al. 
 1995 ), and also with the synthesis of HA by the cancer cell (Kimata et al.  1983 ).  

3.2.2     Physico-Chemical Properties of Hyaluronic Acid 

 High molecular weight HA solutions in water show, by fast fi eld cycling NMR 
relaxometry, three different hydration layers surrounding the molecule, irrespective 
of HA concentration. The fi rst hydration layer consists of strongly restrained water 
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molecules with the slowest motion. At low concentrations of HA in water, the amido 
group is suggested to participate mainly in intra-molecular water bridges, and at 
high concentrations of HA, inter-molecular water bridges become more important, 
explaining the rheological properties of highly concentrated aqueous solutions of 
HA (Průšová et al.  2010 ). 

 Ellipsometric thicknesses of HA modifi ed substrates incubated with different 
proteins are smaller than for the non HA modifi ed substrate, demonstrating the anti-
fouling properties of HA (Bauer et al.  2013 ). 

 It is interesting to note that some  Streptococci  surround themselves with a cap-
sule of HA which is considered a virulence factor for these bacteria (Bisno et al. 
 2003 ), (Wessels et al.  1991 ). 

 Metastasis correlates with HA present on the tumor cell surface (Zhang et al. 
 1995 ), and also with the synthesis of HA by the cancer cell (Kimata et al.  1983 ). 

 Altogether, this evidence points to the fact that, besides making a stiff gel-like 
matrix that compresses tumor vessels and obstructs perfusion, HA stealths cancer 
cells from antibodies or immune cells.  

3.2.3     Hyaluronidase 

 HA is cleaved by enzymes known as hyaluronidases. In humans, there are six Hyal 
genes, which encode enzymes that have different properties and cellular locations 
(Toole  2004 ). In mammals, Hyal is present in the head of the sperm, to degrade the 
ovum wall (Swyer  1947 ). 

 Subcutaneous use of Hyal, derived from crude extracts of ovine or bovine tes-
ticular tissue, was approved by the Food and drug administration (FDA) in 1948 for 
hypodermoclysis (Dunn et al.  2010 ), as an adjunct in subcutaneous urography and 
for treatment of vitreous hemorrhage (Hyaluronidase Monograph (Amphadase, 
Hydase, Vitrase, Hylenex) Final, in: National PBM Drug Monograph, VHA 
PharmacyBenefi ts Management Service and the Medical Advisory Panel, 
Washington, DC, 2008). This bovine Hyal is homologous to PH20 Hyal, the one 
found in human sperm. 

 Hyal is a glycosylated protein and removal of the N-linked glycans with 
N-glycosidase results in complete inactivation of enzymatic activity (Li et al.  2002 ). 
Isoelectric focusing of this enzyme reveals six isoforms with isoelectric points rang-
ing between 5.1 and 6 (Li et al.  2002 ). Each oligosaccharide derived by enzymatic 
treatment of HA contains a double bond at the non-reducing end uronate and this 
allows for its detection using absorbance at 230 nm (Sakai et al.  2007 ). Enzymatic 
digestion of HA has been characterized by Nuclear Magnetic Resonance (NMR), 
Raman spectroscopy, and Infrared and UV-vis spectroscopy (Alkrad et al.  2003 ). In 
vitro, Hyal (purifi ed from stonefi sh venom) degrades up to the tetra- hexa-, octa- 
and deca-saccharides as major end products, but not disaccharides, as characterized 
by HPLC and NMR (Sugahara et al.  1992 ). 
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 The standard enzymatic assay for Hyal is a turbidimetric assay. Under the condi-
tions of the assay, high molecular weight HA forms cloudy precipitates when incu-
bated with bovine serum albumin, while HA fragments produced by the enzymatic 
cleavage do not. 

 Hyal may be specifi cally inhibited with apigenin (Liu et al.  1996 ). 
 However, bovine derived Hyal is a crude extract in which less than 1 % in weight 

is Hyal. To tackle this problem and the issue of immunogenicity in humans when 
using a bovine derived extract, a recombinant human Hyal (rHuPH20) named 
  HYLENEX®     was introduced in the market by Halozyme Inc. Hylenex is produced 
by genetically engineered Chinese Hamster Ovary (CHO) cells containing a gene 
encoding for a soluble fragment of human Hyal (PH20) and its use was approved by 
FDA in 2005 for certain uses outside oncology  (  http://www.drugs.com/history/
hylenex.html    ).  

3.2.4     Hyaluronidase as an Adjuvant 

 Administration of hyal to cancerous tissues lowers the IFP within the tumors (Heldin 
et al.  2004 ), (Whatcott et al.  2011 ) in a non-linear and concentration-dependent 
manner (Brekken and de Lange Davies  1998 ). Hyal treatment leads to vascular 
decompression in pancreatic tumors, as has been demonstrated by measuring mean 
vessel area in tissue sections stained with CD31 before and after hyal treatment 
(Manuel et al.  2015 ). 

 Hyal is being studied for cancer treatments, as an adjuvant for cytotoxic chemo-
therapy (Baumgartner et al.  1998 ). It acts by degrading HA, lowering the interstitial 
fl uid pressure (IFP) and thus enhancing drug penetration (Stern  2008 ). Pretreatment 
with bovine testis derived Hyal enhances the penetration and activity of the onco-
lytic drug Adriamycin in breast cancer models, in vitro and in vivo (Beckenlehner 
et al.  1992 ), and produces selective Melphalan enrichment in  malignant melanomas 
implanted in nude mice (Muckenschnabel et al.  1996 ). Hyal also favors the cytotox-
icity of anticancer drugs in vitro (St Croix et al.  1998 ). 

 Hyal acts also as an adjuvant for macromolecules: it has been used as adjuvant in 
the delivery of 125I-labeled monoclonal antibody against an osteosarcoma- 
associated antigen (Brekken et al.  2000 ) and to help the delivery of monoclonal 
antibody therapy using Trastuzumab or Cetuximab (Singha et al.  2014 ).  

3.2.5     Hyaluronidase for Nanocarrier Based Anti-Cancer 
Therapy 

 Hyal has been successfully used to favor the dispersion of oncolytic viruses. 
Pretreatment with intratumoral injections of the enzyme largely enhanced the pen-
etration of green fl uorescent protein (GFP)-expressing oncolytic virus, in prostate 
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and melanoma models in mice (Ganesh et al.  2008 ), which was accompanied by a 
signifi cant therapeutic index increase in both models. 

 A modifi ed version of the oncolytic human adenovirus ICOVIR5, engineered to 
express PH20 Hyal (denoted as ICOVIR 17) enhanced the spread of the virus within 
the tumor respect to the non Hyal expressing virus, and concomitantly enhanced 
suppression of tumor growth (Guedan et al.  2010 ). In a more recent study by the 
same group (Laborda et al.  2014 ), a version of ICOVIR17 presenting the RGD 
motif on its surface was constructed. The tripeptide RGD motif binds to αv integ-
rins, which are overexpressed in tumor endothelia (Ruoslahti  2002 ). This new sys-
tem proved very effective in treating different spontaneous tumors in dogs (Laborda 
et al.  2014 ). Currently, the same group is using Hyal expression to improve the 
distribution of VCN-01 (Martínez-Vélez et al.  2015 ), a replication competent ade-
novirus specifi cally engineered to replicate in tumors with a defective retinoblas-
toma protein pathway. 

 Hyal also augments tumor penetration of synthetic nanocarriers like liposomal 
doxorubicin, improving the effi cacy of the treatment (Eikenes et al.  2005 ). 

 The pretreatment with Hyal has even shown to favor the spread of microsized 
objects as is the case with  Salmonella  bacteria used for cancer therapy. Bacterium 
 Salmonella typhimurium  (ST), which is naturally tropic for the hypoxic tumor envi-
ronment, and a strain carrying a shRNA expression plasmid against the immuno-
suppressive molecule indoleamine 2,3-dioxygenase 1 (shIDO) have been described 
(Blache et al.  2012 ). When systemically delivered into mice, shIDO silences host 
IDO expression and leads to high intratumoral cell death that is associated with 
signifi cant tumor infi ltration by polymorphonuclear neutrophils. However, when 
combined with HA depletion, this treatment led to complete regression of the pan-
creatic tumors (Manuel et al.  2015 ). Mice treated with the combination of pegylated 
PH20 Hyal, PEGPH20, and shIDO-ST showed a signifi cant decrease in tumor bur-
den with 100 % of mice responding and approximately 30–60 % of mice with no 
discernible evidence of tumors 2 weeks after treatment and extending to 8 weeks 
following tumor implantation.  

3.2.6     Immobilized Hyaluronidase for Nanocarrier Based 
Anti-Cancer Therapy 

 In 2013 the fi rst nano-formulation of Hyal was described (Scodeller et al.  2013 ). 
Melanomas implanted in nude mice were pretreated with equal enzymatic activities 
of free or immobilized Hyal prior to chemotherapy application (local injections of 
Carboplatin), and tumor volume after the treatment study was signifi cantly smaller 
than when using the free enzyme as chemoadjuvant. The Hyal functionalized nano-
carrier system alone, without any chemotherapy, had no effect on tumor growth. 
The tumor tissue degrading properties of these particles were shown by analyzing 
tumors with Field Emission-Scanning Electron Microscopy (FE-SEM) after just 
one application of the Hyal-modifi ed nanoparticles (see Fig.  3.2 ).
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   To functionalize these particles with Hyal the authors used the layer-by-layer 
(LBL) self-assembly technique (Decher  1997 ) which consists of the alternate 
adsorption of polycations and polyanions from water solutions, where each layer 
deposition is accompanied by charge reversal as a result of charge overcompensa-
tion (Caruso et al.  1999 ). The LBL technique is appealing when functionalizing 
planar (Scodeller et al.  2010 ) and colloidal surfaces (Scodeller et al.  2008 ) with 
enzymes because enzymatic activity is maintained and multiple layers may be 

  Fig. 3.2    Surface of A375 melanoma tumors in mice as seen with Field Electron Scanning Electron 
Microscopy (FE- SEM). ( a ) Two hours after one injection of Hyal-modifi ed particles. ( b ) Two 
hours after one injection of PBS. Reprinted with permission of reference (Scodeller et al.  2013 )       
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deposited to yield a larger catalytic response. The particles used in this study were 
250 nm sized silica spheres, of low cost and easy to synthesize; similar particles 
proved to be well tolerated in mice (Botella et al.  2011 ). In this nano-formulated 
Hyal, multivalent interactions with the target tissue is the proposed mechanism to 
explain the enhanced adjuvant effect respect to free Hyal (ligand-receptor affi nity 
scales exponentially with number of valences). 

 The fi nding of an enhanced chemoadjuvant effect of Hyal upon its immobiliza-
tion on nanoparticles has recently been confi rmed by another research group (Zhou 
et al.  2016 ). In that work, the recombinant human hyaluronidase, rHuPH20, was 
covalently coupled to the surface of poly(ethylene glycol) (PEG) derivatized, doxo-
rubicin loaded nanoparticles (“PEG-PH20-NP”). The presence of PEG enhanced 
the half-life of rHuPH20 from 1.4 min to almost 9 h when it was on the  pegylated  
nanoparticles, and this allowed the authors to systemically administer the particles. 
The penetration of PEG-PH20-NP in ECM mimicking gels, was signifi cantly higher 
than PEG-NP plus equal units of the free enzyme. The researchers also observed a 
signifi cantly larger decrease in the amount of HA in cellular cultures of 4T1 (a 
mouse metastatic breast cancer cell line) after treating with PEG-PH20-NP. In ani-
mal experiments using this breast cancer model, the PEG-PH20-NP treated group 
showed the highest tumor penetration, tumor reduction and survival.  

3.2.7     Safety and Clinical Trials with Human Recombinant 
Hyaluronidase 

 Recombinant human Hyal from Halozyme Inc. has shown to not stimulate an acute 
infl ammatory response (Rosengren et al.  2015 ), (Huang et al.  2014 ) and has proven 
safe also in the administration to healthy volunteers of Ondansetron ® (Dychter et al. 
 2014 ), a medication used to prevent nausea and vomiting caused by cancer chemo-
therapy, radiation therapy, or surgery. Phase II clinical trials are under way to treat 
pancreatic ductal carcinoma patients with a combination of  pegylated  recombinant 
human Hyal, PEGPH20, and Gemcitabine or Abraxane ®  (an approved nano- 
formulation of Paclitaxel). The latest interim results from this clinical trial 
(Hingorani, SR et al. Interim results of a randomized phase II study of PEGPH20 
added to nab-paclitaxel/gemcitabine in patients with stage IV previously untreated 
pancreatic cancer. J Clin Oncol 34, 2016 (suppl 4S; abstr 439)) show that in patients 
with high HA content in pancreas, PEGPH20 pretreatment increases progression 
free survival (mPFS) by 114 % respect to the chemotherapy treatment alone, from 
4.3 to 9.2 months. Patients with high HA represented 41 % of total patients and there 
was no response to Hyal pretreatment in patients with low HA. These positive 
results have encouraged the initiation of a global phase III trial beginning in Q1 
2016 (NCT01839487). 

 Toxicity and biodistribution preclinical studies with oncolytic adenovirus 
 VCN- 01 in immunodefi cient mice and hamster models of melanoma and pancreatic 
adenocarcinoma have recently been published (Rodriguez-Garcia et al.  2015 ). The 
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promising outcome of these studies has motivated the group to begin conducting 
two phase I clinical studies: one in pancreatic cancer by endoscopic ultrasound-
guided intratumoral injection and another one targeting different tumor types by 
intravenous administration (NCT02045602 and NCT02045589).   

3.3     Collagen and Collagenase 

 Collagen is the most abundant protein in animals. It is found in connective tissue 
such as tendons, cartilage, the organic matrix of bone, and the cornea of the eye. The 
collagen helix is a unique secondary structure: it is left-handed and has three amino 
acid residues per turn. Collagen is coiled: three separate polypeptides, called alpha 
chains are super-twisted about each other (Nelson and Cox  2008 ). The amino acid 
sequence in collagen is generally a repeating tripeptide unit, Gly-X-Y where X is 
often Pro, and Y is often 4-Hyp (4-hydroxyproline). Only Gly residues can be 
accommodated at the very tight junctions between the individual alpha chains. The 
Pro and 4-Hyp residues allow for the sharp twisting of the collagen helix. The tight 
wrapping of the alpha chains in the collagen triple helix provides tensile strength 
greater than that of a steel wire of the same cross section. Collagen fi brils are supra-
molecular assemblies consisting of triple-helical collagen molecules (sometimes 
referred to as tropocollagen molecules) of approximately 300 nm of length and 
1.5 nm in diameter, associated in a variety of ways to provide different degrees of 
tensile strength. Fibrillar collagens are type I, II, III, V, XI. In humans, fi brillar col-
lagen is cleaved by matrix metalloproteinases MMP-1, MMP-8 and MMP-13, and 
type IV collagen is cleaved by MMP-2 and MMP-9. 

3.3.1     Collagen in Cancer 

 In human breast cancer collagen type IV is over-expressed as evidenced by immu-
nohistochemical staining of a large number of patient samples (Ioachim et al.  2002 ). 
In that same study higher collagen levels correlated with lower survival. 

 Type I collagen, a fi brillar collagen, is over-expressed in pancreatic cancer 
(Armstrong et al.  2004 ),(Shintani et al.  2006 ), up to threefold compared with nor-
mal pancreas. It promotes malignant phenotypes, cell migration and maximal pro-
liferation in pancreatic cancer cell lines (Grzesiak and Bouvet  2006 ). In a mouse 
model of pancreatic cancer, increased metastasis was associated with an up- 
regulation of N-Cadherin triggered by collagen I. Collagen I is also over-expressed 
in breast cancer, being higher at the rim of the tumors, and the high levels of tumor 
collagen correlate with mechanical stiffening of the tissue, as measured with nano- 
indentation (Plodinec et al.  2012 ). 
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 Collagen type V is also involved in promoting the malignant phenotype of pan-
creatic ductal adenocarcinoma (Berchtold et al.  2015 ). Collagen VI is overexpressed 
in ovarian cancer patients and increases their resistance to oncolytic drugs like 
Cisplatin (Sherman-Baust et al.  2003 ).  

3.3.2     Collagenase for Nanocarrier Based Anti-Cancer 
Therapy 

 Penetration of macromolecules and nanoparticles in tissues abundant in collagen 
may be increased by combining them with collagenase. Intraperitoneal pretreatment 
with collagenase increased the tumor penetration of an antibody (IgG, 150 kDa, 
approximately 6 nm in diameter) in ovarian cancers in mice, detected by radioiso-
tope labeling of the antibody (Choi  2006 ). Intraperitoneal treatment during 7 days 
with Losartan in mice reduced collagen content of breast tumors, and concomitantly 
increased penetration of Evans Blue in tumors and signifi cantly improved the thera-
peutic effi cacy of Doxil (Cun et al.  2015 ), (Diop-Frimpong et al.  2011 ), an FDA 
approved nano-formulation of doxorubicine. 

 Collagenase can specially facilitate the penetration of nanoparticles, in tissues 
presenting high collagen content. In a three-dimensional, multicellular spheroid 
tumor model, collagenase from  Clostridium histolyticum  (which cleaves human 
collagen types I, II, and III) resulted in a signifi cant decrease in collagen content. 
This collagenase treatment increased the penetration of 20 nm and 40 nm fl uores-
cent nanoparticles by as much as 7 and 12-fold, respectively, and threefold for 
100 nm particles. Incubation of the same spheroids with 100 nm collagenase-coated 
nanoparticles resulted in a signifi cant increase (almost fourfold) in spheroid core 
fl uorescence compared with albumin-coated nanoparticles (Goodman et al.  2007 ). 

 Collagenase has been used to enhance oncolytic nanocarriers-based cancer ther-
apy. It signifi cantly elevated the antitumor activity of an oncolytic adenovirus in 
U87 and U251 glioblastoma subcutaneous xenografts in mice when compared with 
the viral therapy alone (Kuriyama et al.  2001 ). A one-time intratumoral injection of 
bacterial collagenase was given 24 h prior to starting the treatment with the virus. A 
potential side effect of using proteases and virus inoculation would be invasion of 
tumor cells into adjacent areas and the initiation of metastatic tumor spread, how-
ever, no evidence of an increased potential for metastatic tumor spread was detected 
in that study. 

 In another example, collagenase of bacterial origin was employed to deplete 
fi brillar collagen in melanoma, which proved to be a major impediment for the 
transport of a herpes simplex virus (HSV) (McKee  2006 ) (120 nm in diameter) and 
led to improved oncolytic viral therapy. Melanomas were grown in the dorsal skin 
windows in SCID mice and imaged with live multiphoton imaging. Collagen was 
monitored with second harmonic generation imaging and GFP-expressing viral par-
ticles were tracked with green fl uorescence. Local injections of virus showed that 
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the viral particles distributed primarily within collagen-free areas of the tumor with 
limited penetration into collagen-rich regions. The area of viral infection was local-
ized to 15 % of the entire tumor mass, corresponding to the site of injection. Even 
11 days after the initial injection, viral vectors could not penetrate suffi ciently to 
infect the entire tumor mass. However, when collagenase was co-injected along 
with the virus, it resulted in a nearly 3-fold increase in the area of viral distribution 
compared with HSV particles alone. A blue dye–conjugated 2MDa dextran 
 co- injected with HSV was found to penetrate into collagen-rich regions, where viral 
particles were excluded, showing that large nanocarriers are most affected in their 
spreading. Most importantly, tumor sizes were signifi cantly smaller when collage-
nase was used in combination with the HSV virus. 

 The velocity of 15 nm super-paramagnetic iron oxide nanoparticles travelling 
through an  in vitro  model of ECM, under the infl uence of a magnetic fi eld, was 
dramatically increased when they were derivatized with microbial collagenase 
(Kuhn et al.  2006 ). Also, the enzyme stability was maintained for up to 5 days when 
it was immobilized on the nanoparticle surface.  

3.4      Chondroitin Sulfate Proteoglycans (CSPGs) 

 CSPGs are composed of a core protein onto which chondroitin sulfate is covalently 
attached. 

 Chondroitin Sulfate (CS) is an anionic linear polysaccharide which consists of 
alternating disaccharide units of D-glucuronic acid and N-Acetyl-D-galactosamine 
(→4GlcAβ1 → 3GalNAcβ1→) and can be modifi ed by sulfate groups in different 
positions. Sulfate groups occur mainly at C4 and/or C6 of N-acetylgalactosamine 
and/or C2 of glucuronic acid. Chondroitin sulfate is attached to serine residues of 
the protein cores via a tetrasaccharide linkage consisting of xylose, two galactose 
molecules and glucuronic acid. The biosynthesis of CS chains on core proteins 
results in the formation of certain CSPGs, such as aggrecan (the major CSPG of 
cartilage), versican (the common CSPG of non-cartilaginous connective tissues), 
decorin and biglycan (Asimakopoulou et al.  2008 ). 

3.4.1     CSPGs in Cancer 

 Chondroitin sulfate proteoglycans (CSPGs), such as versican, accumulate in tumor 
stroma and play a key role in tumor growth and invasion. The high expression of 
CSPGs in fast growing tissues and cells is correlated with chondroitin sulfate (CS) 
chains and the sulfation pattern (Asimakopoulou et al.  2008 ). In patients with node 
negative primary breast cancer, high levels of versican and tenascin in the peritu-
moral stromal tissue were found to be predictors for risk and relapse, independent 
of the tumor size, suggesting that these CSPGs play a primary role in breast cancer 
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spread for patients with node negative disease (Ricciardelli et al.  2002 ), (Suwiwat 
et al.  2004 ).  

3.4.2     Chondroitinase in Nanocarrier Based Anticancer 
Therapy 

 Chondroitinase (Chase) was expressed in an oncolytic, GFP-expressing virus 
(OV-Chase) and tested in-vivo in two mouse models (Gli36DEGFR and 
U87DΔEGFR) of glioblastoma (Dmitrieva et al.  2011 ). Chase greatly enhanced the 
penetration of the viral particles in in-vitro grown glioma spheroids, in subcutane-
ous and intracranial tumors in mice, compared with the same virus without the 
enzyme. The authors also showed that the enzyme only affects the spread of the 
virus and not its replication or infectivity. 

 The oncolytic virus armed with Chase drastically improved the effi cacy against 
glioma models in vivo. Gli36DEGFR and U87DΔEGFR cells were intracranially 
implanted in mice, and 10 days after tumor cells implantation, mice were treated 
with OV-Chase, OV alone, or PBS, intratumorally for the subcutaneous tumors and 
stereotactically for the intracranial tumors. 

 The use of the oncolytic virus alone had no effect either on survival or on subcu-
taneous tumor growth, compared with PBS control, but when the Chase-expressing 
virus was used, it largely prolonged the survival and diminished the volume of the 
subcutaneous implanted tumors, showing that CSPGs are a total impediment to the 
spread of the virus. Two of the mice treated with OV-Chase lived more than 80 days, 
and showed no evidence of intracranial tumor by histologic examination.   

3.5     Conclusions and Outlook 

 Extracellular matrix degrading enzymes greatly enhance the dispersion of nanocar-
riers within many tumors and improve the outcome of treatments. The benefi t is for 
nanocarriers in general, whether they are oncolytic virus nanocarriers or nano- 
formulated drugs such as Abraxane or Doxil. 

 An extracellular matrix degrading enzyme, Hyal, is close to receiving approval 
for a synthetic nanocarrier (Abraxane) based anticancer therapy, and is in earlier 
clinical studies as part of an oncolytic virus nanocarrier. 

 The depletion of collagen and CSPGs to aid nano-cancer therapies has shown 
exciting results in mice models. However the path to bedside applications for these 
enzymes in oncology is still far. To decrease immunogenicity in patients, recombi-
nant human versions of collagenases like MMP-1 and MMP-8 should be engi-
neered. These human collagenases have shown promise as helpers in nanocarrier 
based anticancer therapy (Mok et al.  2007 ). 
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 As opposed to HA, collagen does not have only one enzyme that degrades it, 
instead, different enzymes degrade different types of collagen. This will require that 
each case be analyzed to decide which collagenase to treat with. 

 Moreover, the fact that the half-life of collagen is extremely long (over 100 years 
for cartilage collagen and 15 for skin collagen according to recent calculations 
(Verzijl et al.  2000 )), might complicate the setting for a clinical translation, due to 
unwanted off-target degradation. To reduce this off target effect in healthy tissue, 
the enzyme should be directed to the site of lesion. To this end, enzymes may be 
constructed fused with short tumor homing peptides (Järvinen and Ruoslahti  2010 ; 
Järvinen  2012 ),(Curnis et al.  2000 ). 

 A dramatic impact of Chase has been reported in oncoviral therapy for glioblas-
toma. This is a recent and encouraging study for a promising fi eld still unexplored: 
the use of Chase to aid nanocarrier cancer therapy. 

 Many tumors do not overexpress one but multiple matrix elements. Pancreatic 
tumors over-express HA and collagen, and breast tumors upregulate collagen and 
different CSPGs. In the future, this fact should be considered and a multiple target-
ing of stroma components contemplated. This could be achieved with a cocktail of 
enzymes fused with peptides that target the tumor stroma, or through the use of 
tumor targeted porous silicon nanoparticles (Joo et al.  2015 ) that can load proteins 
inside their pores (Wu et al.  2015 ). 

 As for the chemotherapy to be used, besides oncolytic viruses and the familiar 
nanoformulations of drugs such as Abraxane and Doxil, in the future, delivery sys-
tems that only release their cargo inside the cell will improve the therapeutic index. 
These include pH-sensitive polymeric particles such as polymersomes, profi cient 
endosomal escapers that are already proving superior to Abraxane (Simon-Gracia 
et al.  2016 ).     
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    Chapter 4   
 Nanocarrier-Based Anticancer Therapies 
with the Focus on Strategies for Targeting 
the Tumor Microenvironment                     

     Fransisca     Leonard     and     Biana     Godin    

    Abstract     In the past couple of decades, advanced knowledge of cancer biology has 
revealed the predominant role of tumor microenvironment in tumor growth and 
progression. Different components in tumor microenvironment release sets of bio-
logical signals, which contribute to cell growth and survival, epithelial-mesenchy-
mal transition during metastases, angiogenesis, and development of drug resistance. 
The new understanding about the cancer cell- stroma interactions has been utilized 
to design various nanocarriers targeting the tumor environment for drug delivery. 
This can be achieved passively by using differential physiological features in the 
tumor microenvironment (e.g. different blood fl ow patterns or fenestrations in the 
tumor endothelium) or actively by recognizing specifi c molecular signatures on the 
cells in the tumor microenvironment. This chapter will discuss the biology of the 
tumor microenvironment and identify various cells and extracellular components 
that can be exploited to enhance cancer therapies and effi ciently target nanothera-
pies to tumor loci.  

  Keywords     Nanocarriers   •   Tumor microenvironment   •   Anticancer therapy   • 
  Endothelial cells   •   Tumor-associated macrophages   •   Cancer-associated fi broblast  
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   NP    Nanoparticle   
  EPR    Enhanced Permeation and Retention   
  ECM    Extracellular matrix   
  TAM    Tumor-associated macrophage   
  CAF    Cancer-associated fi broblasts   
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  IIC    Infi ltrating immune cells   
  CTL    Cytotoxic T-lymphocytes   
  TIL    Tumor-infi ltrating lymphocytes   
  CAA    Cancer-associated adipocytes   
  ADF    Adipocyte-derived fi broblasts   
  HIF    Hypoxia-inducible factor   
  VEGF    Vascular endothelial growth factor   
  PDGF    Platelet-derived growth factor   
  TNF-α    Tumor necrosis factor alpha   
  MMP    Matrix metalloproteinase   
  EGF    Endothelial growth factor   
  TGF-β    Transforming growth factor beta   
  FGF    Fibroblast growth factor   
  PlGF    Placental growth factor   
  SDF    Stromal cell-derived factor   
  HGH    Hepatocyte growth factor   
  EGF    Epidermal growth factor   
  IGF    Insulin-like growth factor   
  GM-CSF    Granulocyte macrophage colony-stimulating factor   
  M-CSF    Monocyte-colony stimulating factor   
  CSF-1    Colony stimulating factor-1   
  ICAM-1    Intracellular adhesion molecule-1   
  FABP    Fatty acid-binding protein   
  IL    Interleukin   
  IFN-γ    Interferon gamma   
  CCL    Chemokines (C-C motif) ligand   
  CXCL    C-X-C motif chemokine   
  CD    Cluster of differentiation   
  MIP    Macrophage inhibitory protein   
  PGE2    Prostaglandin E2   
  ZA    Zoledronic acid   
  HRG    Histidine-rich glycoprotein   
  STAT    Signal transducers and activators of transcription   
  TRAIL    TNF-related apoptosis-inducing ligand   
  NF-KB    Nuclear factor kappa b   
  CTLA-4    Cytotoxic T-lymphocyte-associated protein   
  SIRPα    Signal regulatory protein alpha   
  ACT    Adoptive cell therapy   
  ROS    Reactive oxygen species   
  NSCLC    Non-small cell lung cancer   
  PD-1    Programmed death-1   
  PD-L1    Programmed death ligand 1   
  MAPK    Mitogen-activated protein kinase   
  α-SMA    α-smooth musche actin   
  MPS    Mononuclear phagocytic system   
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  PEG    Poly(ethylene)glycol   
  PAMAM    Polyamidoamine   
  PEI    Polyethylenimine   
  PLGA    Poly(lactic-co-glycolic acid)   

4.1         Introduction: Tumor Microenvironment 

 In the past, cancer research has been focused on cancer biology, including identify-
ing and understanding the role of oncogenes and tumor suppressor genes involved 
in activation and loss of function contributing to the progression and transformation 
of the cells. In the recent decades, along with new discoveries and gained knowl-
edge about the complexity of cancer, there is a rising recognition of the importance 
of the tumor microenvironment (TME). The interplay between the deregulation in 
the physiology of tumor cells and the cells of TME is vital for tumor initiation, 
growth and progression. This knowledge drives novel and more effi cient therapeu-
tics approaches to achieve improved and safe therapies, which will localize more 
specifi cally to the tumor milieu. These efforts require collaborative interaction of 
multidisciplinary teams, including clinicians, biological and material scientists, and 
biomedical engineers. Increased effi cacy in therapeutics can potentially be achieved 
by designing drugs or drug carriers that target abnormalities in TME passively, 
including increased vascularization and blood vessel leakiness, the low pH, hypoxia 
condition, as well as with active targeting via binding to receptors overexpressed on 
the cancer cells and on the cells of the TME. 

 The non-neoplastic cells of the TME facilitate tumor survival and development by 
providing growth factors, cytokines, remodeling the vascular network and restructur-
ing the extracellular matrices. They are also important factors in forming metastatic 
niches and, thus, defi ning the sites of tumor metastasis (Quail and Joyce  2013 ). TME 
composition varies between different tumor types, different sites of the same tumor 
(e.g. primary and metastatic) and, in solid tumors, the non-neoplastic cells can con-
stitute up to 90 % of tumor mass (De Kruijf et al.  2011 ; Downey et al.  2014 ; Yan et al. 
 2005 ). Below, we briefl y introduce the major cells and non-cellular elements in the 
TME (Fig.  4.1 ) including their crosstalk signaling network to control TME (Fig.  4.2 ).

4.1.1        Angiogenic Blood Vessels 

 In order to support the growing cell mass and to grow beyond the diffusion-limited 
maximal mass (2 mm), most of the solid tumors are characterized by neovascular-
ization, a  de novo  formation of the blood vessels to provide the nutrients (Brannon- 
Peppas and Blanchette  2012 ). The resulting new vasculature, so-called 
tumor-associated vessels, is irregular, chaotic and inherently unstable (Di Tomaso 
et al.  2005 ). These blood vessels are mainly responsible for the transport of 
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  Fig. 4.2    Schematic of tumorigenic microenvironment and signaling network between cellular 
components and their effect on processes occuring in TME to support cancer cell growth       

  Fig. 4.1    Schematic presentation of the components in the tumor microenvironment, representing 
the main cell elements and the levels of oxygen. Oxygen availability decreases and acidity 
increases along with the distance to the blood vessel       
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nutrients and oxygen to the tumor cells, and other physiological functions of these 
cells are being investigated. Tumor neovascularization involves tube-forming endo-
thelial cells and their supporting pericytes that comprise angiogenic vasculature. 
Induction of an angiogenic switch causes the hyperproliferation of neoplasia and 
tumor. This involves upregulation of hypoxia-inducible factor (HIF), vascular endo-
thelial growth factor (VEGF), platelet-derived growth factor (PDGF), tumor necro-
sis factor (TNF)-α, integrin αvβ3, and matrix metalloproteinases (MMPs) (Hanahan 
and Coussens  2012 ). Several drugs target the regulation of angiogenesis mecha-
nism, thus impairing the growth of the angiogenic vessels and the tumor mass, as a 
result of restriction of the transport of blood-borne mitogenic growth factor. When 
the vessels grow in an uncontrolled fashion, the formed vasculature is different from 
a normal one in terms of density of the endothelial cells and the molecular signa-
tures, characterizing dividing cells. The endothelial cells in the tumor tissue do not 
form a tight monolayer, producing fenestrations of 100–700 nm, which enable the 
passage of macromolecules and nanotherapeutics across the impaired endothelium. 
The entities are further retained there based on the differences in the osmotic pres-
sure and pour lymphatic drainage between the tumor and healthy tissue. This 
Enhanced Permeation and Retention (EPR) effect fi rst described by Matsumura and 
Maeda (Matsumura and Maeda  1986 ) as well as the irregular and sometimes oscil-
lating blood fl ow which changes the margination patterns of the objects as com-
pared to the normal vasculature are responsible for the passive targeting of 
nanotherapeutics to the tumor tissue (Decuzzi and Ferrari  2006 ). These mechanisms 
will be discussed in more details in the following sections. The majority of the clini-
cally used nanotherapeutics account for EPR effect.  

4.1.2     Lymphatic System and Infi ltrating Immune Cells 

 Lymphatic system plays a critical role in maintaining tissue fl uid homeostasis, regu-
lating immune response, and is the site for lymph node metastasis (Alitalo  2011 ). 
Although the lymphatic vessels on the tumor periphery and beyond are functional 
and hyperplastic, they are absent within the tumor margins in humans and other spe-
cies (Leu et al.  2000 ). This is most likely due to the compression of lymphatic ves-
sels caused by the high osmotic and hydraulic pressure characterizing many tumors 
due to the fl uid retention and the growing tumor. The lack of functional lymphatic 
vessels within the tumor causes poor drainage, a contributing factor of the EPR 
effect. 

 Solid tumors contain infi ltrates of diverse leukocyte subsets including myeloid 
and lymphoid-lineage cells. These cells supply mitogenic growth factors which pro-
mote proliferation, and also increase the production of epidermal growth factor 
(EGF), transforming growth factor (TGF)-β, TNF-α, fi broblast growth factor(FGF), 
interleukins, histamine, heparin, as well as proteolytic enzymes such as metallo-, 
serin- and cysteine-proteases to cleave and modify extracellular matrix (ECM) 
(Hanahan and Coussens  2012 ). 
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 Major actors among the infi ltrating immune cells in TME are the tumor- 
associated macrophages (TAMs). TAMs are alternatively differentiated macro-
phages called M2 macrophage, which can modulate tissue remodeling and 
angiogenesis, suppress T cell activity/proliferation and play signifi cant role in tumor 
survival. Their density has been correlated with poor disease-free survival in chol-
angiocarcinoma, hepatocellular carcinoma, as well as in several other epithelial 
cancers (Zhang et al.  2012 ). 

 TAMs are characterized by a constitutive high expression of several other growth 
factors, including VEGF, FGF1 and 2, PDGF, granulocyte macrophage colony- 
stimulating factor (GM-CSF), insulin-like growth factor (IGF)-1 and TGF-β, and 
pro-infl ammatory mediators, such as interleukin (IL)-1, −6, −8, prostaglandins, 
interferon (IFN)-γ, TNF-α, Chemokines (C-C motif) ligand (CCL)17 and CCL18, or 
the interleukins IL-1ra, IL-6, IL-10, and arginase-1. TAMs also express low  cluster 
of differentiation (CD51), carbopeptidase M and IL-12 (Hanahan and Coussens 
 2012 ). TAMs express α4 integrins, which can bind to VCAM, activating Ezrin that 
mediates receptor tyrosine signaling and PI3K/Akt signaling, suppressing cell pro-
grammed death. TAMs also protects tumor from chemotherapy-induced cell death 
via cathepsin protease-dependent pathway (Chen et al.  2011 ; Shree et al. 2011). 

 TAMs are recruited from circulating monocytes and regulated by homing pro-
teins, such as monocyte chemotactic protein (MCP)-1/CCL2, CCL3, CCL4, CCL5, 
CCL8, macrophage inhibitory protein (MIP)-1α, macrophage migration inhibitory 
factor, as well as the growth factors VEGF and monocyte-colony stimulating factor 
(M-CSF), expressed by tumor cells or several cellular components of the TME 
(Mukaida et al.  2014 ). Arriving in the TME, monocytes are exposed to soluble fac-
tors, such as prostaglandin E2 (PGE2), and cytokines, such as IL-2, IL10 and TGF- 
β1, causing their differentiation into M2 macrophages (Burkholder et al.  2014 ). 

 This knowledge can be utilized for cancer therapy to revert M2 polarization to 
M1 using pro-infl ammatory molecules. Drugs such as zoledronic acid (ZA), a clini-
cal drug for bone resorption therapy, and has recently been repurposed to be 
exploited in cancer immunotherapy since ZA can regulate macrophage functions 
and reduce cell migration, infi ltration, proliferation. ZA boosted the production of 
type-1 cytokines by TAM in response to immunomodulators such as IL-12 and 
polyI:C, which can revert M2 phenotype of TAMs to a preferably anti-tumor M1 
macrophage, as well as suppressing the expression of MMP-9 by TAM and increas-
ing the proliferation of activated Tγδ lymphocytes in  in vitro  model of prostate 
cancer cell (Chanmee et al.  2014 ; Tsagozis et al.  2008 ). Histidine-rich glycoprotein 
(HRG) inhibited tumor growth and metastasis by reverting macrophage polarization 
and inducing vessel normalization by placental growth factor (PlGF) downregula-
tion in tested T241 fi brosarcoma, Panc02 pancreatic tumor and 4T1 breast tumor 
cell lines (Rolny et al.  2011 ). Antitumor drug Trabectedin (ET-743), a standard 
treatment of soft tissue sarcoma and relapsed platinum-sensitive ovarian cancer 
patients, can kill TAMs via TRAIL receptors-mediated apoptosis (Chanmee et al. 
 2014 ), although the action also affects monocyte/macrophage-mediated host 
defense, which potentially cause adverse effects. A new peptide construct M2pep 
can bind to and kill M2 macrophages selectively, limiting the side effects (Cieslewicz 
et al.  2013 ). 
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 TAMs effects on tumor invasiveness are mostly derived from studies performed 
in cancers featuring a rich stroma, such as in breast and colon carcinomas. In a 
mouse model of breast cancer, expression of colony stimulating factor-1 (CSF-1) is 
highest at the invasive edge of tumor cells, a site highly populated with macro-
phages. CSF-1 released by breast tumor cells has been associated with recruitment 
of TAM, and TAMs reciprocate by releasing EGF, which stimulates tumor cells to 
migrate and metastasize. Similar fi ndings have been observed in a genetic model of 
colon cancer. Another study also identifi ed the enrichment of macrophages in the 
tumor periphery of liver metastasis of the breast cancer in mice model (Tanei et al. 
 2016 ). In general, CSF-1 is highly upregulated in breast cancer (Lin et al.  2001 ), 
correlated with poor prognosis in breast, endometrial, hepatocellular and colorectal 
cancer (Groblewska et al.  2007 ; Zhu et al.  2008 ), but not overexpressed by  pancreatic 
cancer cells (Panni et al.  2013 ). Inhibition of CSF-1R dimerization using human-
ized monoclonal antibody RG7155 has been shown to reduce specifi c macrophage 
population in tumor tissue in patients with diffuse-type giant cell tumor (Ries et al. 
 2014 ). PLX3397, a potent tyrosine kinase inhibitor of CSF-1R also decreased mac-
rophage and lymphocyte infi ltration and effective for adoptive cell therapy (ACT) 
(Mok et al.  2014 ). Macrophage depletion reached almost fi vefold decrease in 
PLX3397-treated lympho-depleted C57BL/6 mice with established subcutaneous 
SM1-OVA tumors. 

 TAMs also secrete cytokines involved in angiogenesis and ECM remodeling, 
including VEGF, IL-8, TNF-α and MMPs, namely MMP-2 and −9. Additionally, 
TAMs may promote lymphangiogenesis by VEGF-C secretion, which most likely 
enhanced by hypoxic conditions present in most desmoplastic tumors (Cadamuro 
et al.  2013a ). Specifi cally TAMs can regulate angiogenesis via production of 
VEGF-A and MMP-9, thereby increasing bioavailability of VEGF and activating 
the angiogenic switch (Deryugina and Quigley  2015 ). The modifi cation of ECM 
can be a double edge sword for tumor cells: (1) on one hand it can uncage bioactive 
mitogenic agents, which normally act as a repair mechanism for tissue damage but 
misused by neoplastic cells to help sustain their hyperproliferation. (2) Alternatively, 
the process can also cleave cell-cell or cell-ECM adhesion molecules, disabling the 
growth and suppressing adhesion complexes needed to maintain the homeostasis 
(Lu et al.  2011 ). Infi ltrating immune cells (IICs) can also regulate angiogenesis pro-
cesses by upregulating cytokines such as VEGF, bFGF, TNF-alpha, TGF-beta, 
PDGF, PlGF, neuropilin-1, various chemokines (C-X-C motif chemokine (CXCL)-
12, IL-8/CXCL8), MMPs (MMP-2, −7, −9, −12, −14), serine proteases (urokinase- 
type plasminogen activator), cysteine cathepsin proteases, DNA-damaging 
molecules (ROS), histamine, and other bioactive mediators (nitric oxide) (Hanahan 
and Coussens  2012 ). 

 TAMs are reprogrammed cells that have less “antigen-presenting” characteristics 
which can blunt tumor growth by disrupting angiogenesis and normalize vascular 
development. This knowledge has been also targeted for cancer therapy, e.g. 
histidine- rich glycoprotein HRG (a host-produced protein deposited in the stroma) 
(Rolny et al.  2011 ) or CSF-1 blockade (DeNardo et al.  2011 ) can induce TAM 
reprogramming resulted in vascular normalization and improved responses to che-
motherapy. In both cases, anti-tumor activity was enhanced by cytotoxic 
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T-lymphocytes (CTLs), indicating the complex signaling processes within the 
tumor microenvironment. It was shown that the increased concentration of tumor- 
infi ltrating lymphocytes (TIL) improves the survival of early stage non-small cell 
lung cancer (NSCLC) (Djenidi et al.  2015 ). Moreover, T-cells equipped with T-cell 
receptor (TCR), play a central role in cell-mediated immunity and can regulate 
antigen- specifi c, effector and immune memory responses. However, most of the 
tumor will not express suffi cient antigens to stimulate the host antigen-presenting 
cells, resulting in inadequate expression of MHC class I- and II-peptide molecules 
in T-cells. TILs are mostly consist of cytotoxic memory CD8+ T-cells, and can 
increase the expression of the T-cell survival factors enumerated previously, such as 
p-Foxo3a, IGF and osteopontin, and cytokines, such as IL-7 and IL-15, and 
 moreover, triggered the stimulation of AKT pathway and Wnt, increasing the T-cell 
survival in the tumor. Several approaches have been done to utilize these patient-
derived T-cells and genetically modify them for immunotherapies targeting tumor 
cells (Rosenberg et al.  1988 ). In terms of nanotherapies, T cells can serve as a vital 
target for nanomedicine-based vaccines. Moreover, the affi nity of these circulating 
cells to the tumor tissue is being explored for delivery of the nanotherapies pre-
loaded into the cells to the malignant loci. 

 Another promising therapy targeting infi ltrating immune cells is the anti- 
programmed death (PD)-L1 antibody. PD-L1 itself are pro-oncogenic in two dis-
tinct mechanisms, by inducing apoptosis in T-cells and by enhancing the tumor cell 
survival cells in hepatocellular carcinoma, where overexpression of PD-L1 corre-
sponds with a poor prognosis and increased mortality. An anti-PD-L1 antibody is 
currently undergoing phase III clinical trials in the US for several types of cancers, 
including melanoma and non-small cell lung, colorectal, ovarian, pancreatic, gas-
tric, breast and renal cell cancers (Brahmer et al.  2012 ). 

 Another approach to modify TAMs function is by inhibiting macrophages- 
dependent biological processes. Cycooxygenase-2 inhibitors have been shown to 
reduce macrophage production of VEGF-C, which subsequently led to suppression 
of lymphangiogenesis and lymph node metastasis in two murine models engrafted 
with human gastric carcinoma and human lung adenocarcinoma cell lines (Na et al. 
 2013 ). 

 In the context of this chapter, it is important to point out that macrophages as 
well as other populations of immune cells are naturally occurring phagocytes, which 
will uptake the solid particulates promptly. Thus, targeting these cell populations 
with nanovectors represents one of the important strategies for enabling preferential 
uptake of nanotherapeutics in the tumors (Sounni and Noel  2013 ) (Table  4.1 ).

4.1.3          Cancer-Associated Fibroblasts (CAF) 

 Fibroblasts are the most abundant cell type and function mostly as connective and 
structural framework of tissues due to their ECM secretion. Although, only with 
increasing evidence in the last decade that the interactions between cancer cells and 
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the stroma have attracted considerable attention as one of the components support-
ing tumor growth and progression. They are activated during wound healing and 
fi brosis, the condition present in tumor, and the tumor has been considered as “the 
wound that does not heal”. CAF are recruited via pro-infl ammatory chemokines and 
cytokines released by infl ammatory cells and by the tumor cells themselves, with 
signaling pathways similar to tissue repair/wound healing. CAF can also be recruited 
from circulating bone marrow-derived mesenchymal cells that co-express both 
hematopoietic and fi broblast markers. These mesenchymal stem cells can be 
recruited and differentiated into either myofi broblasts defi ned by expression of 
α-smooth musche actin (α-SMA) (Quante et al.  2011 ), or into adipocytes defi ned by 
expression of fatty acid-binding protein (FABP4) (Qian et al.  2010 ). 

 In general, normal functioning fi broblasts can limit cancer cell proliferation 
(Bissell and Hines  2011 ), the characteristic that is lost after transition to CAF. The 
reprogramming from normal fi broblasts can be caused by other abberant conditions, 
such as fi brosis, edema or infections, which can produce proteases or other para-
crine factors that disrupt normal epithelial structures (Räsänen and Vaheri  2010 ). 
Fibroblasts may become activated in response to cytokines released by cancer cells 
and infl ammatory cells such as PDGF, TGF-β and FGF-2 (Kalluri and Zeisberg 
 2006b ), as well as MCP-1, and PDGF (Marsh et al.  2013 ). Several microRNA has 
been found to be downregulated (miR-31 and miR-214) or upregulated (miR-155) 
in ovarian CAF compare to the normal fi broblasts, suggesting their role for defi ning 
CAF function (Mitra et al.  2012 ). 

 CAF have diverse characteristics and functional contributions in various organs, 
but generally possess a higher proliferative index, as compared with fi broblasts in 
normal tissues (Tlsty and Coussens  2006 ). They express increased level of cyto-
kines and chemokines such as stromal cell-derived factor (SDF)-1/CXCL12, 
CXCL14, CCL2, CCL8 (Togo et al.  2013 ). In colorectal cancer, CAF has been 
shown to express growth factors such as hepatocyte growth factor (HGH), epider-
mal growth factor (EGF) family members, variety of FGF, and which in turn acti-
vated mitogenic signals such as mitogen-activated protein kinase (MAPK) and 
phosphatidylinositol 3-kinase (Quante et al.  2013 ). CAF can also orchestrate 
metastasis- promoting communication in colorectal cancer by expressing TGF-β 
(Tommelein et al.  2015 ). Secretion of IL-11 by TGF-β-stimulated CAF triggers 
STAT3 signaling in cancer cells (Sanchez-Lopez et al.  2015 ). CAF are important for 
neoplastic cells survival via the release of diffusible paracrine factors insulin-like 
growth factor(IGF)-1 and IGF-2 (Hanahan and Coussens  2012 ), as well as ECM 
molecules and ECM-remodeling proteases. As an example, Yes-activating protein 
(YAP) transcription factor is the main player, allowing CAF to remodel ECM by 
modulating cytoskeleton and matrix stiffness to support tumorigenesis (Calvo et al. 
 2013 ). The presence of CAF is also posed as a physical barrier that can hinder the 
transport of therapeutics and has been correlated with bad prognosis due to low 
therapeutic responses (Castells et al.  2012 ), especially in pancreatic cancer (Dimou 
et al.  2012 ). 

 Adipocytes in TME has also been reported to be able to differentiate to cancer- 
associated adipocytes (CAA) and further into adipocyte-derived fi broblasts (ADF) 
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(Bochet et al.  2013 ). CAA has been reported to reduce the cytotoxicity effect of 
chemotherapy (trastuzumab) (Duong et al.  2015 ) and radiation therapy (Bochet 
et al.  2011 ). They also confer a radioresistant phenotype to breast cancer cells 
dependent on adipocyte-derived IL-6. Interleukin (IL)-6 is overexpressed in cholan-
giocarcinoma (CCA) cells in response to hypoxia, and represents a key determinant 
of cancer invasiveness. Elevated levels of IL-6 plays a key role in promoting cancer 
cell proliferation and inhibition of apoptosis, by binding to its receptor (IL-6Rα) 
and co-receptor gp130 (glycoprotein 130), and further activates the JAK/STAT sig-
naling pathway of the Janus kinases (JAK) and signal transducers and activators of 
transcription (STATs): STAT1 and STAT3 (Landskron et al.  2014 ). 

 Since CAF contribute to the production of the dense cellular and non-cellular 
(through the synthesis of collagen, hyaluronic acid, elastin,   glycosaminoglycans    , 
  reticular     and   elastic fi bers    ,   glycoproteins     (Kalluri and Zeisberg  2006a )) tumor 
stroma, these cells are the major players in the inability of the drugs to transport 
across the tumor tissue. In some tumors fi brous stroma comprises >90 % of the 
tumor mass (e.g. pancreatic adenocarcinoma) preventing the effi cient transport of 
therapeutics and impairing the pharmacological responses. Strategies that can over-
come these obstacles are currently being sought.  

4.1.4     Non-cellular Components 

 ECM consists of a complex mixture of proteins, glycoproteins, proteoglycans, and 
polysaccharides. These components are produced by fi broblasts and have various 
functions. Within the tumor, ECM stiffness is increased, and its structure is charac-
terized by a loosely woven morphology and nonplanar orientation (Ruiter et al. 
 2002 ). These alterations of biochemical and physical properties of ECM favor the 
tumor progression and resistance to therapies (Giussani et al.  2015 ). Together with 
the cellular stroma elements, ECM forms an additional barrier that hinder the che-
motherapy penetration into the tumor lesions (Choi et al.  2013 ). There is a complex 
signaling processes from the TME cellular components and ECM, where changes in 
ECM architectures are signaled from the stromal and tumor cells, and these changes 
impact the tumor stroma. Several studies have identifi ed upregulation of some fac-
tors that affect ECM, such as: proteases (cathepsin F, K, and L, MMP2), protease 
inhibitors (thrombospondin2), serin peptidase inhibitor clade G (C1 inhibitor), 
member 1 (SERPING1), cytostatin C and tissue inhibitor of metalloproteinase 
(TIMP3) in ductal carcinoma in situ (DCIS) myoepithelial cells (Allinen et al. 
 2004 ). CAF can also modulate ECM via MMP-1 and MMP-3 production (Cirri and 
Chiarugi  2011 ). Angiotensin has been used in ECM remodeling strategy, and its 
inhibition has been found to enhances drug delivery and potentiates chemotherapy 
via inhibition of collagen I synthesis and subsequent tumor blood vessel decom-
pression (Chauhan et al.  2013 ; Diop-Frimpong et al.  2011 ) (Fig.  4.3 ).

   Hyaluronic acid (HA) is another major ECM component that is important for 
monocyte/macrophage traffi cking, in association with HA receptor, CD44. Various 
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  Fig. 4.3    Inhibition of collagen I synthesis by angiotensin. ( a ). Representative images from intra-
vital optical frequency-domain imaging of perfused vessels with losartan treatment. E0771 
tumours in control mice have a low density and poor distribution of perfused vessels in three 
dimensions, whereas losartan-treated mice showed a more even distribution and higher density of 
perfused vessels. Scale bar, 1 mm. ( b ). Representative images from intravital multiphoton micros-
copy of perfused tumour vessels ( green ) and collagen ( blue ), showing that losartan increases the 
density of perfused vessels in an E0771 breast tumor ( c ). Losartan increases oxygenation in some 
tumours whereas control tumours decrease in oxygen levels. Losartan also appears to result in a 
more homogenous distribution of well-oxygenated tumour tissue. ( d - f ). Quantifi cation of tumour 
growth rates, based on the time to reach double the initial volume in response to treatment withlo-
sartan or saline control (40 mg kg - 1 daily from day 0 onwards) in combination with either the 
small-molecule chemotherapeutic doxorubicin or saline control (2 mg kg - 1 every 3 days from day 
1 onwards) ( top  panels) and animal survival for grafted mice following the initiation of treatment 
with doxorubicin and losartan in monotherapy and in combinatorial therapy ( bottom  panel) in ( d ) 
E0771 cells graft, ( e ) 4 T1, and ( f ) in AK4.4 tumor graft. Reproduced from (Chauhan et al.  2013 ) 
with permission from Nature Communication       
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HA binding partners, such as inter-α-inhibitor (IαI) heavy chains, TNF-stimulated 
gene-6 (TNF-6), and proteoglycan versican also play important roles in ECM for-
mation during infl ammatory reaction (Chanmee et al.  2014 ). Versican is one com-
ponent of the ECM that interacts with cells by binding to non-integrin and integrin 
receptors and to other ECM components that associate with the cell surface and can 
infl uence the ability of cells to proliferate, migrate, adhere, and remodel the ECM 
(Wight et al.  2014 ) via the secretion of infl ammatory cytokines, such as TNF-α and 
IL-6 from macrophages through interaction with TLR2 and its co-receptors TLR6 
and CD14, which can promote metastasis in a mouse model (Kim et al.  2009 ). 

 Tumor ECM also induces macrophages to produce TNF-α and MIP-2 that play 
role in Toll-like receptor (TLR)-2 and TLR-4-dependant macrophage recruitment 
and activation. Tumor-derived HA fragments are also able to promote M2 macro-
phage polarization by a transient early activation of macrophages (Kuang et al. 
 2007 ).   

4.2     Characteristics to be Considered to Design Nanoparticles 
Targeting Tumor Microenvironment 

 Achieving desirable bioavailability of therapeutic agents has been especially chal-
lenging in the fi elds of gene therapy (Wong et al.  2007 ) and oncology (Godin et al. 
 2010 ; Peer et al.  2007 ; Zamboni  2008 ). Drug molecule should reach the intended 
site of action in suffi cient concentrations to exert effi cient therapeutic action and be 
protected in the systemic circulation to prevent side-effects (Khalil et al.  2006 ). The 
use of nanoscale vectors has been intensively investigated to deliver drugs, genetic 
material, and imaging contrast agents. Aside from increasing bioavailability and 
targeting, nanocarriers have been used to enable the in vivo administration of a drug 
or imaging agent that is chemically unstable, water insoluble, or toxic. Nanocarriers 
can be made of various materials and modifi ed according to the target moiety 
(Fig.  4.4 ). Encapsulation in the nanocarriers was also reported to enhance the effi -
cacy of hard to dissolve hydrophobic drugs (Nie et al.  2007 ). Typically, tumor thera-
pies are administered intravenously, and the drugs have to overcome several 
biological barriers to achieve the diseased target tissue (Bally et al.  1999 ). These 
barriers span from the systemic ones (e.g. interactions with endothelium, ECM and 
non-target cells; capture by the mononuclear phagocytic system (MPS), and non- 
specifi c biodistribution), to the barriers on the cellular level (e.g. cell/nuclear mem-
brane, lysosomal degradation, effl ux pumps). Additionally, particle aggregation and 
disassembly may be caused by the interactions with blood components, tissue, and 
immune cells which are specialized in uptake and removal of foreign particles,. 
These can lead to non-specifi c organ accumulation and low targeting effi ciency and 
adverse effects (Hunter and Moghimi  2010 ; Mislick and Baldeschwieler  1996 ).

   Better understanding of the physiological differences between cancerous and 
normal tissue has opened new opportunities to target cancer microenvironment, 
allowing better design and development of new nanocarriers targeting tumor. Design 
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of drug nanovectors involves the manipulation of several critical factors, including 
their chemical functionality and mechanical properties, the degree of coating or 
encapsulation of the drug to the nanovector, size and shape of the particle, and the 
surface charge (Table  4.2 ). The role of spherical particle size and composition in 
biodistribution (Sun et al.  2005 ), cellular binding (Cortez et al.  2007 ), cell entry 
pathways (Rejman et al.  2004a ), cell uptake (Hu et al.  2007 ; Win and Feng  2005 ; 
Zauner et al.  2001 ), and tumor bed penetration (Dreher et al.  2006a ; Goodman et al. 
 2007 ) has been extensively studied. It is possible to modulate various physico-

  Fig. 4.4      Examples of       nanocarriers       for targeting cancer    . ( a ). A whole range of delivery agents are 
possible but the main components typically include a nanocarrier, a targeting moiety conjugated to 
the nanocarrier, and a cargo (such as the desired chemotherapeutic drugs). ( b ). Schematic diagram 
of the drug conjugation and entrapment processes. The chemotherapeutics could be bound to the 
nanocarrier, as in the use of polymer–drug conjugates, dendrimers and some particulate carriers, or 
they could be entrapped inside the nanocarrier. Reproduced from (Peer et al.  2007 ) with permis-
sion from Nature Nanotechnology       
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chemical characteristics of the nanocarriers, including geometry and surface charge, 
or to add moieties that will target elements overexpressed in the TME to improve 
their distribution to the tumor tissue and therapeutic effi cacy. These manipulations 
in characteristics affect particles’ transport in the bloodstream, extravasation out of 
the blood vessels, diffusion through the tumor tissue, degree of cellular internaliza-
tion, and subsequent uptake pathway as well as their long-term fate. 

 Further in this chapter we will be discussing a few strategies that have been uti-
lized to enable better accumulation of the therapeutics in the tumor microenviron-
ment using nanocarriers. 

4.2.1     Geometry 

 Geometry is a very important feature in the nature and accounts for the, size and 
shape of the nanoparticles. Early nanoparticles are characterized by a spherical 
geometry, mostly due to the easiness of their fabrication, as during the bottom-up 
fabrication (self-assembly), the spherical shape is generally the most thermody-
namically stable one. Advances in material sciences have enabled fabrication of 
nanotherapeutics with varying shapes mimicking biological entities. Most of the 
naturally occurring blood-born particulates and cells (e.g. erythrocytes, platelets, 
bacteria) possess non-spherical geometry which allows them to effi ciently navigate 
in the blood stream. Moreover, cells are known to change their geometry when their 
function is changed. An example of this behavior is the circulating monocytes, 
which change their spherical geometry to an edgy non-spherical one when they are 
differentiated to macrophages. Traditionally, nanocarriers fabrication process uti-
lize “bottom-up” method, relying on self-assembly of polymers, phospholipids or 

     Table 4.2    A comparative summary of organ biodistribution of nanovectors as a function of their 
size, shape and surface charge (Data from (Blanco et al.  2015 ; Decuzzi et al.  2010b ))   

 Effect  Lung  Liver  Spleen  Kidney 

 Size  Spherical  < 20 nm  +  +  +  ++++ 
 20–150 nm  ++  ++  ++  + 
 > 150 nm  +++  +++  +++  + 

 Discoidal  600 x 400 nm  +  +++  +  ++ 
 1000 x 400 nm  ++  ++  +  ++ 
 1700 x 400 nm  +++  +  ++  + 

 Shape  Spherical  ++  +++  +  + 
 Hemispherical  o  +++  ++  + 
 Cylindrical  +  ++++  ++  + 
 Discoidal  +++  ++  ++  + 

 Surface charge  Negative  +  +  +  + 
 Neutral  +  +  +  + 
 Positive  ++  +++  ++  + 
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metallic materials based on hydrophobic and electrostatic interactions. New fabri-
cation processes enable the fabrication of various shapes/sizes of nanocarriers and 
use “top down” approach or a combination of “bottom-up” and “top down” 
approach. These methods such as photolithography, particle replication in non- 
wetting templates (PRINT ® ), silicone molding, as well as layer-by-layer 
hydrophobic- hydrophilic block copolymer formation using sacrifi cial rigid core 
templates. 

4.2.1.1     Size 

 As it was mentioned above, in the presence of tumor-associated infl ammation and 
angiogenesis, blood vessels in the tumor are characterized by the presence of aber-
rant proliferating endothelial cells with disorganized branches, irregular capillary 
bed, enlarged interendothelial gaps, as well as disrupted basement membrane, with 
enhanced vascular permeability. Size is very important for designing nanoparticles 
drug delivery system, as they can determine in vivo fate. The size of gap junction 
between endothelial cells leaky tumor vasculature varies between 100 and 700 nm 
(in some cases up to 1200 nm) (Hobbs et al.  1998 ). Small particles (<5 nm) (e.g. 
some micelles, quantum dots, or carbon-based nanofullerens) will diffuse out in 
tumor and normal tissue, while not being able to retain in the tumor interstitium 
(Dreher et al.  2006b ). These smaller particles generally undergo a rapid renal clear-
ance, and thus would be less suitable to serve as a sustained release drug delivery 
system without any further modifi cation. Tumor lymphatic vessels are also compro-
mised and collapsed, leading to poor drainage from tumor tissue (Leu et al.  2000 ) 
and causing prolonged resident times of larger nanocarriers in the tumor vascula-
ture. These specifi c physiological conditions contribute to the EPR effect which 
affects the retention of particles between 10-500 nm (Maeda et al.  2001 ; Torchilin 
 2011 ). To achieve long-circulating NPs that accumulate in the tumor tissue, a diam-
eter between 30 nm and 200 nm is desired (Jain and Stylianopoulos  2010 ). Larger 
NPs (>100 nm) remain trapped in the extracellular matrix between cells and do not 
extravasate far beyond the blood vessel, while smaller NPs (20 nm) penetrate deeper 
into the tumor tissue but are not retained beyond 24 h. 

 EPR effect has also been found to be amplifi ed by chemotherapies that affect 
VEGF, such as doxorubicin (Minko et al.  2000 ). However, due the high interstitial 
pressure within the tumor lesion, the nanocarriers have diffi culties penetrating the 
lesion and have limited distribution only around tumor vicinity (Baxter and Jain 
 1989 ). Another emerging problem in defi ning the optimum size for nanoparticles is 
that with the successful treatment, the vascular branches are becoming more orga-
nized and less leaky. For example, in breast cancer model in mice after VEGFR2 
blockade, the 10 nm nanoalbumin bound-paclitaxel (Abraxane ® ) was more effi cient 
than 100 nm liposomal doxorubicin (Doxil ® ) (Jain  2013 ). 

 In general, particles without modifi cations are treated as a foreign body and tar-
geted by MPS following opsonization of nanocarriers with serum proteins such as 
IgM, fi bronectin, and C-reactive proteins, which are recognized by MPS as the 
“capture” signal (Owens and Peppas  2006 ). Particles larger than 0.5 μm without any 
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modifi cations can invoke “bacteria-like” responses and will be cleared by MPS 
within minutes or hours via phagocytosis by macrophages, while smaller particles 
up to 200 nm can invoke “virus-like” responses (Xiang et al.  2006 ). This tendency 
has been exploited to design NPs that can invoke, suppress, or avoid immune 
response (Dobrovolskaia and McNeil  2007 ). For tumors located in organ of MPS, 
such as hepatocarcinoma or liver metastasis of breast and lung tumors, the process 
can be benefi cial for accumulating nanovectors in the liver and unfolding of their 
therapeutic effects. In other cases, nanocarriers are generally designed to avoid 
immune system. 

 Interestingly, the dimensions of the contact point of particles play an important 
role in determining whether macrophages initiate phagocytosis or simply spread on 
particles (Champion and Mitragotri  2006 ). Non-symmetrical particles are internal-
ized faster by macrophages if the point of contact is on the smaller dimension of the 
particles, this the particle size is sculpturing the ability of phagocytes to complete 
the process of the particle uptake (Champion and Mitragotri  2006 ). 

 Further, non-functionalized systems less than 200 nm in size (Grosse et al.  2005 ; 
Rejman et al.  2004b ), such as transferrin or low-density lipoprotein receptors for 
specifi c binding (Brodsky et al.  2001 ; Dautryvarsat et al.  1983 ; Schmid  1997 ; Takei 
and Haucke  2001 ), are typically internalized via clathrin-mediated endocytosis 
(CME) (Grosse et al.  2005 ; Rejman et al.  2004b ), which is considered kinetically 
the most effective (Goncalves et al.  2004 ; Zhou and Huang  1994 ) endocytic uptake 
pathway for various particles. Micro-sized particles typically undergo a classic 
endosome-mediated phagocytosis traffi cking to the lysosomes (Koval et al.  1998 ; 
Rejman et al.  2004c ).  

4.2.1.2     Shape 

 Shape has also been shown to play a critical role in the margination of NPs and can 
determine the fate of the particles (Gentile et al.  2008 ; Lee et al.  2009 ). Particle 
shape is important in the mechanism of cell entry (Champion et al.  2007 ; Champion 
and Mitragotri  2006 ; Gratton et al.  2008a ) and the release rate of the therapeutic 
cargo (Goldberg et al.  2007 ; Mader et al.  1997 ). Rod-shaped micelles have been 
shown to have circulation lifetime ten times longer than spherical micelles (Geng 
et al.  2007 ). In general, particles in the sub-100 nm particle size range show advan-
tage of spheres over rods (Chithrani et al.  2006 ; Qiu et al.  2010 ). However in NP 
over 100 nm size, Gratton  et al  (Gratton et al.  2008a ) found that rods were taken up 
the most, followed by spheres, cylinders, and cubes, and increasing the aspect ratio 
of nanorods seems to decrease total cell uptake. Nanotubes endocytosis rate was 
1000 times higher than for spherical gold NPs, and similar exocytosis kinetics was 
measured for poly(d,l-lactide-co-glycolide), single-walled nanotubes (SWNT), and 
Au nanoparticles across distinct cells (Jin et al.  2009a ). Further, dynamic modula-
tion of particles geometry can be used to precisely control particle-cell interactions 
(Caldorera-Moore et al.  2010a ,  b ). Yoo and Mitragotri ( 2010b ) have designed 
stimulus- responsive polymeric particles by controlling a fi ne balance between poly-
mer viscosity and interfacial tension (Fig.  4.5 ). The NP’s shape can be tuned based 
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  Fig. 4.5    Importance of shape for intracellular uptake of nanocarriers and its modulation to 
increase macrophage uptake. ( a ). Scanning electron micrographs of particles used in this study and 
images of their uptake in BT-474 cells. Microspheres, rods, and disks (scale: 2 μm). ( Right ) 
Nanospheres, rods, and disks. (Scale bar: 500 nm.) ( b ). Confocal micrographs of nanoparticle 
uptake in BT-474 cells. ( Left ) Nanoparticles without trastuzumab. ( Right ) Nanoparticles with 
trastuzumab. ( c - d ), Time-lapse video microscopy clips of shape-dependent phagocytosis by mac-
rophage. C. shape-switching PLGA-ester ED (mixture of two PLGAs, AR = 5) was initially 
attached on a macrophage and not phagocytosed. The macrophage then quickly internalized the 
particle once shape switched to near-sphere shape. ( d ). Macrophage spread on a PLGA-acid ED 
[molecular mass 4.1 kDa,  T   g  (mid) = 27 °C, AR = 5], which do not switch shape at pH 7.4, but could 
not complete phagocytosis. All particles were opsonized with mouse IgG before the experiments. 
(Scale bar: 10 μm). Reproduced from (Barua et al.  2013 ; Yoo and Mitragotri  2010a ) with permis-
sion from PNAS       
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on the external stimuli (temperature, pH, or chemicals in the medium), enabling the 
modulation of phagocytosis of particles that previously were not internalized by the 
cells.

   Discoidal or hemispherical particles have different fl ow characteristics from 
spherical particles, and, depending on their size, can accumulate in different organs 
(Table  4.2 ). Various shapes of nanocarriers behave differently in the blood fl ow, 
leading to different margination dynamics, causing unique distribution patterns  in 
vivo.  In the study by Decuzzi et al., discoidal particles marginate more towards 
endothelial cells when compared with hemi-spherical and spherical particles 
(Decuzzi and Ferrari  2006 ; Serda et al.  2011 ). Another study utilizing variation of 
shape with constant size has shown that particle shape, rather than size, which plays 
a dominant role for determining the complexity of the local actin structure 
(Champion et al.  2007 ; Champion and Mitragotri  2006 ). The margination increased 
the potential of nanocarriers to accumulate in various organs before they are cleared 
in the liver. Additionally, size of discoidal particles has been found to contribute to 
biodistribution in vivo (Table  4.2 ). Smaller particles have increased accumulation 
within the liver, and kidney, and most importantly, in tumor vasculature. Larger 
particles, however, are mostly enriched in the heart, lung and spleen. Larger size of 
1700 nm was ineffi cient for EPR effect in the TME (Decuzzi et al.  2010 ), and tend 
to be sticking to the lung vasculature, which may cause increased risk of embolism. 
Oblate  spheroidal can dramatically affect fi rm adhesion under fl ow, as oblate-shaped 
particles are subjected to torques resulting in tumbling and rotation, in contrary to 
classical spherical particles (Gavze and Shapiro  1998 ; Lee et al.  2009 ). These pre-
dictions of particle distribution have been confi rmed by both in vitro experiments 
with silica particles (Gentile et al.  2008 ) and by in vivo studies with silicon discoi-
dal particles (Godin et al.  2012 ) and discoidal polystyrene particles targeted to 
Intercellular Adhesion Molecule 1 (ICAM-1) molecules, that both exhibited higher 
tumor accumulation/targeting specifi city compared to spherical particles (Muro 
et al.  2008a ). Further, after being taken up by the cells, various sizes of ICAM-1 
targeted spherical and elliptical shapes polymeric nanoparticles (100 nm to 10 μm) 
have shown different characteristics according to the size, and particle size above 
1 μm caused particles to accumulate and remain longer in pre-lysosomal compart-
ments, while submicron nanovectors were traffi cked immediately to lysosomes 
(Muro et al.  2008b ). Discoidal nanovectors were internalized by endothelial cells 
through a combination of phagocytosis and micropinocytosis mechanisms that are 
actin- driven and involve extensive membrane reorganization with the formation of 
pseudopodia and extension of the cell membrane to engulf the particles (Muro et al. 
 2004 ; Serda et al.  2009 ). 

 Due to the progresses in various fabrication techniques that enable the geometry 
tuning of the nanocarriers, various size and shape of drug nanocarriers is being 
explore. The hollow microcapsules composed of polymeric fi lm produced by a 
combination of top-down and bottom-up fabrication approaches, have shown to 
possess an extended in vivo circulation time (Merkel et al.  2011 ), controllable deg-
radation (De Koker et al.  2007 ), tunable drug release (Kozlovskaya et al.  2009 ; Liu 
et al.  2005 ; Ng et al.  2011 ), capable of surface functionalization for enhanced cel-
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lular association, and function as suitable drug delivery agents to target cells (Cortez 
et al.  2006 ; De Cock et al.  2010 ; Johnston et al.  2012 ; Palamà et al.  2010 ; Patel et al. 
 2012 ; Pridgen et al.  2007 ; Sukhorukov et al.  2007 ; Tao et al.  2011 ; Vergaro et al. 
 2011 ; Wang et al.  2007 ; Yan et al.  2010 ). Recently, Alexander et al. reported that the 
shape of hollow cubical particles can improve the interaction with breast cancer 
cells and endothelial cells as compared to their spherical counterpart (Alexander 
et al.  2015 ). Interestingly in the same work, the elasticity of the particles determined 
their interactions with the immune cells. 

 Cell ability to deform seems to be critical for particle phagocytic predisposition, 
although there has been contradicting fi ndings and further characterization is 
needed. Macrophage is known to have preference for rigid particles since they 
resemble bacteria and other pathogens with sturdy cell walls. In one study, soft 
polyacrylamide particles were unable to stimulate the assembly of actin fi laments 
required for the proper phagosomes formation, as opposed to rigid particles which 
had same total polymer mass and surface properties (Beningo and Wang  2002 ). 
However, particle rigidity can have an opposite effect on opsonization. Rigid lipo-
somes and poly(methyl acrylate) PMA-based core-shell NPs with rigid core are 
known to decrease complement activation and hence decrease phagocytosis (Allen 
et al.  1991 ; Sun et al.  2005 ). 

 The effect of rigidity can also be observed in a study with poly(methacrylic acid) 
capsules, where the spherical capsules were internalized by HeLa cells at a faster 
rate than rod-shaped capsules with a higher aspect ratio (Shimoni et al.  2012 ), while 
in case of sized rigid particles, rod-shaped particles with higher aspect ratio showed 
a higher internalization rate compared to their spherical counterpart (Gratton et al. 
 2008b ). 

 NPs deformability can be the key of overcoming physical fi ltration barriers in the 
body (Fox et al.  2009 ; Mitragotri and Lahann  2009 ). Several studies have been pub-
lished on particles that resembled red blood cells (RBCs) in size and shape, and 
have been shown to deform in restricted channels (Haghgooie et al.  2009 ) or capil-
laries (Doshi et al.  2009 ) with smaller than the particle diameter. Unfortunately, 
their modulus was poor compared to RBCs (Doshi et al.  2009 ). The advantage of 
RBC-shaped particles has been explored by Merkel at al, where out of varying size 
of hydrogel PRINT particles, the ones comparable with RBC in size, shape and 
deformable was the particles with the longest circulating, and is uniquely suited to 
avoid clearance (Merkel et al.  2012 ). 

 Geng et al. have compared soft spherical assemblies and fl exible fi laments, and 
found ten times increased in vivo circulation time for non-spherical fi lomicelles 
(Geng et al.  2007 ). This study was translated to a xenograft mouse model, and deliv-
ery of paclitaxel using fi lomicelles caused fi lomicelle length-dependent tumor 
shrinkage. This fi nding shows an advantageous of long, worm-like structure for a 
prolonged circulation time, as compared to classical sphere.   
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4.2.2     Surface Charge 

 Surface charge of nanocarriers can infl uence their accumulation in TME (Bazak 
et al.  2014 ). Blood vessels have a net negative charge on the luminal side caused by 
carboxylate sugar and sulfate group and particle uptake is driven by electrostatic 
interactions (Jin et al.  2009b ; Srinivasan and Sawyer  1970 ; Wang et al.  2010 ). 
Negatively charged heparan sulfate proteoglycans and integrins play major role in 
the cellular binding of positively charged particles, shown by reduced binding of 
cationic particles to the cell membrane in proteoglycan-defi cient mutant cells 
(Mislick and Baldeschwieler  1996 ). Clustering of trans-membrane proteins and 
syndecans at the plasma membrane during binding to cationic particles can stimu-
late interaction with the actin cytoskeleton and result in the formation of tension 
fi bers, which provides the energy required for internalization (Woods and Couchman 
 1994 ). Positively charged particles have been reported to have increased effi cacy of 
imaging, gene transfer, and drug delivery, and are taken up at a faster rate (Slowing 
et al.  2006 ; Thorek and Tsourkas  2008 ). However, they are also associated with 
strong immune response and increased opsonization and removal from circulation, 
and needs to be fi ne-tuned, depending on the strategy and target disease. Cationic 
NPs exhibited the lowest half-life in the bloodstream and can cause several compli-
cations such as hemolysis and platelet aggregation (Albanese et al.  2012 ). 

 In some cases, where dendritic cell maturation and vaccine-induced immune 
responses are sought, the cationic nanocarriers can be advantageous. Positively 
charged liposome has been shown to have higher accumulation in tumor blood ves-
sels and lower in the spleen compared to the negatively charged particles (Campbell 
et al.  2002 ). Positive charge of nanocarrier surface causes swelling and disruption of 
lysosomes due to buffering of H + , a process that allows their escape from endo-
somes and entrance to the cytoplasm, while anionic particles are taken up into the 
lysosome potentially causing cell death (Fröhlich  2012 ). 

 In smaller NPs (2 nm), positive charge can perturb the cell membrane potential 
and inhibit cell proliferation via Ca 2+  infl ux into the cells (Arvizo et al.  2010 ). In 
larger NPs (4–20 nm), surface charge can induce reconstruction of lipid bilayers 
(Wang et al.  2008 ), where polycationic molecules interact with fl uid-phase domains 
of lipid bilayers (Mecke et al.  2005 ), inducing the development of plasma mem-
brane pores leading and membrane disruption. Binding of negatively charged NPs 
to a lipid bilayer can cause local gelation, whereas positively charged NPs induce 
membrane fl uidity. 

 Additionally, protein corona can be formed via particle (especially of high sur-
face density)interactions with serum proteins such as lipoproteins, immunoglobu-
lin, complement and coagulation factors, acute phase proteins and metal-binding 
and binding proteins (Cedervall et al.  2007 ) during circulation in the blood. This can 
alter particle-cell interaction and thus, protecting of the cells from the damage 
induced by the highly positive NP surface (Wang et al.  2013 ).  
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4.2.3     pH 

 Average extracellular pH in the tumor is between 5.8 and 7.6, lower than the pH of 
normal tissue of 7.0–8.0 (Tannock and Rotin  1989 ) due to increased fermentative 
metabolism and poor perfusion. 

 Acidic pH promotes local invasive growth and metastasis, and regulation of pH 
may play an important role in maintaining the viability of tumor cells. Acidic TME 
also affects upregulation of signifi cant genes such as MMP-9, acidic sphingomye-
linase in mouse B16 melanoma (Kato et al.  2007 ), platelet-derived endothelial cell 
growth factor (thymidine phosphorylase) in human breast cancer cells (Griffi ths 
et al.  1997 ), inducible isoform of nitric oxide synthase (iNOS) in mice macrophages 
via activation of NF-кB (Bellocq et al.  1998 ), VEGF-A in glioma and glioblastoma 
cells (Fukumura et al.  2001 ; Xu et al.  2002 ). Acidic and hypoxia condition also 
regulates IL-8 expression in human pancreatic adenocarcinoma and ovarian carci-
noma cells, causing increased tumorigenesis and metastatic potential (Shi et al. 
 1999 ). H +  that diffuses from the TME into the adjacent normal tissues causes tissue 
remodeling and allows local invasion. Administration of proton pump inhibitors 
which buffer tumor acidity, can improved CD8+ cell function in vivo and increase 
the effi cacy of immunotherapy. Oral administration of sodium bicarbonate was able 
to increase peritumoral pH and inhibit tumor growth and local invasion in preclini-
cal models (Estrella et al.  2013 ). Combination of bicarbonate therapy with anti- 
CTLA- 4, anti-PD1, or adoptive T-cell transfer can improve antitumor responses in 
multiple models and can lead to the cure (Pilon-Thomas et al.  2016 ). 

 To deliver drugs into the TME, nanocarriers need to be stable in neutral pH and 
can be activated in low pH of TME. This can be achieved in two ways: prodrug, or 
mostly by designing tunable nanocarriers for loaded drug content release in low 
pH. In regards to tunable particles, Yang et al developed a tumor acidity-responsive 
sheddable poly(ethylene)glycol (PEG) layer for delivery of siRNA (Yang et al. 
 2012 ), and Meng et al developed pH-Sensitive Polymeric Nanoparticles (Meng 
et al.  2014 ). Additionally, another approach with pH-sensitive polymer was devel-
oped using computational simulation to follow the particle dynamics (Ding and Ma 
 2013 ). Hollow elastic particles made from polymeric materials have also been 
shown to mimic erythrocyte and able to change size and shape based on environ-
mental pH (Kozlovskaya et al.  2014 ), while their shape can be manipulated by con-
trolling time, temperature and stirring condition during the fabrication.  

4.2.4     Modifi cations of Nanocarriers 

4.2.4.1     NP Modifi cation for Targeting 

 The pathophysiological changes in TME, such as upregulation of specifi c receptors 
has been widely used to direct NP systems into the tumor region by conjugation 
with targeting antibodies and ligands (Allen  2002 ). However, antibody-drug 

F. Leonard and B. Godin



91

conjugate have failed in clinical trials due to the limited number of drug molecule 
that can be conjugated without compromising their target affi nity (Panowksi et al. 
 2014 ). The use of NP systems such as liposomes and polymers can potentially 
increase the number of drugs conjugated to NPs without limiting the targeting moi-
ety (Kamaly et al.  2012 ). Ideal targeting moiety should be tumor specifi c and 
homogenously within all targeted tumor cells, however, in most cases, the cancer 
cell heterogeneity limits the targeting effi cacy (Janku  2014 ). Furthermore, the 
choice of ligands depends on whether the drug conjugates destination is to be inter-
nalized after binding of ligand to the receptors. Internalization via receptor medi-
ated endocytosis cause an endosome formation, in which acidic pH cause drug 
release into cytoplasm. Additionally, in choosing the receptor and ligands, it is 
important that the surface antigen and receptors should not be shed into blood cir-
culation. The most prominent targets for the targeting are folate, transferrin, and 
lectin receptors. 

 Higher activity of drug against tumor growth was observed in heparin-folate- 
Taxol (paclitaxel) tested in mice model (Cho et al.  2008 ), when compared to the 
heparin-Taxol conjugates or free drug. Similar system has also been found to inhibit 
proliferation of P-gp overexpressing cell line (Sun et al.  2011 ). 

 Aptamers can be also as a targeting moiety, while some of them possess thera-
peutic effi cacy. Aptamer is based on oligonucleotide molecules that exhibit affi nity 
to the particular tertiary structure of the receptors (Thiviyanathan et al.  2007 ). 
Aptamer binding screening a specifi c receptor are conducted by a quick, effi cient 
and automated selection method, SELEX (Tuerk and Gold  1990 ). When one or 
more of the phosphoryl non-bridging oxygen atoms of the aptamer modifi ed with 
sulfur, they produce monothiophosphate-backbone-modifi ed DNA aptamers (thio-
aptamers), which displayed tighter binding to the RNase H domain of the HIV 
Reverse transcriptase and inhibited its activity in vitro. When conjugated to lipo-
some and transfected into HIV infected astrocytoma, the DNA thioaptamers dem-
onstrated > 70 % effi ciency (Thiviyanathan et al.  2007 ). Hybrid thioaptamers consist 
of a combination of thiophosphate and unaltered phosphate show maximum affi nity 
and specifi city for receptors and are nuclease resistive (Serda et al.  2010 ). 

 Aptamer conjugation to therapeutics or the surface of particles has been used to 
target different cancer cell types (Debbage  2009 ). Small interfering RNA conjuga-
tion with anti-prostate specifi c membrane antigen (anti - PSMA) aptamer has been 
used to silence genes that are responsible for malignancies, and to slow tumor 
growth in mice without eliciting side effects associated with cancer therapies (Chu 
et al.  2006 ). 

 In another study docetaxel-encapsulated poly(lactic-co-glycolic acid) NP conju-
gated with aptamer targeting prostate specifi c membrane antigens exhibited a con-
siderable increase in in vitro cellular toxicity in comparison to the non- targeted NPs 
(Farokhzad et al.  2006 ). 

 Targeting tumor microenvironment can also be done using phage display peptide 
libraries that allows the presentation of large peptide and protein libraries on the 
surface of fi lamentous phage of single-stranded DNA viruses that infect a number 
of gram-negative bacteria, leading to the selection of peptides and proteins, includ-
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ing antibodies (Pasqualini et al.  1995 ; Pasqualini and Ruoslahti  1996 ). A Multistage 
Nanovector based on Bacteriophage Associated Silicon Particles (BASP), obtained 
by mixing AuNP-bacteriophage networks with porous silicon particles has shown 
that addition of bacteriophage to the porous particles can increase drug load effi -
ciency and increase the accumulation in the tumor up to threefold when applied 
intravenously (Srinivasan et al.  2013 ) (Fig.  4.6 ).

4.2.4.2        NP Modifi cation to Avoid Mononuclear Phagocyte System MPS 
Clearance 

 Another reason for nanovactors modifi cation is to avoid rapid clearance by MPS, 
and can be achieved by adding PEG or by block copolymerization with hydrophilic 
and hydrophobic domains to the particles surface(Adams et al.  2003 ; Harris et al. 
 2012 ). 

 Dunn et al. ( 1994 ) showed that PEGylation of 100 nm polystyrene particles can 
overcome removal and sequestration in the resident Kupffer cells of the liver in rats. 
The process involves prevention of opsonisation when PEG was conjugated, and 
drastically increases the blood half-life of all nanomaterials regardless of surface 
charge. The blood half-life is generally directly correlated to the extension of PEG 

  Fig. 4.6    Characterization of SPION loading into stage 1 mesoporous particles ( S1MP ) ( a ) Iron 
content analysis in S1MP, BASP and ESTA-S1MP following loading of SPION using the wet 
incipient method as quantifi ed by ICP-OES; ( b ) Comparison of transverse relaxivity, r2 and ( c ) 
relaxation times, T2, of SPION loaded particles; ( d ) Fluorescence microscopic images of QD 
( green ) loaded S1MP and BASP ( red ) showing S1MP colocalization with QD ( yellow ). In a con-
trol experiment, free QD nonspecifi cally bound to AuNP-bacteriophage networks ( arrow heads ) 
enable the visualization of the bacteriophage fi bers ( green ) while the AuNP appear as red dots. 
Reproduced from (Srinivasan et al.  2013 )       
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length, which causes the thickening of the protective layer (Perrault et al.  2009 ). 
These “stealth” long circulating particles improve accumulation in target tissue 
since they are able to circulate in the systemic blood fl ow longer, increasing the 
chance to accumulate in the leaky vasculature. Stealth liposomes are the most clini-
cally used nanoparticles (e.g. Doxyl ® ). Pristine and PEGylated single-walled carbon 
nanotubes were found to be toxic  in vitro , but can persist within liver and spleen 
macrophages for 4 months without apparent toxicity  in vivo  in rats and rabbits 
(Schipper et al.  2008 ). When nanocarriers include a metallic component, such as 
gold, silver, or iron oxide, they can additionally be activated by triggering with an 
external energy source, such as radio-frequency (Glazer et al.  2010 ) or near-infrared 
(Loo et al.  2004 ) energy. 

 During the last decade, CD47 (integrin-associated protein) has been identifi ed to 
be the marker of self for RBC that prevented elimination from the bloodstream by 
binding to the inhibitory receptor signal regulatory protein alpha (SIRPα) (Oldenborg 
et al.  2000 ). This could be used for designing long circulating nanocarriers delaying 
macrophage-mediated clearance, and promoting circulation time to enhance dye 
and drug delivery to tumors (Rodriguez et al.  2013 ).  

4.2.4.3     NP Modifi cation for Intracellular Fate Modulation 

 To avoid acidic and/or enzymatic degradation in the late endosome or lysosome 
after NP uptake, it is advantageous to use conjunction with a polymer material, such 
as polyethylenimine (PEI) (Sonawane et al.  2003 ), polyamidoamine (PAMAM) 
dendrimers (Sonawane et al.  2003 ) or an imidazole-containing polymers (Pack 
et al.  2000 ), that can induce endosomal escape of the polyplex into the cytoplasm of 
the cell before signifi cant degradation occurs. Coating NP with cationic polymers, 
such as polyethylenimine (PEI) initiates endosomal escape via so-called “proton 
sponge effect” due to the buffering inside endosomes. This includes additional 
pumping of protons into the endosome, along with a concurrent infl ux of chloride 
ions to neutralize the net charge, causing an increased ionic strength inside the 
endosome and osmotic swelling, physical rupture of the endosome, and the escape 
of the vesicle material into the cytosol and, therefore, avoiding the degradative lyso-
somal traffi cking pathway (Behr  1997 ). 

 Caveolae-mediated endocytosis maybe an advantageous internalization mecha-
nism for gene transfection strategies as the vesicles that result from the internaliza-
tion in this pathway do not develop into lysosomes and, therefore, avoid signifi cant 
degradation (Gabrielson and Pack  2009 ; Sahay et al.  2010 ). Conjugation to caveola- 
targeting TX3.833 antibody was reported to increase drug delivery to the lung up to 
172-fold and achieving rapid, localized effi cacy (McIntosh et al.  2002 ). Subsequent 
publication from the same group reported aminopeptidase P (APP), the target 
enzyme for TX3.833 antibody, to be >20-fold enriched in the isolated caveolae 
compared to the luminal endothelial plasma membranes of lung endothelium. The 
antibody was able to accumulate 446-fold more in the lung than control mIgG. Further 
coating of 10–15 nm colloidal gold NP with APP antibody was able to induce spe-
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cifi c and rapid concentration of NP in the lung tumor microvasculature, and the APP 
antibody was more superior than non-caveolae-targeting antibody mCD34 (Oh 
et al.  2007 ). 

 NP size and shape also dictates the number of ligands accessible to interact with 
the target receptor. The curvature of the NP surface determines the avidity of bind-
ing of NP-linked ligands to available receptor. The binding is most likely causes the 
uptake of NP via receptor-mediated endocytosis, caused by a localized decrease in 
Gibbs free energy that induces the membrane to wrap around the NP to form a 
closed vesicle structure (Chithrani et al.  2006 ; Gao et al.  2005 ; Jiang et al.  2008 ). 
The vesicle buds off the membrane and fuses with other vesicles to form endo-
somes, which are further fused with lysosomes, where degradation occurs. As it was 
earlier mentioned, uptake of particles is size dependent, and most likely related to 
the membrane wrapping processes. Small ligand-coated NPs may interact with only 
one or two cell receptors, while similar NP of ~100 nm size has many more ligand- 
receptor interactions per particle. To be able to produce enough free energy to drive 
membrane wrapping, several small-ligand coated NPs must bind to receptors in 
close proximity one to another. Thermodynamically, a 40–50 nm NP is capable of 
recruiting and binding enough receptors to successfully produce membrane wrap-
ping. Particles >50 nm can bind to such a large number of receptors that can exhaust 
receptor on cell surface, limiting the uptake depletion of receptor, and causing redis-
tribution of receptors on the cells surface via diffusion to compensate for local 
depletion. Mathematical modeling of this phenomenon has shown that NPs 
30–50 nm in diameter are the most optimal for ligand-targeted endocytosis, since 
there is no ligand shortage on the NP, and there is no localized receptor shortage on 
the cell surface (Yuan et al.  2010 ). 

 Additionally, lysosome can cleave targeting ligands from NPs by the protease 
cathepsin L inside endo-lysosomal vesicles (See et al.  2009 ), and cause slow parti-
cle core structure decomposition (e.g. in quantum dots) by its enzymes (Fischer 
et al.  2010 ). Therapeutic payload is intended to act in the cell compartments such as 
nucleus and cytoplasm and the accumulation in lysosome and endo-lysosome can 
strongly limit its effi cacy, therefore, the escape from endosomes is favorable. If NP 
is engineered to escape the endo-lysosomal system and enter the cytoplasm, it may 
interact with intracellular organelles and potentially can affect cell behavior. 
Cytoplasm also contains nucleases and proteases that can neutralize the active com-
pound. It was shown that plasmid DNA is degraded in the cytoplasm of HeLa and 
COS cells with a half-life of 50–90 min (Lechardeur et al.  1999 ). Additionally, the 
high viscosity of cytoplasm environment can decreases the mobility of macromol-
ecules (Dauty and Verkman  2005 ; Kao et al.  1993 ; Lukacs et al.  2000 ). 

 Cell function can also be infl uenced by the NP, it has been observed that 40–50 nm 
Herceptin-coated gold NPs altered cellular apoptosis by infl uencing the activation 
of caspase enzymes (Jiang et al.  2008 ). Similarly, receptor-specifi c peptides conju-
gated to NP surface can improve their ability to induce angiogenesis (Kanaras et al. 
 2011 ). These reports highlight the advantage of having the ligand bound to NP as 
opposed to being free in solution, since they create a region of highly concentrated 
ligands, which increases avidity and, alters cell signaling. 
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 A concern with NP-ligand complexes is that the ligands are potentially denatured 
when bound to the engineered surface, thus affecting its binding to the receptor, 
increasing nonspecifi c interactions or provoking infl ammation. For example, when 
lysosome is bound to gold nanoparticles, it denatures and interacts with other lyso-
zyme molecules inducing the formation of protein-NP aggregates (Zhang et al. 
 2009 ). Fibrinogen can also unfolds when bound to the surface of polyacrylic acid- 
coated gold NPs, causing binding to the integrin receptor Mac-I and cause an 
infl ammatory response (Deng et al.  2011 ). 

 Once arriving in the cytosol, NP can elicit biological responses by disrupting 
mitochondrial function, thereby provoking production of reactive oxygen species 
and activating the oxidative stress mediates signaling cascade (AshaRani et al. 
 2009 ), which can induce oxidative DNA damage and promote micronuclei forma-
tion (Berneburg et al.  2006 ). Certain types of NPs can induce nuclear DNA damage 
that leads to gene mutations, cell cycle arrest, cell death, or carcinogenesis. When 
cells proliferate, NPs that persist in the cytosol during mitosis will be distributed 
within the daughter cells (Rees et al.  2011 ), However, the effect of the NPs on 
daughter generations remains unclear and additional work is still required to fully 
understand the fate and toxicity of internalized NPs.    

4.3     Nanovectors Targeting Tumor Microenvironment 

 Research in the fi eld of nanotechnology towards cancer therapeutics has been grow-
ing exponentially in the recent years. The strategy involves the expectation for bet-
ter accumulation and transport of therapeutics to the disease tissue based on their 
pathological conditions. A vast numbers of nanovectors made of different materials 
with various geometries and surface properties have been explored for clinical 
applications of cancer chemotherapies. These nanovectors include polymer conju-
gates (Duncan  2006 ), lipid based carriers like liposomes (Torchilin  2005 ) and 
micelles (Torchilin  2007 ), porous silicon (Serda et al.  2010 ) and silica (Rosenholm 
et al.  2010 ) based nanovectors, polymeric nanoparticles (Danson et al.  2004 ), car-
bon nanotubes (Bianco  2004 ), dendrimers (Gillies and Frechet  2005 ), gold nanopar-
ticles (Sokolov et al.  2003 ), nanowires (Cui et al.  2001 ) and nanofi bers (Venugopal 
and Ramakrishna  2005 ). Cancer nanotherapeutics that are commercially available 
and in the pipeline are summarized in Table  4.3 . 

4.3.1     Vasculature 

 Tumor vasculature is characterized by a leaky endothelium with heterogeneous ves-
sel sizes and shapes. They supply cancer cells with nutrients and oxygen needed for 
the tumor growth. But, due to the vascular leakiness coupled with impaired lym-
phatic drainage, it also allows preferential accumulation of therapeutic-loaded NP 
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in the tumor interstitial space. These characteristics have been used to passively 
increase the accumulation of nanotherapeutics such as polymeric drug conjugates, 
polymeric NPs, liposomes, micelles and other particulates and macromolecules. On 
the other hand, due to the neovascularization process, the newly formed tumor asso-
ciated blood vessels possess specifi c molecular signatures which are lacking in the 
normal vessels. These can be used for targeting nanocarriers to the diseased vascu-
lature. In all case, the process of normalization of vasculature have to be fi ne-tuned 
to achieve a controlled vascular repair and not a rapid vessel pruning, which can be 
contraproductive for the outcome of the therapies (Fig.  4.7a ).

   Additionally, various growth factor receptors have been identifi ed that can serve 
as the targets on the tumor vasculature. Targets on the tumor vasculature can also be 

  Fig. 4.7    ( a ). Balance of pro- and anti-angiogenic molecules to restore the vascular network to the 
normal state (fi gure modifi ed from (Jain  2013 )). ( b ). Balance of pro- and anti-infl ammatory cyto-
kine in TME to defi ne tumor fate. Pro-tumorigenic TME is skewed to Th2 phenotypes, induce 
differentiation of macrophage to M2 macrophages, while anti-tumorigenic TME display Th1 
phenotype.       
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used for the normalization of the vasculature. As an example, high concentration of 
a humanized monoclonal antibody directed against the VEGF, bevacizumab (15 mg/
kg) has been shown to improve progression-free survival (PFS) in the second-line 
treatment of patients with human epidermal growth factor receptor 2 (HER2)-
negative metastatic breast cancer in phase III breast cancer trial (Brufsky et al. 
 2011 ). 

 Below we summarize a few studies with particles targeting angiogenesis and 
hypoxia conditions. 

4.3.1.1     Angiogenesis 

 VEGF receptor is overexpressed on the angiogenic endothelial cells. Dextran mag-
netic NP conjugated to radiolabeled  131 I anti-VEGF monoclonal antibodies has 
tested in hepatic carcinoma mouse model and has been found to signifi cantly 
increase the retention percentages of radioactivity (% ID/g) in tumors after intratu-
moral and intravenous injection, reaching 100.96 % ID/g and 90.00 % even at 48 h 
after, respectively. These values were much higher than retention in normal organs 
evaluated (Chen et al.  2006 ). VEGF moiety has also been explored for boron neu-
tron capture therapy (BNCT), a therapy using irradiation and which is lethal only to 
those cells that bind or internalize  10 B in suffi cient concentrations. A fi fth- generation 
polyamidoamine dendrimer containing 128 reactive amino groups was reacted with 
105–110 decaborate molecules to produce a macromolecule with 1050–1100 boron 
atoms per dendrimer (VEGF-BD), and then conjugated to thiol groups of VEGF at 
a 4:1 molar ratio to form VEGF-BD. The systemic treatment of VEGF-BD selec-
tively eliminated only VEGFR-2-overexpressing cells in 4T1 tumor-bearing mice 
and did not affect the majority of tumor endothelial cells expressing low to moder-
ate levels of VEGFR-2 (Backer et al.  2005 ). 

 Another example of nanocarriers reducing drug toxicity can be found with the 
use of TNP-470, a potent angiogenic inhibitor. When TNP-470 is conjugated with 
large N-(2-Hydroxypropyl)methacrylamide (HPMA) polymers, the formulation 
called Caplostatin TM  and the system signifi cantly reduces neurotoxicity of TNP-470 
by inhibiting hyperpermeability of tumor blood vessels to penetrate across blood–
brain barrier when injected intravenously (Satchi-Fainaro et al.  2004 ). Loading of 
TNP-470 into PEG-PLA micelles has also been explored and currently in clinical 
trial under the name Lodamin TM . This formulation has been developed as the fi rst 
oral, broad-spectrum angiogenesis inhibitor. Lodamin TM  was absorbed through the 
intestine, accumulating in the tumor and showed 31 % of inhibition of angiogenesis 
via  in vivo  analysis with the corneal micropocket angiogenesis assay. Lodamin TM  
was found to retain TNP-40 potency and signifi cantly increased half-life, selec-
tively accumulated in tumor tissue, blocked angiogenesis, and inhibited primary 
tumor growth in mouse models of melanoma and lung cancer signifi cantly, with no 
apparent side effects (Benny et al.  2008 ). 

 VCAM is an immunoglobulin-like transmembrane glycoprotein receptor over-
expressed on the tumor associated endothelial cells and can mediate immune cell 
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adhesion. Liposome with VCAM-1 antibody (α-VCAM-Ls) selectively target 
human tumor vasculature  in vivo , and can provide a way to enhance delivery of 
drugs to growing tumor vessels and change endothelial functions (Gosk et al.  2008 ). 
α-VCAM-Ls specifi cally bound to activated endothelial cells  in vitro  under static 
and fl ow conditions and effectively accumulated in tumor vessels with increasing 
intensities from 30 min to 24 h in vivo in Colo 677 tumor xenografts, not increasing 
their accumulation in MPS organs. 

 Vascular normalization may also convert immunosuppressive TME towards 
immunostimulatory environment, therefore, improving immunotherapy outcome 
(Huang et al.  2013 ). The chance of tumor cells to cross the endothelial barrier is 
reduced, which in turn signifi cantly inhibits the cancer cell shedding into the circu-
lation, limiting the metastasis potential (Ma and Waxman  2008 ). 

 One of the fi rst ligands known to target vasculature was RGD peptide, which 
recognizes integrin αvβ3 and α5β1. Drug delivery systems utilizing the ligand have 
been thoroughly studied  in vitro  and  in vivo  (Marelli et al.  2013 ). RGD grafting to 
paclitaxel (PTX)-loaded PEGylated PLGA-based NP  was  demonstrated to increase 
targeting to tumor vessels as well as the effective retardation of tumor growth and 
prolonged survival times of treated mice when compared to non-targeted nanopar-
ticles (Danhier et al.  2009 ). 

 Binding of RGD to pH sensitive NP loaded with siRNA controling tumor cell 
proliferation has resulted in receptor-mediated cellular uptake and high gene silenc-
ing effi ciency in U87 cells and succeeded in increasing adhesion and reducing 
tumor growth by factor of two, compared to the non-targeted siRNA-NP (Wang 
et al.  2009 ).  

4.3.1.2     Hypoxia 

 Tumor hypoxia is caused by the compression of blood vessels, combined with poor 
lymphatic drainage and overall disorganization of structural features supporting dif-
fusion. Hypoxic regions are also generally associated with high interstitial pressure 
build up and lack of drug penetration into the region causing physiological resis-
tance to the systemically administered therapeutics. Delivery of drugs into the 
hypoxic area remains a signifi cant challenge for tumor therapy. Several nanocarriers 
have been developed for hypoxia environment in the tumor. Layer-by-layer assem-
bled polyelectrolyte NPs can target hypoxic region of the tumor based on the low 
pH (Poon et al.  2011 ). The low pH inside tumor lesion triggers the shedding of the 
outer layer of NPs, exposing charged NP surface can be subsequently taken up by 
the cells, exhibiting the promising potential of targeting low pH and hypoxia for 
systemic tumor targeting. Another system with hypoxia-activated NIR-triggered 
chitosan NPs, consists of a hypoxic sensor, a photoactiveable trigger, and a caged 
drug has been developed for cancer cell targeting and showed highly preferential 
release of cancer drug in the hypoxic region of the tumor (Lin et al.  2013 ). 
Polystyrene NPs (PS-NPs) doped with oxygen-sensitive NIR-emmisive palladium 
meso-tetraphenylporphyrin can be selectively activated and emit optical signals 
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when they experience hypoxic condition (Napp et al.  2011 ). When PS-NPs was 
functionalized with PEG and monoclonal antibody herceptin, their binding to 
HER2/neu-overexpressing tumor cells was confi rmed  in vitro  and was found within 
the tumor upon hypoxic condition in tumor-bearing mouse.   

4.3.2     Immune and Lymphatic Cells 

 TAMs are one of the major mediators of tumor cell proliferation and invasion in 
various carcinomas, and their presence is often correlated to poor prognosis. 
Strategies for TAM-targeted cancer therapy have been focused on inhibition of mac-
rophage recruitment, re-differentiation of macrophage phenotype from M2 to anti-
tumor M1, and suppression of TAMs survival (Chanmee et al.  2014 ) (Fig.  4.7b ). 
While most of the current nanoparticle systems were designed to avoid uptake by 
MPS to increase their half-life, new approaches to enhance their uptake by mono-
cytes and macrophages have been developed to target TAM. 

 Bindarit is an indazolic derivative that has been proven to have anti- infl ammatory 
activity in a variety of infl ammatory diseases (e.g. lupus nephritis, arthritis and pan-
creatitis) (Mora et al.  2012 ). The therapeutic effects of bindarit have been associated 
with its ability to selectively interfere with monocyte recruitment and the early 
infl ammatory response. Inhibition of CCL2/MCP-1 with Bindarit has been success-
ful in decreasing macrophage recruitment rate and suppress tumor growth in 
melanoma- bearing mice injected intraperitoneally with bindarit at a dose of 100 mg/
kg twice a day, abolishing vascularization and rendering tumors almost completely 
necrotic (Gazzaniga et al.  2007 ). TAM express VEGFR2, and the expression is criti-
cal for VEGF-induced recruitment of macrophages into tumors. Various antibodies 
targeting VEGF and VEGFR2 have been utilized to reduce macrophage infi ltration 
and tumor growth (Dineen et al.  2008 ). 2C3, a monoclonal antibody to human 
VEGF that specifi cally blocks VEGF interaction with VEGFR2 can decrease mac-
rophage infi ltration into pancreatic tumors in tumor bearing mice. 

 To increase targeting in tumor associated endothelial cells and macrophages in 
stroma of orthotopic human pancreatic cancers, Yokoi et al. developed porous 
 silicon nanocarriers conjugated with Ly6C (Yokoi et al.  2013 ). Ly6C is a mouse 
homolog of CD59, a marker that is upregulated in tumor associated endothelial cells 
as well as infi ltrating cells in the pancreatic stroma. Targeted nanocarriers accumu-
lated to tumor associated endothelial cells within 15 min after intravenous injection. 
At 4 h after administration, 9.8 ± 2.3 % of injected dose/g tumor of the Ly6C target-
ing nanocarriers accumulated in the pancreatic tumors, almost 20 times higher than 
control, therefore can serve as a basis for improved therapy. 

 Therapeutic cancer vaccine formulation has been in clinical trial, with DepoVax TM  
as the fi rst liposomal formulation tested, made from processed HLA-A2 restricted 
peptides presented by breast, ovarian and prostate cancer cells antigens to create 
therapeutic cancer vaccine, DPX-0907 (Berinstein et al.  2012 ), showing the poten-
tial of cancer vaccine as immunotherapy for cancer. 
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 Several nanoformulations have been developed that target immune cells. As an 
example, IL-12 loaded liposome delivered via intratumoral injection caused an 
enhanced memory T cell response (Simpson-Abelson et al.  2009 ), but did not enter 
the peripheral blood circulation, which can help in the safety concerns. This system 
was tested in  in vivo  tumor xenografts of subcutaneous implantation of non- 
disrupted pieces of human lung, breast or ovarian tumors into immunodefi cient 
mice and was found to have local and sustained release of IL-12 into the TME, 
reactivating tumor-associated quiescent effector memory T cells to proliferate, pro-
duce and release IFN-γ resulting in the killing of tumor cells in situ. Stealth lipo-
somes made of plasma membrane vesicles (PMV) from the highly metastatic 
murine melanoma (B16-OVA) and a surrogate tumor antigen (OVA) were found to 
target DCs in vitro and in vivo, and elicit response dependent on the simultaneous 
delivery of both antigen and a DC maturation or “danger signal” signal (IFN-γ or 
lipopolysaccharide) and act as DC vaccines in syngeneic C57BL/6 mice, the prepa-
rations stimulated strong B16-OVA-specifi c cytotoxic T cell responses (van 
Broekhoven et al.  2004 ). Cationic liposome-DNA complexes (LDC) increased the 
antigen- specifi c CD8(+) T cells and also generated signifi cant antitumor activity 
against established tumors in tumor-bearing mice, while DNA complexes them-
selves were not able to achieve the effect (U’Ren et al.  2006 ). 

 A lipid nanoparticle loaded with CCR2-silencing short interfering RNA pos-
sessed a rapid blood clearance, accumulated in the spleen and bone marrow, and 
localized to monocytes when administered systemically in mice (Leuschner et al. 
 2011 ). 

 Another promising strategy in cancer therapy is the targeting of macrophages 
and its utilization as trojan horse to transfer drugs into cancer milieu in suffi cient 
concentration. This strategy use a natural phagocytic activity of macrophages and 
its preference in taking up submicron to micron-sized particles. Choi et al. reported 
a system made of gold nanoshell that can be taken up by macrophages, transported 
into the tumor spheroid, and cause cancer cells to succumb to Au nanoshell-based 
photoinduced cell death using NIR light (Choi et al.  2007 ). In a recent study, silicon 
microparticles loaded with nAb-PTX (Abraxane ® ) has been utilized for liver and 
lung metastasis of breast cancer, and the mechanisms include passive targeting 
towards liver organ, uptake of the system by local liver macrophages, and release of 
partial drug in the TME, which in turn increased the MCP-1 concentration to attract 
additional macrophages deeper into the lesions (Leonard et al.  2016 ; Tanei et al. 
 2016 ). Effi ciency in this system has been mathematically modelled and verifi ed in 
mouse model of breast cancer liver metastasis (Tanei et al.  2016 ) (Fig.  4.8 ). The 
increased accumulation of PTX in mouse model of lung and liver metastasis breast 
cancer caused increased level of apoptosis and inhibition of proliferation, ultimately 
reducing the volume growth of the tumor and increasing the survival rate of the 
treated mice.

   Mannose-grafted nanocarriers can increase uptake by DCs, PLGA NPs coated 
with mannan (natural polymannose isolated from S. cerevisiae) have higher binging 
affi nity and produce increased CD4+ and CD8+ T-cell responses compared to 
unmodifi ed NPs (Hamdy et al.  2011 ). Mannose receptor have been also targeted for 
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  Fig. 4.8    Macrophage as Trojan horse for drug delivery into tumor lesions. ( a - d ) Histologic and 
immunofl uorescent analysis of MSV-nAb-PTX and nAb-PTX effects on the breast ( left ) and lung 
( right ) liver metastasis. ( a ), quantifi cation of the tumor diameters in the liver of the mice treated 
with control (PBS), nAb-PTX, or MSV-nAb-PTX (MSV-nAb-PTX vs. nAb-PTX,  P  < 0.01 in both 
models). Immunohistochemical staining ( b ; scale bar, 100 μm) and quantitative analysis ( c  and  d ) 
of proliferating Ki67-positive cancer cells ( pink ) and apoptotic TUNEL-positive cancer cells 
( green ). Nuclei were stained with DAPI ( blue ). ( e ), Simulation of breast cancer liver metastasis 
therapy with MSV-nab-PTX ( left ) and nab-PTX ( right ): Presentation of tumor lesions, concentra-
tion of drug (PTX) released from either macrophages or vessels, and macrophages (only in the case 
of MSV-nab-PTX). Tumor lesions at the indicated times post treatment initiation. In this simula-
tion, the viable tumor tissue ( red ) encloses a hypoxic region ( blue ) without necrosis. The dense 
capillary network in the liver is modelled by the rectangular grid, with a few irregular sprouts 
generated through angiogenesis. Size of the lesion is simulated in parallel with drug distribution. 
PTX represents drug concentration (gm/mL) in the lesion. MSV-nab-PTX are retained in the lesion 
through the interaction with macrophages while drug is slowly released in the proximity of the 
tumor cells. Individual macrophages ( white ) are recruited to vicinity of the lesion based on che-
moattraction to hypoxic regions. Bar, 200 μm. F, Amount of active compound PTX released from 
the nAb-PTX and MSV-nAb-PTX pre-treated macrophages  in vitro  for 24-72 h as assessed by LC/
MS-MS. G, Schematic of proposed mechanism of transport for MSV-nAb-PTX by macrophages. 
nAb-PTX loaded MSV were taken up in higher degree in the tumor microenvironment by macro-
phages compared to free nAb-PTX, further causing accumulation of macrophages deeper into the 
lesion and leading to higher concentration of active compound PTX and higher tumor cell death. 
Reproduced from (Leonard et al.  2016 ; Tanei et al.  2016 )       
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vaccine treatment, such as Mannose-PEG3-NH2-decorated PLGA microsphere 
(Brandhonneur et al.  2009 ), mannosylated-gelatin NPs(Saraogi et al.  2011 ), and 
liposome loaded with mannosyl lipid derivate (Espuelas et al.  2008 ). Other target 
with similar effect is lectin, anti-lectin antibodies and lectin ligands can enhance 
humoral and cellular responses to induce immunity against melanomas in vivo 
(Conniot et al.  2014 ). 

 There has been a slower progress in the approach of lymphatic system restora-
tion, mostly due to the complexity of lymph fl ow regulation. Instead of being gener-
ated from heart drive, such as blood fl ow, the lymphatic system is driven by 
lymphatic contraction and their valves along the lymphatics. In the tumor margin, 
the valves did not function normally because of hyperplasia (Jain  2013 ).  

4.3.3     CAF 

 The prostate, breast, bile duct/cholangiocarcinoma (CCA) and pancreas cancers are 
tumors that rely on its surrounding stroma during development and progression. 
Targeting CAF with nanotherapies has not been intensively studied to these days. 
Below are the potential strategies to combine with nanotherapies as well as a sum-
mary of current publications of the topic. 

 Estrogen receptor and HER-2/neu were among the earliest targets investigated, 
ultimately leading to the widespread use of tamoxifen and trastuzumab (Hue et al. 
 2004 ). Other classes of targeted therapies include cyclin-dependent kinase inhibi-
tors, histone deactylase inhibitors, and receptor tyrosine kinase inhibitors (Thurn 
et al.  2011 ). 

 Hepatic stellate cells are known to secrete CXCL12 [or SDF-1], the ligand for 
CXCR4, a receptor highly expressed in cancer cells (Hong et al.  2009 ). As a poten-
tial therapeutic for CCA, intervention to reduce the extent of CAF, treatment with 
the specifi c CXCR4 inhibitor (AMD3100) hampered the CCA-mediated migration 
of hepatic stellate cells (Cadamuro et al.  2013a ). Furthermore, IL-6 secreted by 
tumor cells within a hypoxic environment has been linked with recruitment of mes-
enchymal cells and an antibody against IL-6 has resulted in attenuation of mesen-
chymal cell migration (Kyurkchiev et al.  2014 ). 

 Cyclopamine, an inhibitor of the Hedgehog signaling pathway acting on 
Smoothened, unleashed TRAIL on neoplastic cholangiocytes and induced their 
apoptosis reversing the effects of PDGF-B released by CAF(Cadamuro et al.  2013a ). 
 In vivo  experiments have found that Cyclopamine can reduce tumor size, but 
increase its metastatic potential. IPI-926, a novel derivate of Cyclopamine, can 
potentially improve the effi cacy of Gemcitabine in ductal pancreatic cancer, by 
inhibiting the Hedgehog signaling pathway and therefore depleting the TRS (Olive 
et al.  2009 ). 

 Another study with tyrosine kinase inhibitor Imatinib mesylate was to target the 
CAF-emitted-PDGF-B that is signaled to bile duct cancer cells. By blocking the 
PDGFR- expressed by these cancer cells, cholangiocytes, Imatinib resulted in 
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increases of TRAIL and apoptosis of tumoral cholangiocytes. PDGFR- can be inter-
fered directly using Imatinib mesylate or indirectly by inhibiting the downstream 
effectors of this pathway, in particular the Rho GTPases with NSC23766 (Rac1 
inhibitor) and CASIN (Cdc42 inhibitor) and/or JNK signaling with 
SP600125(Cadamuro et al.  2013b ). Reduction in CAF migration was similarly 
obtained with both approaches. As with Cyclopamine, Imatinib also reduced CCA 
tumor size and metastasis in rodents. Pro-apoptotic agents, such as Navitoclax, have 
been shown to act selectively on CAF. By activating Bax, Navitoclax reduced the 
number of -SMA-positive CAF as well as CCA tumor mass, which is associated 
with an improved survival in rodents. In recent year, a whole-tumor vaccine express-
ing fi broblast activation protein has been found to improve antitumor immunity 
against both tumor cells and CAF (Chen et al.  2015 ). 

 MMP inhibition can also potentially modulate cell communications within the 
tumor reactive stroma. However, so far, MMP inhibition does not seem to improve 
patient outcome in many epithelial cancers (van Zijl et al.  2011 ). MMP inhibitors 
are promising since they play a role in both epithelial-CAF signaling and ECM 
remodeling. Several broad-spectrum MMP inhibitors (e.g., marimastat and tanoma-
stat/BAY12-9566) have failed in randomized phase III trials in patients with breast 
and ovarian cancer because they do not prolong overall and/or progression-free sur-
vival or exhibit dose-dependent toxicity (Coussens et al.  2002 ; Hirte et al.  2006 ; 
Sparano et al.  2004 ). Future efforts possibly need focus on the development of 
highly selective MMP inhibitors (Zhang and Liu  2013 ). 

 CAF targeting nanocarriers are being explored for cancer therapy. Docetaxel 
conjugate nanoparticles, known as Cellax TM  has been found to reduce α-smooth 
muscle actin (α-SMA) content by 82 % and 70 % in 4T1 and MDA-MB-231 ortho-
topic breast tumor models, respectively (Murakami et al.  2013 ). After Cellax TM  
treatment, the tumor perfusion was increased by approximately 70-fold, tumor vas-
cular permeability was enhanced by more than 30 %, tumor matrix was decreased 
by 2.5-fold, and tumor interstitial fl uid pressure was suppressed by approximately 
threefold in the mice models compared to docetaxel, and nab-paclitaxel groups. 
Signifi cant tumor stromal depletion occurred within 16 h (~50 % depletion) postin-
jection, and the α-SMA (Alpha-SMA) stroma population was almost undetectable 
(~3 %) by 1 week, which ultimatively led to reduction of lung by 7- to 24-fold, 
whereas native docetaxel and nab-paclitaxel treatments were ineffective. Another 
approach enables the co-delivery of cisplatin with rapamycin (RAPA), an mTOR 
inhibitor that may offer notable therapy through antiangiogenic activity (Guo et al. 
 2014 ). Traditionally, cisplatin are too hydrophilic to be loaded into PLGA NP, how-
ever cisplatin can be made hydrophobic by coating a nanoprecipitate (cores) of the 
drug with dioleoylphosphatidic acid (DOPA). The presence of resulting DOPA 
coated cisplatin cores are not only compatible, but also signifi cantly improved the 
encapsulation of RAPA into PLGA NP, and both can be coencapsulated in PLGA 
NPs at a molar ratio to promote synergistic antitumor activity. The formulation has 
been found to induce signifi cant apoptosis on A375-luc human melanoma cells 
in vitro. In vivo, the system greatly reduced the fi broblast population, and therefore, 
potentially decreased the level of collagen and inhibited the growth of A375-luc 
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melanoma in a xenograft tumor model. Chen et al. reported a new system with 
nanoliposomes modifi ed with peptide FH which specifi cally binds to tenascin C, a 
protein mainly expressed by CAFs, loaded with Navitoclax (Nav), forming FH-SSL-
Nav (Chen et al.  2016 ). Nav is a targeted high-affi nity small molecule, which can 
inhibit the anti-apoptotic activity of BCL-2 and BCL-XL FH-SSL-Nav. FH-SSL-
Nav displayed reduced tumor growth to half of the control by eradicating CAFs in 
Hep G2 tumor-bearing nude mice model.  

4.3.4     ECM 

 ECM forms a barrier for drug delivery and can affect its effi cacy, especially for 
larger molecules (150,000 MW Dextran) (Jain  1994 ; Nugent and Jain  1984 ). In 
many tumors, the narrow spacing between collagen fi brils hinder particles larger 
than 60 nm in diameter penetration across collagen matrix to reach the tumor cells. 
Interestingly, even within the brain tumor, there is 5- to 10-fold difference in diffu-
sion between cranial windows (CW) and dorsal chamber (DC) when the molecule 
diameters approaching the interfi brillar spacing, which most likely due to higher 
levels of collagen type I and its organization into fi brils in DC (Pluen et al.  2001 ). 
This result emphasize the heterogeneity of ECM matrix and the diffi culties to 
remodel ECM To effectively increase large molecule penetration, which mostly 
restricted by fi brillar collagen (Brown et al.  2003 ), standard approaches include 
treatment with either collagen degrading enzymes such as MMP1 and MMP8 (Choi 
et al.  2013 ). 

 When attached to a nanocarrier, HA can act as protective structural component, 
targeting moiety, and a targeting coating. HA-conjugated nanocarriers targeting 
CD44 over-expressing cancer cells to transport drugs to tumor site. HA-PEG-PCL 
NP to deliver doxorubicin in Ehrlich ascited tumor-bearing mice. HA-decorated 
PLGA NP enhance doxorubicin uptake by cultured human breast adenocarcinoma 
cells (Yadav et al.  2008 ). Liposome loaded with hyaluronidase disrupt the HA 
matrix in human osteosarcoma solid tumor model (Platt and Szoka  2008 ). Mizrahy 
et al. have developed hyaluronan-coated lipid nanoparticles which exhibit target HA 
receptors (CD44 and CD168) and opposing effects on NCI/ADR-RES (human 
ovarian adenocarcinoma Adriamycin resistant) cell proliferation mediated by 
CD44(Mizrahy et al.  2014 ). The same group also loaded mitomycin C into NP, 
which enhanced its targeting and antitumor activity as well as increased circulation 
time to 7-fold and 70-fold longer than nt-LIP and free mitomycin C in 3 tumor 
models: BALB/c bearing C-26 solid tumors; C57BL/6 bearing B16F10.9 or (sepa-
rately) D122 lung metastasis. Further, delivery of proteases, such as collagenase, 
gelatinase, hyaluronidase has potential to be explored since they can aid in breaking 
down dense ECM barrier and increases transport of NPs and drugs into the tumor 
(Choi et al.  2012 ).   
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4.4     Conclusion and Perspectives 

 Tumor microenvironment represents intricate ecosystem in which neoplastic cells 
recruit and co-exist in synergy with their non-neoplastic neighboring cells. Multiple 
works over the past few decades have validated the importance of TME in the devel-
opment and progression of the malignant disease. As a result, targeting elements in 
the tumor microenvironment is evolving as a vital strategy to impede tumor growth. 
There are major structural and functional changes at the interface between tumor 
cells and adjacent TME cells and non-cellular elements. These deviations from the 
normal physiology of vascular, immune and connective tissues/systems can be tar-
geted not only pharmacologically, but also through designing nano-carriers with 
specifi c physical/chemical/biological characteristics which are able to localize into 
the proximity of the tumor cells enabling substantial therapeutic benefi ts over con-
ventional molecular therapies. The dimensions of nanovectors allow them to inter-
act on both pathologically relevant scales: nanometer scale (proteins, antibodies, 
sugars, genetic materials) and micrometer scale (cells and extracellular structures), 
thus enabling to specifi cally engineer and fi ne tune delivery systems for cancer and 
other conditions. Moreover, nanovectors can also allow the design of multi-modal 
theranostic systems that simultaneously perform a multitude of tasks, spanning 
from therapy to serving as a contrast agent or a reporter for the disease progression/
therapeutic outcomes. The benefi ts of currently marketed and under clinical and 
preclinical investigation cancer nanotherapies as compared to their molecular coun-
terparts are: extended circulation time (Table  4.3 ), increased stability of therapeu-
tics, enhanced drug concentration in the tumor tissue, improved therapeutic index, 
lesser toxicity with improved stability and multifunctionality. However, nanothera-
peutics are not much different from the molecular therapies in terms of the problems 
arising en route to their regulatory approval and many of them fail during the vari-
ous phases of the process. 

 Deeper understanding of cancer cell physiology, tumor microenvironment and 
its complex signaling processes is vital to develop new cancer nanotherapeutics that 
will be more specifi c and render active only in the proximity of the tumor loci. We 
also envision that nano-modular systems can be designed from the pre-formulated 
nano-components based on the needs and the physiological features of the specifi c 
patient. Additionally, as with the conventional therapies, not all the patients will 
benefi t from all the newly developed nanotherapies, thus, it is very important to 
understand what are the factors that will allow pre-selction of the patient population 
and personalization of nanomedicines for the effi cient cancer elimination.     
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    Chapter 5   
 A New Approach to Decrease the RES Uptake 
of Nanodrugs by Pre-administration 
with Intralipid ®  Resulting in a Reduction 
of Toxic Side Effects                     

     Li     Liu     and     Chien     Ho    

    Abstract     The number of different nanoparticle drug-delivery systems currently 
being developed is increasing rapidly. A major limitation for the translation of nano-
drugs to clinical applications is their rapid uptake by the cells of the reticuloendo-
thelial system (RES), in particular liver and spleen. This can reduce the effi cacy at 
the target tissue and increase the nano-toxicity to these off-target organs. 
Unfortunately, the accumulation of nanodrugs in tumors represents a small fraction 
of total injected dose (1–10 %). The majority (40–80 %) of injected nanodrugs end 
up in the RES. Many studies have been conducted to try to decrease the RES uptake 
and to increase the tumor targeting of nanodrugs by modifying nanoparticle charac-
teristics, such as size, shape, charge, surface property, and composition. Our new 
strategy is to temporarily blunt the uptake of nanodrugs by the RES using Intralipid ®  
20 %, which has been used as a safe nutrition source for four decades. We have 
found that, in rodents, pre-treatment with Intralipid ®  20 % (using a clinical route and 
dosage, 2 g/kg) can change the pharmacokinetic/pharmacodynamic profi le of 
nanoparticles. A single dose of Intralipid ®  can reduce RES uptake by ~50 % and 
increase blood half-life by ~3-fold of nano- and micron-sized iron-oxide particles. 
Recently, we have applied this fi nding to the delivery of a platinum (Pt)-containing 
anti-cancer nanodrug. Pre-administration with Intralipid ®  can increase the bioavail-
ability of the Pt-nanodrug and reduce the toxicity in liver, spleen, and kidney. Our 
method is a general one applicable to any approved and in-development nanodrugs 
without additional modifi cation of the nano-carriers.  

  Keywords     Reticuloendothelial system   •   Intralipid ®    •   Magnetic resonance imaging   
•   Cell tracking   •   Superparamagnetic iron-oxide nanoparticle   •   Immune cell labeling   
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  Abbreviations 

   ABC    Accelerated blood clearance   
  ALT    Alanine aminotransferase   
  BN    Brown Norway   
  DACHPt    Dichloro (1 2-diaminocyclohexane) platinum (II)   
  DACHPt/HANP    DACHPt-incorporated nanoparticles coated with hyaluronic 

acid polymer   
  EPR    Enhanced permeability and retention   
  FDA    Food and Drug Administration   
  FITC    Fluorescein isothiocyanate   
  HA    Hyaluronic acid polymer   
  H & E    Hematoxylin/eosin   
  ICP-MS    Inductively coupled plasma-mass spectrometry   
  MPIO    Micron-sized paramagnetic iron-oxide   
  MRI    Magnetic resonance imaging   
  NP    Nanoparticles   
  PBS    Phosphate-buffered-saline   
  PD    Pharmacodynamic   
  PEG    Polyethylene glycol   
  PK    Pharmacokinetic   
  POD    Post operation day   
  Ppm    Part per million   
  Pt    Platinum   
  RES    Reticuloendothelial system   
  SD    Sprague Dawley   
  SPIO    Superparamagnetic iron-oxide   
  TUNEL    Terminal deoxynucleotidyl transferase dUTP nick end labeling   
  USPIO    Ultra-small superparamagnetic iron-oxide   

5.1         Introduction 

 Nanotechnology-based imaging agents and therapeutics have been investigated for 
more than 30 years. There are more than 200 nanodrugs that have been either 
approved or are under clinical investigation (Min et al.  2015 ). Their applications 
range from imaging (Bashir et al.  2015 ; Shapiro  2015 ), cancer (Wicki et al.  2015 ), 
infl ammation (Getts et al.  2014 ), autoimmune diseases (Gharagozloo et al.  2015 ), 
regenerative medicine (Gao et al.  2015 ), to fungal infections (Hamill  2013 ), vac-
cines (Gregory et al.  2013 ; Stegmann et al.  1987 ), anesthetics (Gambling et al. 
 2005 ; Viscusi et al.  2005 ), and macular degeneration (Agosta et al.  2012 ). A major 
challenge for developing and translating nanodrugs to clinical use is that the nano-
dugs, after intravenous administration, are rapidly cleared from the circulation by 
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the reticuloendothelial system (RES), especially by the liver and spleen (Albanese 
et al.  2012 ; Guo and Huang  2011 ; Onoue et al.  2014 ). This rapid uptake hinders the 
effective delivery of the loaded therapeutics at the target sites due to insuffi cient 
bioavailability in the blood and can cause toxic side effects due to off-target tissue 
distribution. 

 RES uptake is important for the pharmacokinetic (PK), pharmacodynamic (PD), 
effi cacy, and for the toxicity of a nanodrug system. Nanodrugs can offer several 
pharmacokinetic advantages, such as specifi c drug delivery, improved bioavailabil-
ity, long duration of action, high metabolic stability, and high membrane permeabil-
ity (Onoue et al.  2014 ). Therefore, by altering the biopharmaceutic and PK properties 
of new drug candidates, nanodrug systems could be a promising approach to obtain 
the desired drug properties at the desired location. In the formulation of nanoparti-
cles, it is crucial to minimize RES uptake and to prolong the circulation in the blood 
of the nanoparticles so as to increase their chances of reaching the desired target. 
This can be partially achieved by modifying nanoparticle characteristics and surface 
properties, such as size, shape, charge, composition, targeting moiety, and, the most 
commonly used surface modifi cation with polyethylene glycol (PEG) (Albanese 
et al.  2012 ; Arvizo et al.  2011 ; Guo and Huang  2011 ; Kozlowska et al.  2009 ; Liu 
et al.  2014 ; Neuberger et al.  2005 ). Current results are that even for the best designed 
nanoparticles, a big portion (40–80 %) of the injected nanoparticles end up in the 
liver and spleen (Albanese et al.  2012 ). Moreover, from a toxicological perspective, 
each additional feature could exhibit an extra risk of toxicity, and the high complex-
ity of nanocarriers can be counter-productive (Xue et al.  2014 ). The RES uptake and 
resulting nanotoxicity are still big challenges for development and clinical transla-
tion of nanodrugs, e.g., siRNA-based nanodrugs (Guo and Huang  2011 ; Onoue 
et al.  2014 ; Xue et al.  2014 ). 

 The toxicity in the RES has also been reported or warned for Food and Drug 
Administration (FDA) approved nanodrugs, e.g., Abraxane ®  (  http://www.access-
data    . fda.gov/drugsatfda_docs/label/2014/021660s040lbl.pdf), Marqibo ®  (  www.
marqibo.com    ), Doxil ® /Caelyx ®  (Gabizon et al.  2002 ), and Onivyde ®  (  http://www.
accessdata.fda.gov/drugsatfda_docs/label/2015/207793lbl.pdf    ). It is diffi cult to 
modify these approved drugs to reduce RES toxicity, because each new modifi ca-
tion calls for thorough toxicity, pharmacology, biomechanics, and effi cacy studies 
before translating to a clinical setting. 

 Our novel strategy is to target the RES to temporarily blunt particle clearance. In 
particular, we set out to fi nd FDA approved agents to achieve this aim. Intralipid ®  
was approved by the FDA in 1972 as a source of parenteral nutrition for patients. 
Intralipid ®  is the brand name of the fi rst safe fat emulsion for human use manufac-
tured by Fresenius Kabi (Uppsala, Sweden). Intralipid ®  20.0 % is composed of 20 % 
soybean oil, 1.2 % egg-yolk phospholipids, and 2.25 % glycerol (  http://www. 
accessdata.fda.gov/drugsatfda_docs/label/2007/017643s072,018449s039lbl.pdf    ). 
The major fatty acid constituents are linoleic acid (44–62 %), oleic acid (19–30 %), 
palmitic acid (7–14 %), linolenic acid (4–11 %), and stealic acide (1.4–5.5 %). 
Kupffer cells in the liver play an important role in the uptake and metabolism of 
Intralipid ®  (Vilaro and Llobera  1988 ). Intralipid ®  infusion has been reported to 
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inhibit RES function by possibly inhibiting peritoneal clearance and impairing the 
phagocytic activity of Kupffer cells (Nugent  1984 ). Our hypothesis is that the clear-
ance of nanodrugs by the RES can be reduced by using agents, such as Intralipid ® , 
which are also cleared by Kupffer cells and inhibit their phagocytic activities, prior 
to injection of the nanoparticles. In this chapter, we summarize our recent fi ndings 
on using Intralipid ®  to decrease the RES uptake, improve the bioavailability, and 
reduce the toxic side effects of nano- or micron-sized imaging agents and 
chemotherapeutics.  

5.2     Current Strategies and Limitations for Reducing 
the RES Clearance of Nanoparticles 

 One major accomplishment in this fi eld is to make “stealth” nanoparticles, i.e., 
nanoparticles escaping the RES, through coating the surface with hydrophilic poly-
mers/surfactants, and/or formulation with biodegradable copolymers with hydro-
philic segments, such as PEG, poloxamer, poloxamine, polyethylene oxide, 
dextrane, and polysorbate 80 (Tween 80) (Guo and Huang  2011 ; Salmaso and 
Caliceti  2013 ). PEG is the most commonly used non-ionic hydrophilic polymer to 
make “stealth” nanoparticles in order to reduce their RES uptake and increase their 
blood circulation. The fi rst approved PEGylated product, Doxil/Caelyx, has already 
been in the clinic for ~20 years (Lasic and Needham  1995 ; Woodle  1995 ). Clinical 
experience and laboratory research have shown not only the benefi ts of this  polymer, 
but also drawbacks (Knop et al.  2010 ). The unfavorable effects of PEG polymers 
can be divided into the following categories: immunological response, e.g., hyper-
sensitivity reactions, induced by the polymer itself or by its side products formed 
during synthesis (Chanan-Khan et al.  2003 ; Szebeni  2005 ); unexpected changes in 
pharmacokinetic behavior, i.e., the accelerated blood clearance (ABC) phenomenon 
(Abu Lila et al.  2013 ; Dams et al.  2000 ; Koide et al.  2008 ); toxic side products and 
an antagonism arising from degradation under stress or upon exposure to oxygen 
(Knop et al.  2010 ). Thus, although PEG is a very popular polymer to make “stealth” 
nanoparticles, scientists are still searching for new alternatives to reduce the RES 
uptake of nanodrugs. 

 Some other important fi ndings are that smaller-sized particles are removed from 
the bloodstream via RES clearance slower than larger-sized particles (Neuberger 
et al.  2005 ); neutral and zwitterionic nanoparticles exhibit longer circulation times 
than negatively and positively charged nanoparticles (Arvizo et al.  2011 ; Liu et al. 
 2014 ). In addition, surface modifi cation of nanodrugs, with specifi c proteins, anti-
bodies, and other biomolecules, can be used to design drugs that act selectively on 
particular tissues. This approach has been employed to provide reduced liver and 
spleen uptake, improved therapeutic potential, and reduced side effects of some 
anticancer drugs (Kozlowska et al.  2009 ). 
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 The above modifi cations are effective in reducing RES clearance of the nanopar-
ticles; however, the majority of the injected nanomaterials still ends up in the liver 
and spleen, resulting in low delivery effi ciency to the target site (Albanese et al. 
 2012 ). Moreover, each modifi cation adds an extra risk of side effects and complica-
tions. The high complexity of nanocarriers might generate more drawbacks (Xue 
et al.  2014 ). Our Intralipid ®  approach is a simple and safe one, applicable to any 
approved and in-development nanodrugs to improve their bioavailability and to 
decrease their toxic side effects, with no need of new modifi cation(s) of the nano-
drugs and/or the nanocarriers.  

5.3     Using Intralipid ®  to Reduce the RES Uptake 
of Nanoparticles for Imaging 

 Non-invasive  in-vivo  magnetic resonance imaging (MRI) of monocytes/macro-
phages labeled with MRI contrast agents may lead to a better understanding of the 
pathogenesis of many diseases, including graft rejection (Wu et al.  2006 ,  2009 , 
 2011 ; Ye et al.  2008 ), atherosclerotic plaques (Tang et al.  2009 ; Tu et al.  2011 ), 
tumors (Daldrup-Link et al.  2011 ; Shih et al.  2011 ), abdominal aortic aneurysm 
(Miyama et al.  2012 ), renal ischemia (Jo et al.  2003 ), Alzheimer’s disease 
(Beckmann et al.  2011 ), etc. MRI combined with superparamagnetic iron-oxide 
(SPIO) contrast agents is an effective cell-tracking method. Our laboratory has been 
able to monitor the infi ltration of macrophages labeled with ultra-small superpara-
magnetic iron-oxide (USPIO, with particle size ~30 nm in diameter) and micron- 
sized paramagnetic iron-oxide (MPIO, ~0.9 μm in diameter) particles at rejecting 
kidneys, hearts, and lungs in our rat models for organ transplantation to study the 
immune responses during transplant rejection (Wu et al.  2006 ,  2009 ; Yang et al. 
 2001 ; Ye et al.  2002 ,  2008 ). 

 MRI contrast agents are taken up by the RES, in particular by liver Kupffer cells, 
which often contribute to a major loss of the agents in circulation (Chouly et al. 
 1996 ; Minchin and Martin  2010 ; Okon et al.  1994 ; Neuberger et al.  2005 ). Hepatic 
Kupffer cells are responsible for ~90 % of the total phagocytic capacity that is 
involved in maintaining homeostasis in circulation (van Rooijen and van Kesteren- 
Hendrikx  2002 ). Strategies that reduce liver uptake and prolong the residence time 
in the circulation of these MRI contrast agents can improve the  in-vivo  labeling 
effi ciency of immune cells and lower the required effective dose. 

 When Kupffer cell activity needs to be reduced, e.g., in order to enhance the 
effi ciency of gene delivery, clodronate liposomes have been applied to deplete 
Kupffer cells in the liver (Schughart et al.  1999 ). However, the depletion effects of 
clodronate liposomes should be transient, but the re-appearance of Kupffer cells 
could take up to one week (van Rooijen and van Kesteren-Hendrikx  2002 ). We have 
developed a safer way to temporarily inhibit Kupffer cell activity by using Intralipid ®  
(Liu et al.  2013 ). In this study, USPIO and MPIO were used as our test cases. 
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5.3.1     Treatment Protocol 

 Male Brown Norway (BN; RT1 n ) rats, with body weights between 250 and 280 g, 
were used in this study. Intralipid ®  20 % was administered by intravenous injection 
(clinical route) at a dose of 2 g/kg (clinical dose). Phosphate-buffered-saline (PBS) 
was administered to control animals. USPIO-NH 2 -fl uorescein isothiocyanate 
(FITC) particles were injected at a dose of 4.5 mg Fe/kg body weight. MPIO parti-
cles were injected at a dose of 6 mg Fe/kg body weight.  

5.3.2     Intralipid ®  Changes the Biodistribution and Reduces 
the RES Uptake of Iron-Oxide Particles 

 48-h post injection of iron-oxide particles, various tissues (liver, spleen, kidney, 
lung, and heart) were collected for iron-level determination and histological analy-
sis. As shown in Fig.  5.1 , greater fractions of nano- or micron-sized iron-oxide 
particles are found in the liver and spleen, particularly in the liver, than in the heart, 
kidney, or lung (Fig.  5.1a and b ). Figure  5.1c  shows a summary of liver accumula-
tion of the nano-sized USPIO particle, based on the calculation of iron concentra-
tions shown in Fig.  5.1a . With no Intralipid ®  pre-treatment, ~65 % of injected 

  Fig. 5.1    Changes in the iron levels, as measured by inductively coupled plasma-mass spectrom-
etry (ICP-MS), in different tissues at 48 h following administration of iron-oxide particles with and 
without Intralipid ®  pre-treatment: ( a ) USPIO-NH 2 -FITC particles; and ( b ) MPIO particles. 
* p  < 0.01 compared with iron-oxide particles administered, but without Intralipid ®  pre-treatment; 
( c ) A pictorial summary of the iron distribution in the liver from the data of USPIO-NH 2 -FITC. Side 
fi gures: Perls’ Prussian blue iron staining of liver tissues [Modifi ed from Figs.  5.1  and  5.2  of (Liu 
et al.  2013 ); with permission]       
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USPIO nanoparticles ends up in the liver. Upon Intralipid ®  pre-treatment, the liver 
only takes up ~36 % of injected USPIO nanoparticles. Thus, the liver uptake of 
USPIO particles signifi cantly decreases by 45.1 ± 6.5 %. Representative light micro-
scopic images of Perls’ Prussian blue iron staining of liver tissues are shown in 
Fig.  5.1c , which confi rm the results from the iron concentration measurement. 
Similarly, we have found that Intralipid ®  pre-treatment can reduce the liver uptake 
of MPIO particles by 49.2 ± 5.9 %.

5.3.3        Intralipid ®  Increases the Blood Half-life (t 1/2 ) of Iron- 
Oxide Particles 

 Intralipid ®  pre-treatment results in a 3- and 2.5-fold increase in the blood half-life 
of USPIO and MPIO particles, respectively, as determined by the changes of the 
transverse relaxation rate (R 2 ) values in whole blood following particle injection 
(Fig.  5.2a and b ). As a consequence, the blood bioavailability of USPIO and MPIO 
particles increases ~3 and ~2 fold, respectively.

5.3.4        Intralipid ®  Increases the Labeling of Monocytes 
in the Circulation and Improves the Sensitivity 
of Cellular MRI 

 Escaping RES uptake and prolonging the  in-vivo  circulation of MRI contrast agents 
can lead to increased uptake in target tissues and cells, leading to increased sensitiv-
ity of MRI. Phagocytic immune cells (e.g., monocytes and macrophages) can be 

  Fig. 5.2    Changes in blood clearance of iron-oxide particles upon Intralipid ®  pre-treatment: ( a ) 
USPIO-NH 2 -FITC particles; and ( b ) MPIO particles [Taken from Fig.  5.3  of (Liu et al.  2013 ); with 
permission]       
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labeled  in vivo  by iron-oxide particles (Wu et al.  2006 ,  2009 ). We have found that 
pre-treatment with Intralipid ®  signifi cantly enhances the labeling effi ciency of 
blood monocytes/macrophages by nano- and micron-sized iron-oxide particles, as 
shown by fl ow cytometry (Fig.  5.3a and c ). As summarized in Fig.  5.3b and d , 
Intralipid ®  can increase the monocyte labeling effi ciency two to threefold for both 
USPIO and MPIO particles.

   We have tested this Intralipid ®  methodology for  in-vivo  cell tracking by MRI 
using our rat heterotopic working heart and lung transplant model. Figure  5.4  shows 
representative  in-vivo  MR images of rejecting heart and lung through a T 2  * -weighted 
MRI technique. On post-operational day (POD) 6, when the allografts exhibit severe 
grade IV rejection, a large amount of monocytes/macrophages have infi ltrated into 
the allograft heart and lung (Wu et al.  2009 ,  2013 ). In order to test the Intralipid ®  
method, a half-dose of MPIO particles as in our previous study (Wu et al.  2006 ), 
was intravenously administered to the recipient on POD 3. As shown in Fig.  5.4a , 
with a low dose of the contrast agent, the allografts are not very hypointense and 
few macrophages can be detected by MRI. Upon Intralipid ®  pre-treatment 
(Fig.  5.4b ), a signifi cantly increased hypointensity can be detected in transplanted 
heart and lung, because Intralipid ®  treatment increases the effi ciency of macrophage 
labeling by MPIO. These fi ndings are encouraging because our approach can 
increase the effi ciency of labeling of immune cells with nano- to micron-sized 
imaging agents, and therefore the dose of the contrast agents needed for  in-vivo  cell 
tracking and imaging experiments can be minimized.

5.4         Using Intralipid ®  to Reduce the RES Uptake of Anti- 
cancer Nanodrugs for Improved Drug Delivery 

 Cancer is a major public health problem worldwide and is the second leading cause 
of death in the United States. In 2016, 1,685,210 new cancer cases and 595,690 
cancer deaths are projected to occur in the United States (Siegel et al.  2016 ). How 
to improve the delivery of anti-cancer drugs specifi cally to tumors and how to 
reduce the toxic side effects of these cytotoxic drugs in normal tissue are major 
challenges for cancer treatment. Nanomedicine holds great promise for generating 
new preventative, diagnostic, and therapeutic approaches to cancer in areas where 
improvements cannot be realized using existing technologies (  http://nano.cancer.
gov/    ). Anti-cancer nanodrugs show several advantages: nanodrugs tend to accumu-
late in solid tumors as a result of the enhanced permeability and retention (EPR) of 
macromolecules, thereby enhancing their anti-tumor or tumor-diagnosis activity; 
nanoformulation can help to overcome problems of solubility and chemical stability 
of conventional therapeutics, e.g., nucleic acids (siRNA and aptamers), thus improv-
ing the PK/PD profi les of the drugs (Williams et al.  2013 ; Xiang et al.  2015 ); and 
targeted nanomedicine therapeutics may decrease the resistance of tumors against 
anti-cancer drugs (Zhang and Li  2013 ). 
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 Pt-based drugs, including cisplatin, carboplatin, and oxaliplatin (fi rst, second, 
and third generation), have become the most potent as well as the most widely pre-
scribed anti-cancer drugs (Wheate et al.  2010 ). Unfortunately, their continuous use 
is greatly limited by dose limiting toxicities, partial anti-tumor response in most 
patients, development of drug resistance, and tumor relapse (Kamaly et al.  2013 ; 
Ludwig et al.  2004 ; Pabla and Dong  2008 ; Stefanowicz et al.  2011 ; Ulusakarya 
et al.  2010 ; Wheate et al.  2010 ; Yao et al.  2007 ). Nanocarrier-based drug delivery 
may generate new therapeutic approaches for Pt-drugs. Studies have shown that the 
therapeutic performance of oxaliplatin can be improved by incorporating the central 
dichloro (1, 2-diaminocyclohexane) platinum (II) (DACHPt) motif into the core of 
these nanocarriers (Cabral et al.  2005 ; Murakami et al.  2011 ; Oberoi et al.  2012 ; Wu 
et al.  2014 ). Pt-based nanodrugs are providing encouraging preclinical and clinical 
results and may facilitate the development of the next generation of Pt chemother-
apy (Cabral et al.  2005 ; Murakami et al.  2011 ; Oberoi et al.  2013 ). 

 A major limitation for both approved and in-development nanodrugs, e.g., 
Pt-based nanodrugs, is their rapid clearance by the cells of the RES, in particular 
liver and spleen. The accumulation of the cytotoxic drugs in the RES, will not only 
reduce their effi cacy, but also increase their toxicity for these off-target organs. 
Strategies that decrease RES uptake and increase the bioavailability of nanomedi-
cines can improve tumor targeting and decrease the side effects. With the rationale 
and hypothesis described above, we have extended our Intralipid ®  approach to 
delivery of an anti-cancer nanodrug (Liu et al.  2015 ). In this study, an improved Pt 
anti-cancer nanodrug, DACHPt-incorporated nanoparticles (NP), coated with hyal-
uronic acid polymer (HA) (DACHPt/HANP), was used as our test case. 

  Fig. 5.4    More MPIO-labeled monocytes/macrophages can be detected at a rejecting rat heart and 
lung by  in-vivo  cellular MRI, upon Intralipid ®  pre-treatment. MPIO (3 mg Fe/kg) was intrave-
nously administered into the transplant recipient rat on POD 3. These two MR images were 
acquired on POD 6. ( a ) No Intralipid ®  pre-treatment; ( b ) Intralipid ®  pre-treatment.  Tx  transplanted, 
 RV  right ventricle,  LV  left ventricle (Unpublished results)       
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  Fig. 5.5    Intralipid ®  reduces toxic side effects in liver caused by the anti-cancer nanodrug, 
DACHPt/HANP. Light microscopy images of  h & e  stained ( a – c ,  f – h , and  k – m ) and TUNEL 
stained liver tissue ( d – e ,  i – j , and  n – o ). ( a – e ) are from the liver tissues of DACHPt/HANP admin-
istered, but not Intralipid ®  treated, animals; ( f – j ) are from the liver tissues of Intralipid ®  pre-treated 
animals; ( k – o ) are from the liver tissues of naïve animals. ( c ,  h , and  m ) are examples of enlarged 
views of ( b ,  g , and  l ), which are enlarged from part of ( a ,  f , and  k ). Similarly, ( e ,  j , and  o ) are 
enlarged from ( d ,  i , and  n ). Small  black arrows  on ( c  and  h ) indicate cell necrosis;  red arrows  on 
( d  and  e ) indicate cell apoptosis [Taken from Fig.  5.1  of (Liu et al.  2015 )]       

5.4.1     Treatment Protocol 

 Male Sprague Dawley (SD) rats with an indwelling jugular vein catheter implanted 
were purchased from Harlan Laboratories (Indianapolis, IN). SD rats with body 
weights between 250 and 280 g were used. Intralipid ®  20 % was administered to SD 
rats at the clinical dose (2 g/kg) using the clinical route (i.e., intravenously) one hour 
before intravenous injection of DACHPt/HANP (2 mg Pt/kg for PK/PD studies; 
4 mg Pt/kg and 6 mg Pt/kg for toxicity studies). PBS was administered to control 
animals.  

5.4.2     Intralipid ®  Reduces Toxic Side Effects of DACHPt/
HANP in Liver, Spleen, and Kidney 

  Pathological Analysis and Terminal Deoxynucleotidyl Transferase dUTP Nick End 
Labeling (TUNEL) Assay for Apoptotic Cells in Liver, Spleen, and Kidney     Light 
microscopic images of hematoxylin/eosin (H & E) stained and TUNEL stained 
liver, spleen, and kidney tissue sections are shown in Figs.  5.5 ,  5.6 , and  5.7 , respec-
tively. The liver tissue sections from the Intralipid ®  pre-treated group are shown in 
Fig.  5.5f, g, h, i and j . Compared with the DACHPt/HANP administered, but no 
Intralipid ®  pre-treatment group (Fig.  5.5a, b, c, d, and e ), the pathological changes 
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  Fig. 5.7    Intralipid ®  reduces toxic side effects in kidney caused by DACHPt/HANP. Light micros-
copy images of  h & e  stained ( a - b ,  e - f , and  i - j ) and TUNEL stained ( c - d ,  g - h , and  k - l ) kidney 
tissue. ( a - d ) are from the kidney tissues of DACHPt/HANP administered, but not Intralipid ®  
treated, animals; ( e - h ) are Intralipid ®  pre-treated animals; ( i - l ) are from naïve healthy animals.  Red 
arrows  on ( d  and  h ) indicate cell apoptosis [Taken from Fig.  5.4  of (Liu et al.  2015 )]       

  Fig. 5.6    Intralipid ®  reduces toxic side effects in spleen caused by DACHPt/HANP. Light micros-
copy images of  h & e  stained ( a – c ,  f – h , and  k – m ) and TUNEL stained spleen tissue ( d – e ,  i – j , and 
 n – o ). ( a – e ) are from the spleen tissues of DACHPt/HANP administered, but not Intralipid ®  treated, 
animals; ( f – j ) are from Intralipid ®  pre-treated animals; ( k – o ) are from naïve healthy animals.  Black 
arrows  on ( a ) indicate concurrent abnormal proliferation of mononuclear cells;  black arrows  on ( b , 
 c ,  g , and  h ) indicate cell necrosis;  red arrows  on ( d  and  e ) indicate cell apoptosis [Taken from 
Fig.  5.3  of (Liu et al.  2015 )]       
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in the liver tissue with Intralipid ®  pre-treatment (Fig.  5.5f, g, h, i, and j ) are 
 characterized as showing fewer necrotic cells (black arrow in Fig.  5.5h ) and 
 apoptotic cells (red arrows in Fig.  5.5j ), and are comparable to the liver tissues of 
naïve rats (Fig.  5.5k, l, m, n, and o ).

      As shown in Fig.  5.6 , Intralipid ®  pre-treatment protects the spleen tissue from the 
damages caused by the anti-cancer nanodrug, DACHPt/HANP. With Intralipid ®  pre-
treatment, the pathological changes in the spleen tissue (Fig.  5.6f, g, h, i, and j ) are 
characterized as uniformly distributed mononuclear cells (Fig.  5.6f ), fewer necrotic 
(Fig.  5.6g and h ), and fewer apoptotic (Fig.  5.6i and j ) cells, as compared with the 
no Intralipid ®  pre-treatment group (Fig.  5.6a, b, c, d, and e ). 

 Interestingly, Intralipid ®  can protect not only the tissues in the RES, but also the 
tissue in kidney (Fig.  5.7 ). Nephrotoxicity is one of the most severe side effects of 
current Pt drugs (Ludwig et al.  2004 ; Negro et al.  2010 ; Pabla and Dong  2008 ; 
Stefanowicz et al.  2011 ; Wheate et al.  2010 ; Yao et al.  2007 ). The DACHPt/HANP 
nanodrug is designed to increase the concentration and prolong the half-life of 
DACHPt at tumor sites and to decrease the side effects like nephrotoxicity. Although 
our Intralipid ®  therapy was originally designed to decrease the RES uptake of the 
nanodrug, we also fi nd that Intralipid ®  reduces cell apoptosis in kidney dramatically 
(Fig.  5.7d  vs h, red arrows). 

  Intralipid ®  Reduces Spleen Swelling     Spleen swelling and enlargement are observed 
from DACHPt/HANP-treated animals, when the animals are sacrifi ced 72-h post 
nanodrug administration (Fig.  5.8a  left). Intralipid ®  pre-treatment reduces spleen 
swelling (Fig.  5.8a  right). In Fig.  5.8b , the ratios of spleen weight/body weight are 
shown as the percentage of the normal level.

  Fig. 5.8    Intralipid ®  pre-treatment can reduce spleen swelling signifi cantly: ( a ) picture of the 
spleens from DACHPt/HANP treated, without or with Intralipid ®  treatment, SD rats; and ( b ) the 
changes in spleen weight/body weight ratio upon Intralipid ®  treatment. The ratio from a naïve SD 
rat is treated as 100 %.  *  p  < 0.05 [Taken from Fig.  5.2  of (Liu et al.  2015 )]       
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     Serum Alanine Aminotransferase (ALT) Activity and Creatinine Colorimetric 
Assays to Assess Hepatotoxicity and Nephrotoxicity     When the rats were treated 
with 4 mg Pt/kg of DACHPt/HANP, the Intralipid ®  pre-treatment group shows sig-
nifi cantly lower serum ALT activity and creatinine level (Fig.  5.9a and b ). These 
results are consistent with our fi ndings in the liver and kidney histological studies as 
shown in Figs.  5.5  and  5.7 .

    In order to show the potency of Intralipid ®  protective effects, another group of 
rats were pre-treated with Intralipid ®  followed by a higher dosage, 6 mg Pt/kg, of 
DACHPt/HANP (Fig.  5.9c and d ). It is found that both ALT activities and creatinine 

  Fig. 5.9    Effects of Intralipid ®  pre-treatment on the serum ALT activities ( a ,  c ) and creatinine 
levels ( b ,  d ) in DACHPt/HANP treated rats. When the rats are treated with 4 mg Pt/kg of the nano-
drug, the Intralipid ®  pre-treatment group shows signifi cantly lower serum ALT activity and creati-
nine level ( a  and  b ). The group pre-treated with Intralipid ®  followed by a higher dosage (6 mg Pt/
kg) of DACHPt/HANP, exhibits lower ALT activity and creatinine level than the group, which is 
treated with 4 mg Pt/kg of the nanodrug, but no Intralipid ®  ( c  and  d ).  *  p  < 0.001;  **  p  < 0.05 [Modifi ed 
from Fig.  5.5  of (Liu et al.  2015 )]       

 

L. Liu and C. Ho



139

  Fig. 5.10    Changes in Pt accumulation in liver ( a ), spleen ( b ), and kidney ( c ) with and without 
Intralipid ®  pre-treatment, at 5-, 24-, and 72-h post DACHPt/HANP administration.  P  values 
represent the differences between the amount of Pt in the tissue with and without Intralipid ®  
pretreatment at the same time point.  *  p  < 0.001;  **  p  <0.01;  #  p  > 0.1 [Modifi ed from Fig.  5.6  of (Liu 
et al.  2015 )]       

levels from this group are signifi cantly lower than the group treated with the lower 
dosage of the nanodrug (4 mg Pt/kg), but no Intralipid ®  pre-treatment. This result 
indicates that, using Intralipid ® , the clinicians might be able to give the patients 
more anti-cancer nanodrugs to kill the tumors with less toxic side effects!  

5.4.3     Intralipid ®  Changes the Tissue Distribution and Blood 
Clearance of DACHPt/HANP 

 As shown in Fig. 5.10 , one single administration of Intralipid ®  can signifi cantly 
decrease Pt accumulation in liver, spleen, and kidney. Intralipid ®  can decrease liver 
accumulation of the Pt-containing drug by 24.9 % and 20.4 % at 5- and 24-h post 
injection, respectively (Fig.  5.10a ). Intralipid ®  can signifi cantly decrease spleen 
uptake of the Pt-containing drug by 40.1 %, 42.4, and 67.2 % at 5-, 24-, and 72-h 
post administration (Fig.  5.10b ). Upon Intralipid ®  pre-treatment, Pt concentrations 
in the kidney decrease by 34.0, 31.2, and 28.7 % at 5-, 24-, and 72-h post DACHPt/
HANP administration, respectively (Fig.  5.10c ).

   Changes in the Pt concentrations in circulation upon Intralipid ®  pre-treatment are 
shown in Fig.  5.11a . As a consequence of the decreased RES clearance, the bio-
availability of the Pt-nanodrug increases by 18.7 % during the fi rst 5 h and by 9.4 % 
during 24 h, respectively (Fig.  5.11b and c ).
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5.4.4        A Pilot Study: Using Multi-doses of Intralipid ®  to Deliver 
Multi- and Over-dose of Nanodrugs 

 The above experiments are designed as “proof of concept” studies showing that 
Intralipid ®  can change the PK/PD and toxicological profi les of an anti-cancer nano-
drug. To increase and prolong the effectiveness of Intralipid ® , the administration 
dosages, time courses, and frequencies of Intralipid ®  treatment need to be adjusted 
and optimized with the chemotherapy regimen. Multi-doses of Intralipid ®  are 
necessary. 

 When a pre-clinical animal study was conducted for another anti-cancer 
Pt-nanodrug, DACHPt/micelle, the dosing frequency was twice a week (Cabral 
et al.  2005 ; Murakami et al.  2011 ). In clinical practice, the clinicians desire to use 
high doses of anti-cancer nanodrug, but are limited by the toxic side effects. Thus, 
we have designed a multi- and over-dose experiment to treat rats with DACHPt/
HANP (4 mg Pt/kg, intravenously) twice a week (on Day 1 and Day 4) (Fig.  5.12a ). 
On Day 1 and Day 4, Intralipid ®  was intravenously administered (clinical route) one 
hour before the administration of the nanodrug at a dosage of 2 g/kg and one hour 

  Fig. 5.11    Changes in the Pt concentrations in circulation and bioavailability upon Intralipid ®  pre- 
treatment during 72 h. ( a ) Changes of blood Pt concentration. X-axis represents the duration post 
DACHPt/HANP injection, in logarithmic scale (base: 10). ( b ,  c ,  d ) Changes in the bioavailability 
of DACHPt/HANP nanodrug [calculated by the area under the curve (AUC), by the trapezoidal 
rule, using KaleidaGraph 4.1 (Synergy Software, Reading, PA)]: ( b ) 5 h; ( c ) 24 h; ( d ) 72 h after the 
nanodrug administration.  *  p  < 0.0001;  **  p  < 0.001;  #  p  > 0.05 [Modifi ed from Fig.  5.7  and Fig. S3 of 
(Liu et al.  2015 )]       

 

L. Liu and C. Ho



141

after the administration of the nanodrug at a dosage of 1 g/kg. On the other days, the 
rats were administered 2 g/kg of Intralipid ®  each day (Fig.  5.12a ). PBS was admin-
istered to control animals. In this experiment, the dosage of Intralipid ®  is below the 
recommended maximum dosage which is 3 g/kg/day.

   Figure  5.12b  shows the changes of serum ALT activity upon Intralipid ®  treat-
ment for this pilot study. The serum ALT activity is 58.9 ± 8.1 IU/L for naïve rats. 
Intralipid ®  treatment does not alter ALT activity (53.2 ± 10.5 IU/L) (Fig.  5.12b ). 
With no Intralipid ®  protection, the serum ALT activities elevate to 271.2 ± 35.2 IU/L 
at 1-day post the fi rst injection of the Pt-nanodrug. After 2 days of healing and 
recovery, the serum ALT activities decrease to 189.9 ± 32.1 IU/L. At 1-day and 
4-day post the second injection of the Pt-nanodrug, the serum ALT activities are 

  Fig. 5.12    Using multi-doses of Intralipid ®  to deliver multi- and over-doses of DACHPt/HANP. 
( a ), treatment protocol, and ( b ), effects of Intralipid ®  treatments on the serum ALT activities 
(Unpublished results)       
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179.3 ± 22.5 IU/L and 168.3 ± 32.2 IU/L, respectively. Intralipid ®  treatment signifi -
cantly reduces the serum ALT activities (Fig.  5.12b ). At the endpoint of the experi-
ment (Day 8), the serum ALT activities are 168.3 ± 32.2 IU/L vs 76.2 ± 8.5 IU/L 
(no-Intralipid ®  vs Intralipid ®  treatment). These results indicate that Intralipid ®  can 
reduce the hepatocellular damage from the Pt-nanodrug in this multi- and over-dose 
experiment.  

5.4.5     Using Intralipid ®  to Deliver Liposome-Based Nanodrugs 

 The liposome was the earliest nanoparticle delivery system in nanomedicine. 
Currently, at least 13 lipid nanoparticle-based therapeutics, including Doxil ® , 
Marqibo ® , and Onivyde ® , have been approved for clinical use (Min et al.  2015 ). The 
“lipid”-coating exhibit several advantages as drug delivery vehicles. First, they can 
be used to deliver both hydrophobic and hydrophilic molecules, as the core of lipo-
somes is hydrophilic, whereas there is a hydrophobic domain between the lipo-
some’s lipid layers. Second, the liposomal delivery can change the pharmacokinetics 
and biodistribution of the delivered therapeutic agent, thus improving therapeutic 
effi cacy as well as reducing toxicity. For example, liposome-based anti-cancer 
nanodrug delivery system tends to specifi cally accumulate at the tumor site due to 
the EPR effect of macromolecules. Third, liposomes can protect the therapeutic 
agents from the  in-vivo  environment, thus improving the stability of the therapeutic. 
Fourth, liposomes can be engineered to escape lysosomes and deliver the therapeu-
tic into the cytosol, e.g., gene therapy agent. 

 Intralipid ®  in our methodology shows a new function, which is to temporarily 
reduce the phagocytic activity of Kupffer cells, thus reducing the RES accumulation 
and the associated toxic side effects. We believe that our Intralipid ®  methodology 
can be applied for these liposome nanodrugs. However, we need to be aware of two 
problems. First, “lipid overload” should be avoided. Total amount of triglyceride 
(from both Intralipid ®  and liposome-based nanodrug) should be considered. Plasma 
triglyceride level needs to be monitored. Second, the drug-drug interaction is a criti-
cal issue. When there is a high concentration of more than one drug in the blood 
stream, some unexpected events could take place. For a specifi c nanodrug, 
Intralipid ® -nanodrug interaction test should be conducted before setting up the che-
motherapy regimen for clinical studies.   

5.5     Conclusion 

 RES uptake is a big challenge for developing and translating nanodrug delivery 
systems, thus determining the PK/PD profi le, effi cacy, and toxicity of the nanodrug. 
Currently, “stealth” nanoparticles strategy is a major accomplishment to minimize 
the RES uptake. Our studies show that Intralipid ®  can be used to reduce the RES 

L. Liu and C. Ho



143

uptake of nanoparticles for imaging and for anti-cancer drug delivery purposes, so 
that: (i)  in-vivo  cell-labeling effi ciency can be increased and imaging sensitivity can 
be improved; and (ii) off-target accumulation and resulting toxicities of anti-cancer 
nanodrugs can be reduced. Our Intralipid ®  methodology could be a valuable addi-
tion to the “stealth” strategies, i.e., generally applicable to any approved or in- 
developing nanodrugs to reduce the RES uptake.     
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    Chapter 6   
 Authentic Vascular and Stromal Structure 
in Animal Disease Model for Nanomedicine                     

     Hiroshi     Nishihara      and     Mitsunobu     R.     Kano   

    Abstract     The elucidation of pharmacokinetics of nanodrugs is indispensable for 
the further development of nanomedicine and the importance of vasculature and 
stroma cells for the delivery of drugs via nanocarrier systems is currently attracting 
a great deal of attention. In particular, the major discrepancy between the human 
and the experimental model in terms of vasculature and stromal environment must 
be well characterized when moving to the upper scale at translational medicine. 
This chapter discusses the histological discrimination of stromal elements in human 
pathological specimens and animal models in view of nanodrug- associated patho-
physiology, which is necessary to understand the disease-specifi c and/or patient-
specifi c pharmacokinetics of nanodrugs, and will lead to the promising effi cacy of 
personalized nanomedicine.  
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6.1         Introduction 

 Most of the nanodrugs are delivered through blood vessels; therefore, the role of 
vasculatures has been well-characterized, including morphological abnormalities 
such as fenestration or defects of endothelial cells (Daruwalla et al.  2009 ; Maeda 
et al.  2003 ; Skinner et al.  1990 ) ( ADDR ). In addition, the role of vascular pericytes 
in the permeation of nanoparticles was recently focused upon (Kano et al.  2009 ). 
Besides the vasculature, the stromal components such as fi broblasts and macro-
phages could be possible players to modulate the pharmacokinetics, not only for 
small molecules but also for nanodrugs, because the stromal cells are usually located 
between the blood vessels and the pharmacological targets such as cancer cells. 

 The development of clinically applicable “nanodrugs” is largely dependent on 
the local pharmacokinetics of nanodrugs, which are mostly validated through the 
animal disease models. The enhanced permeability and retention (EPR) effect inter-
pret the effi cacy of nanodrugs, especially in the solid tumor model (Fang et al.  2011 ; 
Torchilin  2011 ). However, the detailed pathophysiology associated with nano-sized 
materials, especially in pathologic lesions, has not been well-described. Moreover, 
the histological discrepancy of the microenvironment, such as vasculature and stro-
mal cells, in between human pathological specimens and animal models has yet to 
be investigated. 

 Here we discusses the histological discrimination of stromal elements in human 
pathological specimens and animal models in view of nanodrug-associated patho-
physiology, which is necessary to understand the disease-specifi c and/or patient- 
specifi c pharmacokinetics of nanodrugs, and will lead to the promising effi cacy of 
personalized nanomedicine.  

6.2     Vasculature in Human Pathology 

6.2.1     Endothelial Cells for Nanomedicine 

 For the successful delivery of nanodrugs to the disease lesion, the entire vascular 
system is required to avoid leakage through the vascular wall. The internal layer is 
composed of a single layer of spindle-shaped endothelial cells in the normal vascu-
lar system, which are visualized by immunohistochemistry against CD31, CD34 
and factor VIII-related antigen in human tissue (Fig.  6.1a , and data not shown) 
(Cotran  1999 ). Junctional complexes by tight, adherens or gap junctions are formed 
between endothelial cells; these are necessary to maintain vessel wall homeostasis 
and permeability (Bazzoni and Dejana  2004 ). Claudin family proteins including 
Claudin-5 within tight junctions play a pivotal role to create the barrier which regu-
lates electrical resistance between cells (Fig.  6.1b ) (Van Itallie and Anderson  2004 ; 
Sawada et al.  2003 ). Adherens junctions have a key role in contact inhibition and 
also regulate permeability to soluble molecules. Connexin family proteins form gap 
junctions which create channels between adjacent cells (Sohl and Willecke  2004 ). 
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Based on these molecular mechanisms, endothelial cells serve as a semipermeable 
membrane which controls the transfer of small and large molecules including 
nanoparticles through the walls of arterioles and capillaries and modulates vascular 
tone and blood fl ow which directly affect the accumulation of nanodrugs (Cotran 
 1999 ).

6.2.2        Pericytes for Nanomedicine 

 Pericytes are microvascular periendothelial mesenchymal cells including vascular 
smooth muscle cells (Van Itallie and Anderson  2004 ), and are embedded within the 
vascular basement membrane and form the mural component of the vascular wall 
(Bazzoni and Dejana  2004 ). Several molecules expressed in murine pericytes, such 
as NG2, PDGFRβ and RGS-5, have been reported, although these are not 

  Fig. 6.1    Immunohistochemical appearance of vascular mural cells. The entire vascular system is 
lined internally by a single layer of spindle-shaped endothelial cells, which are identifi ed immuno-
histochemically with antibodies against CD34 ( a , duodenum). Claudin-5 is immunopositive in 
endothelial cells ( b , duodenum), meaning the formation of tight junction barriers. 
Immunohistochemistry for αSMA visualizes vascular smooth muscle cells ( c , duodenum). The 
pericytes are recognized by anti-PDGFRβ antibody ( d , duodenum) which also reacts upon myofi -
broblasts adjacent to the vasculature ( d , arrowhead). Antibodies employed here are as follows: 
anti-CD34 (Mouse Monoclonal clone: QBEnd10, DAKO), Claudin-5 (Rabbit Polyclonal, Abcam), 
anti-αSMA (Mouse Monoclonal clone:1A4, Thermo Scientifi c), anti-PDGFRβ (Rabbit Monoclonal 
clone:C82A3, CST)       

 

6 Authentic Vascular and Stromal Structure in Animal Disease Model for Nanomedicine



152

pericyte- specifi c (Van Itallie and Anderson  2004 ). In general human pathology, 
αSMA is the most reliable immunohistochemical marker for vascular smooth mus-
cle cells (Fig.  6.1c ), while PDGFRβ is another attractive candidate to identify peri-
cytes in capillaries, although myofi broblasts adjacent to pericytes are also positive 
for PDGFRβ (Fig.  6.1d ). In human specimens, desmin is negative in vascular mural 
cells except in large muscular arteries (Nishihara  2014 ). The principle roles of peri-
cytes are (1) the fundamental for blood vessel formation and maintenance, (2) vas-
cular contractility, (3) formation of the blood–brain barrier and (4) the supply of 
mesenchymal stem cells for tissue regeneration (Armulik et al.  2011 ), however, the 
role for nanomedicine is yet to be clarifi ed.  

6.2.3     Vascular Structure in Human Diseases 

 Cancer is one of the most popular target diseases for nanomedicine; in addition, we 
can obtain variable information from Cancer because the phenotype of signal trans-
duction, cellular alternation and histological divergence is mostly accentuated. The 
EPR effect can explain the mechanism for drug delivery of nanomedicine (Fang 
et al.  2011 ). The tumor vasculature has the unique anatomical-pathophysiological 
nature; molecules larger than 40 kDa such as nanodrugs are selectively leaked out 
from tumor vessels, but not from normal vasculatures (Matsumura and Maeda  1986 ; 
Maeda  2001a ,  b ; Fang et al.  2003 ; Maeda et al.  2009 ). In human pathology, how-
ever, the morphological appearance and the number of vasculatures vary according 
to the organ or histological subtypes of cancer or even the patient. More impor-
tantly, the structure of tumor vasculature appears to be different depending on each 
tissue. In glioblastoma of the brain, characteristic glomeruloid vessels consist of 
thick αSMA-positive pericytes, while the lining of endothelial cells seems to be 
discontinuous (Fig.  6.2e, f ). On the contrary, the αSMA-positive pericytes were 
discontinuously observed in tumor vessels in ovarian adenocarcinoma (Fig.  6.2b, c ) 
(Zhang et al.  2012 ). Recently, we proposed three types of structural variety of tumor 
bloods; type (1), thin, defective αSMA-positive pericyte coverage, type (2), thin, 
αSMA-positive pericyte coverage, and type (3), thick or glomeruloid, αSMA- 
positive pericyte coverage (Fig.  6.2g ).

   Infl ammatory disease is the other luminous model to understand drug delivery 
system. In the infl ammatory condition, endothelial dysfunction rapidly occurrs 
within minutes by variable chemical mediators such as histamine and serotonin that 
induce excessive vascular permeability (Cotran  1999 ). Endothelial activation will 
occur within several hours or even days by cytokines and bacterial products. During 
such reversible changes in the functional state of endothelial cells, the neovascular-
ization of capillaries discontinuously covered with αSMA-positive pericytes is 
microscopically observed in infl ammatory granulation tissue (Nishihara  2014 ). In 
addition, vascular remodeling is often observed in the later phase of specifi c infl am-
matory condition such as during the wound healing process or prolonged latent 
infection (Dulmovits and Herman  2012 ). However, a histopathological approach for 
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vascular structure in infl ammatory and infectious conditions is still being investi-
gated to establish a new therapeutic strategy using nanodrugs against such diseases.   

6.3     Stromal Structure in Human Pathological Conditions 

6.3.1     Stromal Cells for Nanomedicine 

 Stromal tissue with the exception of vasculature consists of connective collagenous 
matrix, fi brotic cells including myofi broblasts and infl ammatory cells. The second 
barrier to successful nanodrug delivery after leakage from vasculature would be 
such stromal tissue. The myofi broblasts were originally identifi ed within experi-
mental granulation tissue by electron micrographs (Gabbiani et al.  1971 ), and share 
spindle morphology common with those of fi broblasts and smooth muscle cells. 

  Fig. 6.2    Structural variety of pericyte coverage. In ovarian serous papillary adenocarcinoma, 
tumor vasculatures consist of an entire single layer of endothelial cells ( b , CD34) and discontinu-
ous coverage of pericytes ( c , αSMA), while the majority of mural cells in glomeruloid vessels in 
glioblastoma are αSMA-positive pericytes ( f  ,  αSMA) with scattered endothelial cells ( e , CD34, 
arrowhead). Based on the coverage pattern of pericytes, three types of structural variety of tumor 
blood vessels are proposed ( g ). In the general oncological aspect, the cancers with lower pericyte 
coverage represent relatively higher chemosensitivity.  a ,  d , Hematoxylin and Eosin stain. Scale 
Bars: A. B, C; 20 μm, D, E, F; 50 μm.  PDAC  pancreatic ductal adenocarcinoma,  GBM  glioblas-
toma multiforme,  Ca  carcinoma       
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Myofi broblasts contain numerous bundles of cytoplasmic microfi laments (stress 
fi bers) (Mills  2007 ), and the cells are connected by intermediate or adherens junc-
tions (Hinz and Gabbiani  2003 ). 

 The stress fi bers in myofi broblasts are immunohistochemically positive for 
αSMA (Fig.  6.3 ). Myofi broblasts can be observed in multiple normal human tissues 
(Mills  2007 ) such as mucosal epithelium (Boya et al.  1988 ; Guldner et al.  1972 ; 
Kaye et al.  1968 ; Sappino et al.  1989 ), lung (Kapanci et al.  1974 ), and bone marrow 
(Charbord et al.  1990 ). One of the biochemical functions of myofi broblasts is syn-
thesis of several extracellular matrix components: collagen type I, III, IV and V 
(Zhang et al.  1994 ; Gabbiani et al.  1976 ; Rudolph et al.  1977 ; Barsky et al.  1982 ), 
glycoproteins (Gressner and Bachem  1990 ) and proteoglycans such as fi bronectin 
(Berndt et al.  1994 ), which will affect the tissue permeability of nanoparticles 
(Nishihara  2014 ).

   The infl ammatory response occurs in stromal tissue by immunologic cells 
including neutrophils, macrophages, eosinophils, lymphocytes, and basophils 

  Fig. 6.3    Structural variety of cancer stroma. Desmoplastic cancer stroma including CAFs consists 
of spindle cells which are positive for αSMA ( c ,  f ) and/or PDGFRβ ( b ,  d ). Based on the expression 
pattern of the molecular maker in stromal cells, three types of structural variety of stromal cells are 
proposed ( g ). While the clinical manifestation for pattern of positivity of αSMA and/or PDGFRβ 
is still to be investigated, desmoplasia is one of the clinically relevant, unfavorable prognostic fac-
tors. The scar-like stroma with dense collagen bundles observed in diffuse type gastric adenocarci-
noma is usually negative for both αSMA and PDGFRβ, while scattered αSMA-positive spindle 
cells, possible CAFs, are frequently identifi ed ( f , arrowhead).  a ,  d , Hematoxylin and Eosin stain. 
Scale Bars: A. B, C; 100 μm, D, E, F; 50 μm.  PDAC  pancreatic ductal adenocarcinoma,  Ca  
carcinoma       
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(Cotran  1999 ). Phagocytosis by macrophages is one of the fundamental protective 
responses against infection and foreign bodies including certain therapeutic agents; 
therefore the macrophages in atherosclerosis are now a novel target for nanomedi-
cine (Psarros et al.  2012 ). In human pathological specimens, macrophages can be 
immunohistochemically identifi ed with anti-CD68 antibody.  

6.3.2     Stromal Structure in Human Diseases 

 Cancer-associated fi broblasts (CAFs), which are identifi ed by the expression of 
actin and appear to originate from resident fi broblasts (Erez et al.  2010 ; Hinz et al. 
 2007 ), promote the proliferation and progression of cancer through the production 
of growth factors, angiogenetic factors and metalloproteinases, allowing invasion 
and metastasis of cancer cells (Li et al.  2007 ). In human pancreas adenocarcinoma 
which usually represents strong desmoplastic reaction of dense fi brotic tissue 
(Kalluri and Zeisberg  2006 ), stromal cells including CAFs were positive for αSMA 
and/or PDGFRβ. Interestingly, the amount of PDGFRβ-positive-, not αSMA- 
positive-, stromal cells was statistically correlated with poor prognosis of the 
patients with pancreatic ductal adenocarcinoma (Yuzawa et al.  2012 ), suggesting 
that molecular expression in stromal cells might be associated with the tumor pro-
gression and/or drug sensitivity in pancreatic cancer. Based on the clinicopathologi-
cal evaluation, we recently proposed the following histological subtypes of cancer 
stroma (Fig.  6.3 ); (1) sparse desmoplasia, (2) dense desmoplasia with PDGFRβ 
expression, (3) dense desmoplasia with αSMA expression, and (4) scar-like desmo-
plasia composed of scattered αSMA-positive cells and collagen bundles (Nishihara 
 2014 ). Type (1) is sometimes observed in ovarian adenocarcinoma and early stages 
of gastric and colorectal adenocarcinoma, thus the association with favorable 
patients’ prognosis, while (2) to (4) tend to be found in pancreatic ductal adenocar-
cinoma or the scirrhous type of gastric adenocarcinoma, meaning the poorer 
patients’ outcome. 

 Tumor-associated macrophages (TAMs) are considered as stimulators of tumor 
progression and angiogenesis via production of multiple cytokines such as VEGF, 
HGF and IL-8 (Li et al.  2007 ). Two subtypes for activated macrophages have been 
advocated: the classically activated (M1) macrophages and the alternatively acti-
vated (M2) macrophages (Murray and Wynn  2011 ; Stein et al.  1992 ; Goerdt and 
Orfanos  1999 ). M1 macrophages express proinfl ammatory molecules such as IL-12, 
TNF-α, iNOS and MHCI/II, while M2 macrophages express anti-infl ammatory 
molecules such as IL-10 and arginase (Mantovani et al.  2002 ). In human specimens, 
M1 and M2 are positive for anti-CD68 antibody, while M2 macrophages can be 
identifi ed with anti-CD163 antibody. TAMs orchestrate various aspects of cancer 
promotion by affecting angiogenesis, immunomodulation, matrix deposition and 
remodeling (Hao et al.  2012 ), although the roles of M1 and M2 in tumors are still 
controversial (Ong et al.  2012 ; Dumont et al.  2008 ). In addition, phagocytosis must 
be considered for nanodrug effi cacy, because the nanocarriers must be excluded 
from the reticulo-endothelial system, which destroys any foreign material though 
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opsonization followed by phagocytosis (Danhier et al.  2010 ; Malam et al.  2009 ; 
Gullotti and Yeo  2009 ). 

 Considering the strategies for nanodrug-mediated treatment according to the 
type of stromal cells, dense and scar-like desmoplasia in cancer, which are also 
observed in infl ammatory diseases, can induce stromal stiffness resulting in abroga-
tion of nanodrug delivery, even though nanodrugs are selectively leaked out from 
vasculature by the EPR effect. In addition, further pharmacokinetic and clinico-
pathological aspects for nanodrugs in association with type and amount of TAMs in 
human pathological conditions including cancer and infl ammatory disease are also 
required for the successful nanomedicine.   

6.4     Structural Discrepancy of Vasculature and Stromal 
Structure Between Human and Experimental Models 

 The aim of using models in science is to extract an aspect of interest from the whole 
phenomenon, so that scientists can analyze or simulate the aspect of focus in a 
reproducible manner (Frigg  2012 ). Therefore, an appropriate model to achieve a 
certain goal would vary depending on the goal, or the viewpoint of a scientist. Note 
that a model only mimic a partial but most appropriate aspect of a phenomenon, and 
does not present the whole picture of the phenomenon. Just as an example, consider 
if you are asked to scientifi cally examine the reason for the cause of an aviation 
accident, what models you would use. The model to use may vary depending on a 
cause you may expect. If it were an engine trouble, you may need a model for the 
engine. If you may suspect a human error, what you may need might not even be 
rated to aircrafts, but can be neurological or psychological models. 

 What is the appropriate model, then, in terms of investigate the behavior of nano-
drugs in the disease foci? To answer this question, let us fi rst revisit the characteris-
tics of nanomedicine. Nanomedicine is at least named after a differentiation by its 
size – “nano” – from other ordinary medicine. What is different is, however, not only 
the size, but its function to accumulate more in disease foci and less in other parts of 
the body. Nanomedicine has been reported as depositing mostly at cancer when 
administered systemically, by means of characteristic leakiness of tumor vessels: 
This is a theory named the EPR effect (Matsumura and Maeda  1986 ). If this is the 
case, what we should extract as a scientifi c model for investigation of the effi cacy of 
nanomedicine is not only cancer cells, but also routes to reach the cells. The EPR 
effect consist of leakiness of tumor vasculature and immaturity of lymphatic vessels; 
not mentioning cancer cells. In other words, if one would like to investigate why a 
given nanomedicine is not effi cacious on some cancer, the reasons could not only be 
attributed to cancer cells, as usually expected, but also the structure of the surround-
ing tissue including vessels, especially because it is nanomedicine (Kano  2014 ). 

 Most of the animal cancer models that are in use consist of fast growing cancer 
cells and leaky vessels, and omit other aspects of stromal structures described ear-
lier in this section. Even if the cancer cells that are xenografted are derived from 
humans, or are intractable cancers such as pancreatic cancer, most of the models 
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show similar characteristic (Weinberg  2013 ). This is understandable if we consider 
the original goal in using such animal models. In the development of an ordinary 
medicine, we have had an expectation that the medicine should reach the cancer 
cells without any trouble  en route , and the effi cacy of the medicine should be deter-
mined only by the sensitivity of the cells to the medicine. This might be also a basis 
to use a fl at monolayer culture of cancer cells in developing an anti-tumor medicine. 
If we see the whole phenomenon from this viewpoint, what we need in the experi-
mental model is the cancer cells and some kind of vessels. 

 Nanomedicine, however, is differentiated from the ordinary medicine by its size 
and pharmacokinetics as we discussed earlier. In other words, we focus on the chal-
lenges  en route , not only the cancer cells. It is therefore natural that we need a dif-
ferent model to develop a nanomedicine, because the viewpoint is different. The 
challenge is then to realize such an appropriate model, by including components 
which should be in the experimental system as the model. We have been attempting 
for the inclusion of the structure of vasculature (Kano  2014 ; Kano et al.  2007 ) or the 
amount of fi brotic tissue (Hosoya et al.  2012 ; Sakai et al.  2016 ), and realize how it 
is diffi cult to establish new experimental systems which are easy to handle, repro-
ducible, and credible. As an example, the pancreatic cancer model we have been 
using, BxPC3, needs almost 3 weeks after inoculation to grow before use, and the 
histological pattern varies considerably because most of its stromal components are 
derived from the animal (Fig.  6.4 ).

  Fig. 6.4    Histology of PDAC xenograft in nude mouse. The histology of BxPC3 xenograft, used as 
a model of poorly differentiated pancreatic adenocarcinoma, is shown in H&E staining and immu-
nohistochemistry. Examination revealed nests of tumor cells in gland-like structures, with areas 
rich in fi brotic components (fi lled by α-smooth muscle actin (SMA)-positive myofi broblasts, 
shown in  red ) between them. The tumor tissue also includes some PECAM-1-positive vessels 
(shown in  green ) in the interstitium, although almost no vasculature was observed inside the nests 
of tumor cells. The antibodies to PECAM-1 and VE-cadherin were from BD PharMingen (San 
Diego, CA), those to neuroglycan 2 and collagen IV were from Chemicon (Temecula, CA), and 
that to SMA was from Sigma–Aldrich (St. Louis, MO). (Scale bars, 100 μm.) (Kano et al.  2007 )       
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6.5        Conclusions 

 Success in drug delivery of nanomedicine is highly prescribed by the permeability 
of vasculature and stromal barrier within the target lesion; therefore, it is extremely 
important to comprehend the vascular and stromal structure in the target lesion. 
However, the discrepancy between the human and the experimental model in terms 
of vasculature and stromal environment is an impediment for adequate preclinical 
evaluation of nanomedicine. The proper pathophysiological estimation of target dis-
ease and selection for an appropriate animal model will lead to the promising effi -
cacy of personalized nanomedicine.     
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    Abstract     Since the introduction of Doxil ®  on the market nearly 20 years ago, a 
number of nanomedicines have become part of treatment regimens in the clinic. 
With the exception of antibody-drug conjugates, these nanomedicines are all devoid 
of targeting ligands and rely solely on their physicochemical properties and the 
(patho)physiological processes in the body for their biodistribution and targeting 
capability. At the same time, many preclinical studies have reported on nanomedi-
cines exposing targeting ligands, or ligand-targeted nanomedicines, yet none of 
these have been approved at this moment. In the present review, we provide a con-
cise overview of 13 ligand-targeted particulate nanomedicines (ligand-targeted 
PNMs) that have progressed into clinical trials. The progress of each ligand-targeted 
PNM is discussed based on available (pre)clinical data. Main conclusions of these 
analyses are that (a) ligand-targeted PNMs have proven to be safe and effi cacious in 
preclinical models; (b) the vast majority of ligand-targeted PNMs is generated for 
the treatment of cancer; (c) contribution of targeting ligands to the PNM effi cacy is 
not unambiguously proven; and (d) targeting ligands do not cause localization of the 
PNM within the target tissue, but rather provide benefi ts in terms of target cell inter-
nalization and target tissue retention once the PNM has arrived at the target site. 
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Increased understanding of the  in vivo  fate and interactions of the ligand-targeted 
PNMs with proteins and cells in the human body is mandatory to rationally advance 
the clinical translation of ligand-targeted PNMs. Future perspectives for ligand-
targeted PNM approaches include the delivery of drugs that are unable or ineffi cient 
in passing cellular membranes, treatment of drug resistant tumors, targeting of the 
tumor blood supply, the generation of targeted vaccines and nanomedicines that are 
able to cross the blood-brain barrier.  

  Keywords     Nanomedicines   •   Targeting ligand   •   Clinical translation   •   Particulate 
nanocarrier   •   Liposome   •   Polymeric nanoparticle   •   Bacterial-derived minicell   • 
  Retrovector  
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   AD-PEG    Adamantane-conjugated polyethylene glycol   
  ADC    antibody-drug conjugate   
  APC    antigen-presenting cell   
  BBB    blood-brain barrier   
  CDP    cyclodextrin-containing polymer   
  CNS    central nervous system   
  CTL    cytotoxic T cells   
  DC    dendritic cell   
  DC-SIGN    dendritic cell-specifi c intracellular adhesion molecule 3-grabbing 

non-integrin   
  DLT    dose-limiting toxicity   
  DTXL    docetaxel   
  DOX    doxorubicin   
  EPR    enhanced permeability and retention   
  EGFR    epidermal growth factor receptor   
  GSH    glutathione   
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  ILs    immunoliposomes   
  IFN-γ    interferon-gamma   
  LPS    lipopolysaccharide   
  RRM2    M2 subunit of ribonucleotide reductase   
  MDR    multi drug resistance   
  MPS    mononuclear phagocyte system   
  MTD    maximum tolerated dose   
  NGPE    N-glutaryl-phosphatidylethanolamine   
  L-OHP    oxaliplatin   
  PAC    paclitaxel   
  PNM    particulate nanomedicine   
  PLD    PEGylated liposomal doxorubicin   
  PK    pharmacokinetic   
  PLA    poly(d,l-lactide)   
  PEG    polyethylene glycol   
  PLGA    poly(lactic-co-glycolic acid)   
  PSMA    prostate-specifi c membrane antigen   
  ACUPA    S,S-2-[3-[5-amino-1-carboxypentyl]-ureido]-pentanedioic acid   
  scFv    single-chain antibody fragment   
  shRNA    short hairpin RNA   
  Tf    transferrin   
  Tf-AD-PEG    transferrin-conjugated adamantane-conjugated polyethylene glycol   
  TfR    transferrin receptor   

7.1          Introduction 

 Nanomedicine is the science and application of nanotechnology for diagnosis, mon-
itoring, prevention, treatment and understanding of disease to ultimately gain clini-
cal benefi t (European Medical Research Counsils  2004 ). The focus of the current 
review is on targeted nanomedicines developed to generate therapeutics that are 
more effective and/or less harmful to patients compared to conventional drugs. 
Interdisciplinary pioneering research over the last few decades that focused on col-
loidal systems, polymer chemistry and antibody technology, has led to the introduc-
tion of the term “nanomedicine”(Drexler et al.  1991 ), and has facilitated the rapid 
evolvement of the drug targeting and delivery fi eld and subsequent clinical transla-
tion of targeted nanomedicines (Duncan and Gaspar  2011 ; Kamaly et al.  2012 ; 
Allen and Cullis  2013 ). The exploitation of nanocarriers for drug delivery has many 
potential advantages: 

 (1) improve unfavorable pharmacokinetics and tissue distribution of many drugs, 
(2) increase therapeutic effi cacy by achieving higher accumulation of a drug in the 
target tissue, (3) reduce (dose-limiting) adverse effects by minimizing drug expo-
sure to non-target tissues, (4) feasibility of combination therapy by targeted delivery 
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of multiple therapeutic agents in one nanomedicine, (5) ability to manipulate the 
nanocarrier surface with a range of molecules such as targeting moieties for 
increased target specifi city or polymers to reduce interactions with plasma proteins 
and blood cells to improve circulation kinetics. 

 Targeted nanomedicines, either marketed or under development, are designed for 
the treatment of a broad range of indications such as infections (Huh and Kwon 
 2011 ), cardiovascular diseases (Lobatto et al.  2011 ), central nervous system dis-
eases (Srikanth and Kessler  2012 ) and infl ammatory diseases (Crielaard et al.  2012 ). 
The primary emphasis is however on the development of nanomedicines for the 
treatment of (mostly solid) malignancies (Peer et al.  2007 ; Davis et al.  2008 ; Jain 
and Stylianopoulos  2010 ). The discovery that macromolecules accumulate in solid 
tumors over time by virtue of the enhanced retention and permeability (EPR) effect 
(Box  7.1 ) (Matsumura and Maeda  1986 ), has greatly advanced the development and 
clinical translation of anti-cancer nanomedicines. 

 With the exception of antibody-drug conjugates (ADCs), all currently marketed 
nanomedicines are devoid of targeting ligands and their pharmacokinetic properties 
and biodistribution rely solely on physicochemical properties of the nanomedicine 
and subsequent interactions in the circulation and at tissue sites including the site of 
disease. Ligand-targeted particulate nanomedicines (ligand-targeted PNMs) 
(Box  7.1 ) are equipped with targeting ligands to increase the target specifi city of 
ligand-lacking particulate nanomedicines (ligand-lacking PNMs). Additionally, 
ligand-targeted PNMs can be applied to target diseases where the EPR effect is not 
present. 

  Whereas several ligand-lacking PNMs have become part of treatment regimens 
in the clinic, only a small number of ligand-targeted PNMs have progressed into 
(early) clinical evaluation and none of them have thus far been approved (Svenson 
 2012 ). The aim of this review is to reveal and discuss the evidence for added deliv-
ery benefi ts of conjugating targeting ligands to PNMs currently undergoing clinical 
evaluation based on analysis of available (pre)clinical data (Table  7.1 ). The aim is 
not to provide a complete (historical) overview, discuss basic scientifi c issues 
regarding targeted drug delivery and/or perspectives of nanomedicines in general, 
which has already been discussed in several excellent reviews (Hoffman  2008 ; 
Petros and DeSimone  2010 ; Duncan and Gaspar  2011 ; Cheng et al.  2012 ; Kamaly 
et al.  2012 ; Svenson  2012 ; Etheridge et al.  2013 ). The ligand-targeted PNMs dis-
cussed in this review are defi ned by three components:  the particulate nanocarrier , 
 targeting ligands  and  therapeutic agent . This review therefore does not focus on 
other nanomedicines such as ligand-lacking PNMs (Svenson  2012 ), ADCs (Adair 
et al.  2012 ; Casi and Neri  2012 ; Sievers and Senter  2013 ) and stimuli-responsive 
nanomedicines (Ganta et al.  2008 ). The review consists of an objective presentation 
of available evidence for target localization, safety and effi cacy of ligand- targeted 
PNMs. Based on these data, a scoring table was prepared which summarizes the 
main characteristics and research outcomes of the evaluated nanomedicines 
(Table  7.2 ).

R. van der Meel et al.



167

   Box 7.1 Defi nitions 
     Particulate nanomedicines     

 Particulate nanomedicines (PNMs) are drug-loaded submicrometer size 
 delivery vehicles designed to improve the pharmacokinetic and biodistribu-
tion profi les of the encapsulated molecules. These molecules can be adsorbed, 
entrapped or dissolved in particulate nanocarriers via non-covalent interac-
tions or via degradable or non-degradable covalent linkers (Petros and 
DeSimone  2010 ). Nanomedicines discussed in this review are defi ned as par-
ticulate nanocarriers developed to deliver therapeutic agents to sites of dis-
ease. Over the last few decades, many particulate nanocarriers have been 
developed for the delivery of therapeutics including liposomes, polymer-drug 
conjugates, micelles, polymeric nanoparticles, dendrimers and albumin 
nanoparticles. Currently, a few dozen fi rst generation nanomedicines are rou-
tinely used in the clinic and it is estimated that approximately 250 nanomedi-
cines are under (pre)clinical investigation (Svenson  2012 ; Etheridge et al. 
 2013 ).

    PEGylation     

 Polyethylene glycol (PEG) is a hydrophilic polymer that has been widely 
used for the development of drug-polymer conjugates because it can improve 
protein solubility, stability and pharmacokinetic parameters (Abuchowski 
et al.  1977 ; Knop et al.  2010 ). In addition, coating the surface of PNMs with 
PEG provides ‘stealth’ properties by inhibiting blood protein adsorption. This 
effect inhibits subsequent clearance of PNMs from the circulation by the 
mononuclear phagocyte system (MPS). The discovery that PEGylation could 
greatly enhance the circulation time of nanocarriers such as polymeric 
nanoparticles (Gref et al.  1994 ) and liposomes (Blume and Cevc  1990 ; 
Klibanov et al.  1990 ) has greatly advanced the clinical translation of nano-
medicines. Although the majority of PNMs clinically approved or under eval-
uation contains PEG, several issues regarding PEGylation remain such as 
decrease of drug release and cell uptake (‘PEG dilemma’) (Romberg et al. 
 2008 ), activation of the complement system (Moghimi et al.  2010 ) and accel-
erated blood clearance of consecutive administered doses (Dams et al.  2000 ; 
Laverman et al.  2001 ).

    EPR effect     

 The enhanced permeability and retention (EPR) effect was fi rst proposed by 
Matsumura and Maeda (Matsumura and Maeda  1986 ) and describes the phe-
nomenon that macromolecules accumulate in tumors over time. Tumor vascu-
lature is characterized by poorly developed leaky vasculature containing 

(continued)
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inter-endothelial gaps which allow for the extravasation of PNMs. In addition, 
tumors often fail to drain extravasated PNMs due to an impaired lymphatic 
system (Maeda et al.  2013 ). The EPR effect is exploited by most anti-cancer 
nanomedicines as it is expected to increase the therapeutic effi cacy of chemo-
therapeutics due to the relative improvement in tumor accumulation of PNMs 
compared to small molecules.

    Targeted drug delivery     

 In the fi eld of nanomedicine, targeting refers to the design of therapeutic 
nanocarriers with the intention to increase accumulation at sites of disease in 
the body. This is fundamentally different from molecularly targeted drugs that 
are intended to specifi cally interact with a certain protein, but have not been 
designed to localize at specifi c sites in the body (Kamaly et al.  2012 ). 
Historically, the terms ‘passive’ and ‘active’ targeting were implemented to 
distinguish between nanomedicines without or equipped with targeting 
ligands, respectively. Passive targeting primarily refers to anti-cancer nano-
medicines that accumulate in tumors due to a combination of the physico-
chemical properties of the PNMs and prolonged circulation half life, 
extravasation from the blood circulation and the pathophysiology of the tumor 
contributing to the EPR effect. Active targeting (also described as ligand- 
targeting or receptor-mediated targeting) involves the attachment of ligands 
to the surface of PNMs that bind to proteins overexpressed on diseased cells. 
Although in theory this can potentially improve PNM target specifi city and 
improve therapeutic activity, it is believed that in the case of many patholo-
gies, ligand-targeted nanomedicines are subjected to the same physiological 
localization as ligand-lacking nanomedicines and therefore have comparable 
biodistribution and accumulation profi les. However, targeting ligands may 
offer advantages at in terms of target cell uptake once arrived at the target site. 
It is increasingly recognized that the terms ‘passive’ and ‘active’ targeting are 
not correctly representing the real-life situation (Bae and Park  2011 ; Kwon 
et al.  2012 ; Lammers et al.  2012 ). We have therefore decided for the sake of 
clarity to use the terms ‘ligand-lacking nanomedicines’ (ligand-lacking 
PNMs) and ‘ligand-targeted nanomedicines’ (ligand-targeted PNMs). A third 
targeting strategy based on stimuli-responsive PNMs referred to as triggered 
drug release is currently receiving much attention but is beyond the scope of 
this manuscript (for review see (Ganta et al.  2008 )). 

Box 7.1 (continued)

R. van der Meel et al.



169

    Ta
bl

e 
7.

1  
  O

ve
rv

ie
w

 o
f 

lig
an

d-
ta

rg
et

ed
 n

an
om

ed
ic

in
es

 u
nd

er
go

in
g 

cl
in

ic
al

 e
va

lu
at

io
n   

 Pr
od

uc
t n

am
e 

 C
om

pa
ny

 

 A
pp

ro
x.

 
si

ze
 

(n
m

) 
 Pa

yl
oa

d 
 L

ig
an

d 
 Ta

rg
et

 
 C

lin
ic

al
 in

di
ca

tio
n 

 C
lin

ic
al

 p
ha

se
 

  L
ip

id
-b

as
ed

 n
an

om
ed

ic
in

es
  

 M
B

P-
42

6 
 M

eb
io

ph
ar

m
 

 50
–2

00
 

 O
xa

lip
la

tin
 

 Pr
ot

ei
n 

 T
ra

ns
fe

rr
in

 
re

ce
pt

or
 

 M
et

as
ta

tic
 g

as
tr

ic
, 

ga
st

ro
 e

so
ph

ag
ea

l 
ju

nc
tio

n,
 e

so
ph

ag
ea

l 
ad

en
oc

ar
ci

no
m

a 

 Ph
as

e 
II

 

 SG
T-

53
 

 Sy
ne

rG
en

e 
T

he
ra

pe
ut

ic
s 

 90
 

 p5
3 

pl
as

m
id

 
D

N
A

 
 A

nt
ib

od
y 

fr
ag

m
en

t 
(s

cF
v)

 

 T
ra

ns
fe

rr
in

 
re

ce
pt

or
 

 So
lid

 tu
m

or
s 

 Ph
as

e 
Ib

 

 SG
T-

94
 

 Sy
ne

rG
en

e 
T

he
ra

pe
ut

ic
s 

 90
 

 R
B

94
 p

la
sm

id
 

D
N

A
 

 A
nt

ib
od

y 
fr

ag
m

en
t 

(s
cF

v)
 

 T
ra

ns
fe

rr
in

 
re

ce
pt

or
 

 So
lid

 tu
m

or
s 

 Ph
as

e 
I 

 M
M

-3
02

 
 M

er
ri

m
ac

k 
Ph

ar
m

ac
eu

tic
al

s 
 75

–1
10

 
 D

ox
or

ub
ic

in
 

 A
nt

ib
od

y 
fr

ag
m

en
t 

(s
cF

v)
 

 E
rb

B
2 

(H
E

R
2)

 
 B

re
as

t c
an

ce
r 

 Ph
as

e 
I 

 L
ip

ov
ax

in
-M

M
 

 L
ip

ot
ek

 
 M

el
an

om
a 

an
tig

en
s 

an
d 

IF
N

γ 

 Si
ng

le
 

do
m

ai
n 

an
tib

od
y 

(d
A

b)
 

fr
ag

m
en

t 
(V

H
) 

 D
C

-S
IG

N
 

 M
el

an
om

a 
va

cc
in

e 
 Ph

as
e 

I 

 an
ti-

E
G

FR
 I

L
s-

D
O

X
 

 U
ni

ve
rs

ity
 H

os
pi

ta
l 

B
as

el
 

 85
 

 D
ox

or
ub

ic
in

 
 A

nt
ib

od
y 

fr
ag

m
en

t 
(F

ab
’)

 

 E
G

FR
 

 So
lid

 tu
m

or
s 

 Ph
as

e 
I 

 2B
3-

10
1 

 to
-B

B
B

 
Te

ch
no

lo
gi

es
 

 D
ox

or
ub

ic
in

 
 Pr

ot
ei

n 
 G

lu
th

at
hi

on
e 

tr
an

sp
or

te
rs

 
 So

lid
 tu

m
or

s 
 Ph

as
e 

I/
II

a 

(c
on

tin
ue

d)

7 Ligand-targeted Particulate Nanomedicines Undergoing Clinical Evaluation…



170

 M
C

C
-4

65
 

 M
its

ub
is

hi
 P

ha
rm

a 
C

or
po

ra
tio

n 
 14

0 
 D

ox
or

ub
ic

in
 

 A
nt

ib
od

y 
fr

ag
m

en
t 

(F
(a

b)
’2

) 

 N
ot

 
ch

ar
ac

te
ri

ze
d 

 A
dv

an
ce

d 
ga

st
ri

c 
ca

nc
er

 
 Ph

as
e 

I 
(d

is
co

nt
in

ue
d)

 

  P
ol

ym
er

-b
as

ed
 n

an
om

ed
ic

in
es

  
 B

IN
D

-0
14

 
 B

IN
D

 B
io

sc
ie

nc
es

 
 10

0 
 D

oc
et

ax
el

 
 Sm

al
l 

m
ol

ec
ul

e 
 Pr

os
ta

te
 s

pe
ci

fi c
 

m
em

br
an

e 
an

tig
en

 

 So
lid

 tu
m

or
s 

 Ph
as

e 
II

 

 C
A

L
A

A
-0

1 
 C

al
an

do
 

Ph
ar

m
ac

eu
tic

al
s 

 50
–7

0 
 R

R
M

2 
si

R
N

A
 

 Pr
ot

ei
n 

 T
ra

ns
fe

rr
in

 
re

ce
pt

or
 

 So
lid

 tu
m

or
s 

 Ph
as

e 
I 

 SE
L

-0
68

 
 Se

le
ct

a 
B

io
sc

ie
nc

es
 

 15
0–

25
0 

 N
ic

ot
in

e 
an

tig
en

, 
T-

he
lp

er
 c

el
l 

pe
pt

id
e,

 T
L

R
 

ag
on

is
t 

 Sm
al

l 
m

ol
ec

ul
e 

 A
nt

ig
en

 
pr

es
en

tin
g 

ce
lls

 
 Sm

ok
in

g 
ce

ss
at

io
n 

va
cc

in
e 

 Ph
as

e 
I 

  B
ac

te
ri

al
ly

-d
er

iv
ed

 m
in

ic
el

l  
 E

rb
itu

x ®
 E

D
V

sP
A

C
 

 E
nG

en
eI

C
 

 40
0 

 Pa
cl

ita
xe

l 
 A

nt
ib

od
y 

 E
G

FR
 

 So
lid

 tu
m

or
s 

 Ph
as

e 
II

 
  R

et
ro

vi
ra

l v
ec

to
r  

 R
ex

in
-G

 
 E

pe
iu

s 
B

io
te

ch
no

lo
gi

es
 

 10
0 

 C
yt

oc
id

al
 

do
m

in
an

t 
ne

ga
tiv

e 
cy

cl
in

-G
1 

D
N

A
 c

on
st

ru
ct

 

 Sm
al

l 
m

ol
ec

ul
e 

 C
ol

la
ge

n 
 Sa

rc
om

a,
 

os
te

os
ar

co
m

a,
 

pa
nc

re
at

ic
 c

an
ce

r 

 Ph
as

e 
II

 a   

   a  A
pp

ro
ve

d 
in

 th
e 

R
ep

ub
lic

 o
f 

th
e 

Ph
ili

pp
in

es
 u

nd
er

 a
n 

ex
pa

nd
ed

 p
ro

gr
am

 a
s 

a 
fi r

st
-l

in
e 

an
d 

ad
ju

va
nt

 th
er

ap
y 

fo
r 

pa
nc

re
at

ic
 a

nd
 b

re
as

t c
an

ce
r, 

an
d 

as
 a

 s
ec

on
d-

 
lin

e 
th

er
ap

y 
fo

r 
al

l c
he

m
ot

he
ra

py
-r

es
is

ta
nt

 s
ol

id
 m

al
ig

na
nc

ie
s  

Ta
bl

e 
7.

1 
(c

on
tin

ue
d)

R. van der Meel et al.



     Ta
bl

e 
7.

2  
  Su

pe
ri

or
 e

ff
ec

t o
f 

lig
an

d-
ta

rg
et

ed
 n

an
om

ed
ic

in
es

 v
er

su
s 

lig
an

d-
la

ck
in

g 
na

no
m

ed
ic

in
es

 in
 (

pr
e)

cl
in

ic
al

 s
tu

di
es

   

 C
el

lu
la

r 
st

ud
ie

s 
 A

ni
m

al
 s

tu
di

es
 

 C
lin

ic
al

 e
va

lu
at

io
n 

st
ud

ie
s 

 C
el

l 
as

so
ci

at
io

n a   
 C

om
pe

ti-
tio

n b   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 c   

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y e   
 Ta

rg
et

 
lo

ca
liz

at
io

n f   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 g   

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y h   
 Ta

rg
et

 
lo

ca
liz

at
io

n i   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y 

 M
B

P-
46

2 
(I

sh
id

a 
et

 a
l. 

 20
01

 ; S
uz

uk
i 

et
 a

l. 
 20

08
 ) 

 +
 

 +
 

 +
 

 +
 

 +
 

 ‡ 

 SG
T-

53
 (

X
u 

et
 a

l. 
 20

01
 ; X

u 
et

 a
l. 

 20
02

 ; Y
u 

et
 a

l. 
 20

04
 ; S

en
ze

r 
et

 a
l. 

 20
13

 ) 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 SG
T-

94
 (P

ir
ol

lo
 

et
 a

l. 
 20

08
 ) 

 * 
 * 

 +
 

 +
 

 * 
 * 

 +
 

 M
M

-3
02

 (P
ar

k 
et

 a
l. 

 19
95

 ; 
K

ir
po

tin
 e

t a
l. 

 19
97

 ; P
ar

k 
et

 a
l. 

 20
02

 ; K
ir

po
tin

 
et

 a
l. 

 20
06

 ) 

 +
 

 +
 

 +
 

 +
 

 +
 

 - 
 +

 
 +

 
 +

 
 ‡ 

 L
ip

ov
ax

in
-M

M
 

(v
an

 B
ro

ek
ho

ve
n 

et
 a

l. 
 20

04
 ) 

 +
 

 +
 

 +
 

 +
 

 +
 

 A
nt

i-
E

G
FR

 IL
s-

D
O

X
 (

M
am

ot
 

et
 a

l. 
 20

03
 ; 

M
am

ot
 e

t a
l. 

 20
05

 , 
M

am
ot

 e
t a

l. 
 20

12
b )

 

 +
 

 +
 

 +
 

 +
 

 - 
 +

 
 +

 
 ‡ 



 C
el

lu
la

r 
st

ud
ie

s 
 A

ni
m

al
 s

tu
di

es
 

 C
lin

ic
al

 e
va

lu
at

io
n 

st
ud

ie
s 

 C
el

l 
as

so
ci

at
io

n a   
 C

om
pe

ti-
tio

n b   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 c   

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y e   
 Ta

rg
et

 
lo

ca
liz

at
io

n f   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 g   

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y h   
 Ta

rg
et

 
lo

ca
liz

at
io

n i   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y 

 M
C

C
-4

65
 

(H
os

ok
aw

a 
et

 a
l. 

 20
03

 ; H
am

ag
uc

hi
 

et
 a

l. 
 20

04
 ; 

H
os

ok
aw

a 
et

 a
l. 

 20
04

 ; M
at

su
m

ur
a 

et
 a

l. 
 20

04
 ) 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 ‡ 

 B
IN

D
-0

14
 

(F
ar

ok
hz

ad
 e

t a
l. 

 20
04

 ; F
ar

ok
hz

ad
 

et
 a

l. 
 20

06
 ; C

he
ng

 
et

 a
l. 

 20
07

 ; 
H

rk
ac

h 
et

 a
l. 

 20
12

 ) 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 ‡ 

 C
A

L
A

A
-0

1 
(B

el
lo

cq
 e

t a
l. 

 20
03

 ; B
ar

tle
tt 

an
d 

D
av

is
  2

00
7 ;

 
D

av
is

 e
t a

l. 
 20

10
 ) 

 +
 

 +
 

 +
 

 +
 

 - 
 +

 
 +

 
 +

 
 +

 
 ‡ 

 SE
L

-0
68

 

 2B
3-

10
1 

Ta
bl

e 
7.

2 
(c

on
tin

ue
d)



 C
el

lu
la

r 
st

ud
ie

s 
 A

ni
m

al
 s

tu
di

es
 

 C
lin

ic
al

 e
va

lu
at

io
n 

st
ud

ie
s 

 C
el

l 
as

so
ci

at
io

n a   
 C

om
pe

ti-
tio

n b   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 c   

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y e   
 Ta

rg
et

 
lo

ca
liz

at
io

n f   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 g   

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y h   
 Ta

rg
et

 
lo

ca
liz

at
io

n i   
 Ta

rg
et

 
sp

ec
ifi 

ci
ty

 

 C
el

l 
in

te
rn

al
-

iz
at

io
n d   

 E
ffi

 c
ac

y 

 E
rb

itu
x ®

 E
D

V
sP

A
C

 
(M

ac
D

ia
rm

id
 e

t a
l. 

 20
07

 ; M
ac

D
ia

rm
id

 
et

 a
l. 

 20
09

 ) 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 +
 

 R
ex

in
-G

 (G
or

do
n 

et
 a

l. 
 20

00
 ; G

or
do

n 
et

 a
l. 

 20
01

 ; G
or

do
n 

et
 a

l. 
 20

06
 ) 

 +
 

 +
 

 +
 

 ‡ 

  Sc
or

in
g 

w
as

 b
as

ed
 o

n 
st

ud
ie

s 
re

po
rt

ed
 in

 re
fe

re
nc

es
 b

et
w

ee
n 

br
ac

ke
ts

. P
os

iti
ve

 s
co

re
s 

(d
en

ot
ed

 b
y 

a 
+

 sy
m

bo
l)

 w
er

e 
gr

an
te

d 
if

 a
 s

up
er

io
r e

ff
ec

t m
ed

ia
te

d 
by

 th
e 

ta
rg

et
-

in
g 

lig
an

d 
w

as
 o

bs
er

ve
d.

 N
eg

at
iv

e 
sc

or
es

 (
de

no
te

d 
by

 a
 –

 s
ym

bo
l)

 w
er

e 
gr

an
te

d 
w

he
n 

no
 s

up
er

io
r 

ef
fe

ct
 m

ed
ia

te
d 

by
 th

e 
ta

rg
et

in
g 

lig
an

d 
w

as
 o

bs
er

ve
d.

 A
ll 

sc
or

es
 

(e
xc

ep
t c

lin
ic

al
 e

va
lu

at
io

n 
st

ud
ie

s)
 w

er
e 

ba
se

d 
on

 s
tu

di
es

 p
er

fo
rm

ed
 w

ith
 th

e 
lig

an
d-

ta
rg

et
ed

 n
an

om
ed

ic
in

e 
(l

ig
an

d-
ta

rg
et

ed
 P

N
M

) 
an

d 
lig

an
d-

 la
ck

in
g 

na
no

m
ed

ic
in

e 
(l

ig
an

d-
la

ck
in

g 
PN

M
) 

as
 c

on
tr

ol
. O

pe
n 

sq
ua

re
s 

in
di

ca
te

 th
at

 n
o 

lig
an

d-
la

ck
in

g 
PN

M
 w

as
 u

se
d 

as
 a

 c
on

tr
ol

, t
he

 s
tu

dy
 w

as
 n

ot
 p

er
fo

rm
ed

 o
r 

no
 d

at
a 

w
as

 a
cc

es
si

bl
e 

or
 

av
ai

la
bl

e.
 G

ra
nt

ed
 s

co
re

s 
w

er
e 

ba
se

d 
on

 th
e 

lig
an

d-
ta

rg
et

ed
 p

la
tf

or
m

 w
hi

ch
 m

ay
 d

if
fe

r f
ro

m
 th

e 
fo

rm
ul

at
io

n 
us

ed
 fo

r c
lin

ic
al

 e
va

lu
at

io
n.

  *  T
he

se
 s

tu
di

es
 h

av
e 

no
t b

ee
n 

re
po

rt
ed

 f
or

 S
G

T-
94

 b
ut

 h
av

e 
be

en
 p

er
fo

rm
ed

 w
ith

 S
G

T-
53

 t
ha

t 
ex

pl
oi

ts
 t

he
 s

am
e 

pa
rt

ic
ul

at
e 

na
no

ca
rr

ie
r. 

‡ 
Si

nc
e 

no
 l

ig
an

d-
ta

rg
et

ed
 n

an
om

ed
ic

in
es

 h
av

e 
ye

t 
be

en
 

ev
al

ua
te

d 
in

 la
rg

e 
ph

as
e 

II
I 

st
ud

ie
s,

 s
co

ri
ng

 r
ep

re
se

nt
s 

re
po

rt
ed

 s
ig

ns
 o

f 
ef

fi c
ac

y 
in

 p
ha

se
 I

 a
nd

 I
I 

tr
ia

ls
 

  a  A
ss

oc
ia

tio
n 

to
 ta

rg
et

-e
xp

re
ss

in
g 

ce
lls

 (
ra

di
oa

ct
iv

ity
 m

ea
su

re
m

en
ts

, fl
 o

w
 c

yt
om

et
ry

, fl
 u

or
es

ce
nc

e/
co

nf
oc

al
 m

ic
ro

sc
op

y)
 

  b  I
nh

ib
iti

on
 o

f 
ce

ll 
as

so
ci

at
io

n 
to

 ta
rg

et
-e

xp
re

ss
in

g 
ce

lls
 b

y 
ad

di
tio

n 
of

 f
re

e 
ta

rg
et

in
g 

lig
an

d 
or

 ta
rg

et
 s

ub
st

ra
te

 (
ra

di
oa

ct
iv

ity
 m

ea
su

re
m

en
ts

, fl
 o

w
 c

yt
om

et
ry

, fl
 u

or
es

-
ce

nc
e/

co
nf

oc
al

 m
ic

ro
sc

op
y)

 
  c  N

o 
ce

ll 
as

so
ci

at
io

n 
to

 c
el

ls
 th

at
 d

o 
no

t e
xp

re
ss

 ta
rg

et
 (

ra
di

oa
ct

iv
ity

 m
ea

su
re

m
en

ts
, fl

 o
w

 c
yt

om
et

ry
, fl

 u
or

es
ce

nc
e/

co
nf

oc
al

 m
ic

ro
sc

op
y)

 
  d  T

ar
ge

t c
el

l i
nt

er
na

liz
at

io
n 

of
 n

an
om

ed
ic

in
e 

or
 th

er
ap

eu
tic

 a
ge

nt
 (

co
nf

oc
al

 m
ic

ro
sc

op
y,

 r
ep

or
te

r 
as

sa
ys

) 
  e  I

nd
uc

tio
n 

of
 tu

m
or

 c
el

l d
ea

th
, i

nh
ib

iti
on

 o
f 

tu
m

or
 c

el
l p

ro
lif

er
at

io
n 

(c
el

l v
ia

bi
lit

y/
pr

ol
if

er
at

io
n 

as
sa

ys
) 

or
 im

m
un

e 
ce

ll 
re

sp
on

se
 (

cy
to

to
xi

c 
T

 ly
m

ph
oc

yt
e 

as
sa

ys
) 

  f  N
an

om
ed

ic
in

e 
ac

cu
m

ul
at

io
n 

in
 ta

rg
et

 ti
ss

ue
 (

ra
di

oa
ct

iv
ity

/fl 
uo

re
sc

en
ce

 m
ea

su
re

m
en

ts
, r

ep
or

te
r 

as
sa

ys
) 

  g  N
o 

ac
cu

m
ul

at
io

n 
or

 e
ff

ec
t o

f 
na

no
m

ed
ic

in
e 

in
 ta

rg
et

-n
eg

at
iv

e 
m

od
el

 o
r 

no
 a

cc
um

ul
at

io
n 

or
 e

ff
ec

t i
n 

ta
rg

et
 ti

ss
ue

 o
f 

na
no

m
ed

ic
in

e 
eq

ui
pp

ed
 w

ith
 c

on
tr

ol
 ta

rg
et

in
g 

lig
an

ds
 (

ra
di

oa
ct

iv
ity

/fl 
uo

re
sc

en
ce

 m
ea

su
re

m
en

ts
, r

ep
or

te
r 

as
sa

ys
) 

  h  I
nh

ib
iti

on
/r

eg
re

ss
io

n 
of

 tu
m

or
 g

ro
w

th
, p

ro
lo

ng
ed

 s
ur

vi
va

l o
r 

in
du

ct
io

n 
of

 p
ro

te
ct

iv
e 

im
m

un
e 

re
sp

on
se

 in
 s

yn
ge

ne
ic

/x
en

og
ra

ft
 tu

m
or

 m
od

el
s 

(c
al

ip
er

 m
ea

su
re

m
en

ts
, 

tu
m

or
 f

oc
i c

ou
nt

, i
m

ag
in

g)
;  i   A

cc
um

ul
at

io
n 

in
 ta

rg
et

 ti
ss

ue
 (

re
po

rt
er

 a
ss

ay
s)

  



174

7.2         Ligand-Targeted Particulate Nanomedicines 
Under Clinical Evaluation 

 Up to date, 13 ligand-targeted particulate nanomedicines (PNMs) have progressed 
into clinical trials (Table  7.1 ). These systems include lipid- and polymer-based 
delivery vehicles, a retroviral vector and bacterially-derived minicells (Fig.  7.1 ).

  Fig. 7.1     Schematic overview of ligand-targeted nanomedicines undergoing clinical evalua-
tion . The discussed ligand-targeted nanomedicines (ligand-targeted PNMs) are defi ned by three 
components: the particulate nanocarrier, targeting ligands and therapeutic agent. Utilized particulate 
delivery systems include lipid- and polymer based nanocarriers, bacterially-derived minicells and a 
retroviral vector. Targeting ligands conjugated to PNM include antibodies or antibody fragments, 
protein (transferrin) or small molecules. Therapeutically active cargo of the ligand-targeted PNMs 
includes chemotherapeutics, small interfering RNA, plasmid DNA or antigens and adjuvants       
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7.2.1       Lipid-Based Nanomedicines 

 Originally discovered by Bangham and colleagues (Bangham et al.  1965 ), lipo-
somes were one of the fi rst particulate nanocarriers utilized for the generation of 
nanomedicines. Liposomes are vesicular structures which consist of an aqueous 
core surrounded by a lipid bilayer. Doxorubicin (DOX) encapsulated in long- 
circulating PEGylated liposomes (Doxil ® /Caelyx) was approved in 1995 and has 
been used in the clinic since then (Barenholz  2012 ). The lipid-based ligand-targeted 
PNMs discussed in this review feature either liposomes or formulations based on 
lipids such as lipoplexes. 

7.2.1.1     MBP-426 

 MBP-426 (Mebiopharm) is a liposome loaded with oxaliplatin (L-OHP) currently 
undergoing phase Ib/II trials for treatment of second line gastric, gastroesophageal 
or esophageal adenocarcinomas in combination with leucovorin and fl uorouracil 
(Mebiopharm Co. Ltd.). The liposome is conjugated to transferrin (Tf) for tumor 
targeting. Platinum binds irreversibly to plasma proteins and erythrocytes and encap-
sulation of L-OHP in nanocarriers can reduce these interactions thereby improving 
tumor accumulation and circulation time (Graham et al.  2000 ). Initial studies with 
empty PEGylated liposomes showed increased Tf-specifi c cell association and inter-
nalization in Tf-overexpressing murine colon carcinoma (Colon 26) cells of Tf-PEG-
liposomes compared to ligand-lacking formulations (Ishida et al.  2001 ). 
Tf-PEG-liposomes loaded with L-OHP (EC 50  8 μg/mL L-OHP) were more cytotoxic 
compared to PEG-liposomes devoid of Tf (EC 50  18 μg/mL L-OHP) in Colon 26 
cells. The cytotoxicity of L-OHP encapsulated in Tf-PEG liposomes could be inhib-
ited by adding an excess of free Tf, indicating that that the cytotoxic effects were 
mediated by Tf-specifi c delivery (Suzuki et al.  2008 ). Studies in mice bearing Colon 
26 tumors revealed similar plasma clearance values and biodistribution for ligand-
targeted and ligand-lacking L-OHP-loaded PEG-liposomes indicating that the con-
jugation of Tf did not infl uence circulation times or uptake by the mononuclear 
phagocyte system (MPS). Although biodistribution for the ligand-lacking and 
ligand- targeted formulation was similar, L-OHP concentration in tumors 72 h after 
injection was ~2.5 times higher in mice treated with L-OHP encapsulated in Tf-PEG- 
liposomes when compared to PEG-liposomes (Suzuki et al.  2008 ). Tf-PEG- 
liposomes loaded with L-OHP signifi cantly suppressed tumor growth compared to 
L-OHP encapsulated in ligand-lacking liposomes (Suzuki et al.  2008 ). Based on 
these results, Mebiopharm further developed this formulation for clinical evaluation. 
The original formulation was optimized and N-glutaryl- phosphatidylethanolamine 
(NGPE) is used to couple Tf. The use of NGPE causes the liposome to collapse in 
environments with low pH such as the endosome. In this way, MBP-426 releases 
L-OHP upon receptor mediated endocytosis and endosomal localization. In mice 
bearing human pancreas xenograft tumors, additive tumor growth inhibiting effects 
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were observed when MBP-426 treatment was combined with either gemcitabine or 
erlotinib (Izbicka et al.  2007 ). Phase I studies in 39 patients with advanced solid or 
metastatic solid tumors revealed thrombocytopenia as dose limiting toxicity and a 
dose of 226 mg/m 2  was recommend for further studies (Mebiopharm Co. Ltd., 
Sankhala et al.  2009 ). Results of phase Ib trials in nine patients reported 170 mg/m 2  
(versus free L-OHP 85 mg/m 2 ) as recommended dose for phase II studies and poten-
tial activity was observed in two L-OHP-resistant patients (Mebiopharm Co. Ltd., 
Senzer et al.  2009 ).  

7.2.1.2     SGT-53 and SGT-94 

 SGT-53 (SynerGene Therapeutics) is a nanomedicine developed for the treatment 
of solid tumors. The formulation consists of cationic lipids that are complexed with 
plasmid DNA encoding wild-type p53 tumor suppressor protein. SGT-53 is targeted 
to the Tf receptor (TfR) on tumor cells via a single-chain antibody fragment (scFv) 
to achieve intracellular delivery of the plasmid DNA (Xu et al.  2001 ). Initial formu-
lations contained Tf as targeting ligand (Xu et al.  1997 ) but the scFv has a smaller 
size than the Tf molecule and it allows large scale recombinant production and 
stricter quality control (Xu et al.  2002 ). TfRscFv-lipoplexes were shown to associ-
ate specifi cally with head and neck and prostate tumor cells (Xu et al.  2001 ). Using 
reporter assays and Western blotting it was demonstrated that transfection of tumor 
cells by TfRscFv-lipoplexes resulted in functional exogenous p53 expression  in 
vitro  and  in vivo  (Xu et al.  2001 ; Xu et al.  2002 ). Importantly, in a mouse tumor 
metastasis model treatment with TfRscFv-p53-lipoplexes combined with docetaxel 
(DTXL) resulted in a signifi cant increase in survival compared to non-targeted 
p53-lipolexes combined with DTXL (Xu et al.  2001 ). Although these results were 
promising, rapid clearance of the TfRscFv-lipoplexes was observed. A sterically 
stabilized PEGylated lipoplex was designed to optimize circulation times  in vivo  
(Yu et al.  2004 ). Although PEGylation of the lipoplexes resulted in reduced trans-
fection effi ciency  in vitro , in a human xenograft prostate tumor model it was dem-
onstrated that the targeted PEGylated lipoplexes induced approximately 7-fold 
more protein expression in tumors 96 h after treatment than non-PEGylated targeted 
lipoplexes, indicating the importance of lipoplex stability and circulation time (Yu 
et al.  2004 ). Recently reported results of a phase I trial with SGT-53 as a single 
agent in 11 patients with advanced solid tumors demonstrated no dose limiting tox-
icities and dose-dependent levels of the transgene were present in tumor biopsies of 
three patients. After 6 weeks of treatment, 7 of 11 patients had stable disease (Senzer 
et al.  2013 ). As SGT-53 is intended to be used in combination with standard radio/
chemotherapy, it is now undergoing phase Ib trials to evaluate the safety of combi-
national therapy with DTXL and to establish a recommended dose for further stud-
ies (Synergene Therapeutics Inc.). 

 SGT-94 utilizes the same TfR-targeted platform as SGT-53 but its cargo consists 
of the gene that encodes the tumor suppressor protein RB94 (Pirollo et al.  2008 ). 
RB94 has broad anti-tumor activity and up to date no cytotoxicity with normal 
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human cells or tumor cell resistance to RB94 has been observed (Xu et al.  1994 ; Xu 
et al.  1996 ; Zhang et al.  2003 ).  In vitro  cytotoxicity studies revealed that Tf-decorated 
RB94 lipoplexes increased chemosensitization of human bladder cancer cells 
30-fold to gemcitabine and >55-fold to cisplatin compared to ligand-lacking formu-
lations. Treatment of normal human endothelial cells did not result in signifi cant 
sensitization which indicates that Tf mediated tumor cell specifi city (Pirollo et al. 
 2008 ). RB94 protein expression was detected in tumors derived from mice injected 
with Tf-RB94-lipoplexes and TfRscFv-RB94-lipoplexes but not in mice injected 
with control formulations. Importantly, no detectable RB94 expression in the liver 
was observed as determined by WB, immunohistochemistry and DNA PCR (Pirollo 
et al.  2008 ). In effi cacy studies with mice bearing human bladder carcinoma xeno-
grafts, treatment of mice with TfRscFv-RB94-lipoplexes combined with gem-
citabine signifi cantly inhibited tumor growth compared to ligand-lacking 
RB-94-lipoplexes and gemcitabine, and targeted formulations with a control vector 
combined with gemcitabine (Pirollo et al.  2008 ). SGT-94 has entered phase I trials 
to evaluate its safety and maximum tolerated dose (MTD) and to fi nd evidence of 
RB94 expression in tumors after systemic administration (Synergene Therapeutics 
Inc.).  

7.2.1.3     MM-302 

 MM-302 (Merrimack Pharmaceuticals) is a HER2-targeted nanomedicine that con-
sists of PEGylated liposomes loaded with DOX and has progressed into phase I 
trials (Merrimack Pharmaceuticals Inc.). Tumor targeting is achieved by the attach-
ment of HER2-targeted scFv antibody fragments to the surface of the liposomes 
(Park et al.  2001 ; Park et al.  2004 , Nellis et al.  2005a ,  b ). Since the fi rst reports on 
HER2-targeted immunoliposomes (ILs) loaded with DOX emerged (Park et al. 
 1995 ; Kirpotin et al.  1997 ), many parameters of the formulation have been opti-
mized such as liposomal composition, antibody construct and conjugation method 
(Park et al.  2001 ). These early studies have described the increase in HER2-positive 
(HER2 + ) cell binding and internalization of anti-HER2 liposomes compared to con-
trol liposomes. Increased cell association could be reversed by addition of free anti- 
HER2 antibody fragments confi rming HER2-mediated interactions of the 
ligand-targeted PNM. In addition, a HER2-negative cell line did not show detect-
able uptake of anti-HER2 liposomes (Park et al.  1995 ; Kirpotin et al.  1997 ). 
Importantly, biodistribution studies  in vivo  revealed that conjugation of anti-HER2 
antibody fragments did not increase radiolabeled liposomal tumor accumulation of 
the nanomedicine compared to PEGylated liposomal DOX (PLD) (Kirpotin et al. 
 2006 ). At the same time, gold-labeled anti-HER2 liposomes localized intracellu-
larly while ligand-lacking liposomes primarily distributed to the extracellular tumor 
stroma. In a HER2-negative xenograft model the intratumoral distribution of ligand- 
targeted and ligand-lacking liposomes was similar indicating that both formulations 
accumulate in the tumor but anti-HER2 ILs associated directly with tumor cells 
(Kirpotin et al.  2006 ). Pharmacokinetic (PK) studies in rats showed comparable 
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circulation times for HER2-targeted ILs and control formulations indicating that the 
presence of an antibody fragment on the liposomes did not alter clearance rates or 
induced accelerated clearance after multiple doses (Park et al.  2001 ; Park et al. 
 2002 ). Anti-tumor effi cacy of anti-HER2 ILs-DOX has been extensively evaluated 
in multiple studies in four different human HER2 +  breast cancer xenograft models. 
Although liposomal formulations varied between studies with regards to PEGylation, 
antibody fragment and conjugation method, pooled results of all eight studies dem-
onstrate that treatment with anti-HER2 ILs-DOX signifi cantly inhibited tumor 
growth when compared to PLD. In one of the xenograft studies, anti-HER2 ILs- 
DOX demonstrated cure rates up to 50 % (Park et al.  2001 ; Park et al.  2002 ). 
Additionally, anti-HER2 ILs-DOX treatment also showed superior effi cacy in a 
xenograft model when compared to combination treatment with either free DOX or 
PLD and trastuzumab. In a xenograft model expressing low levels of HER2, treat-
ment with anti-HER2 ILs-DOX and PLD induced only modest anti-tumor effects, 
confi rming anti-HER2 ILs-DOX  in vivo  selectivity and the requirement of a recep-
tor density or activity threshold for effective drug delivery (Park et al.  2001 ; Park 
et al.  2002 ). These studies have resulted in an optimized formulation used for clini-
cal evaluation that consists of the anti-HER2 scFv F5 conjugated to PEG-PE 
micelles which are incorporated into PLD (Park et al.  2001 ; Park et al.  2004 , Nellis 
et al.  2005a ,  b ). The last few years, updates were presented at conferences on the 
progress of MM-302 including cardiosafety, effi cacy and PK studies in preclinical 
models (Wickham et al.  2010 ; Geretti et al.  2011 ; Klinz et al.  2011 ). Recently, pre-
liminary data of the ongoing phase I trials were presented. So far, 34 patients with 
HER2 +  advanced breast cancer have enrolled of which 12 patients achieved stable 
disease and two patients have achieved partial response. MM-302 is tolerable in 
patients up to 40 mg/m 2  and plasma pharmacokinetics are similar to ligand-lacking 
PLD (Wickham and Futch  2012 ).  

7.2.1.4     Anti-EGFR ILs-DOX 

 Generated by the same original developers as MM-302 (Hermes Biosciences), ILs 
loaded with DOX that target epidermal growth factor receptor (EGFR) overexpress-
ing tumors via coupling of Fab’ fragments of the anti-EGFR mAb cetuximab have 
also progressed into clinical trials (Noble et al.  2004 ).  In vitro  studies showed supe-
rior cell association and internalization of anti-EGFR ILs-DOX compared to ligand- 
lacking control formulations. For example, quantitative studies performed with 
pH-sensitive-loaded liposomes demonstrated ~30-fold more EGFR-positive cell 
internalization of anti-EGFR ILs compared to non-targeted PEGylated liposomes. 
In addition, cytotoxicity studies in EGFR-positive MDA-MB-468 cells showed that 
anti-EGFR ILs-DOX were 29-fold more effective than PLD (Mamot et al.  2003 ). 
Studies in rats showed similar pharmacokinetics of ligand-targeted and ligand- 
lacking liposomal DOX indicating that conjugation of antibody fragments did not 
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alter liposomal stability or circulation time (Mamot et al.  2005 ). As observed with 
MM-302, biodistribution studies in mice showed no differences in tumor accumula-
tion for EGFR-targeted liposomes and ligand-lacking formulations. However, quan-
titative fl ow cytometry analysis demonstrated that cellular accumulation of 
anti-EGFR liposomes was 6-fold higher when compared to ligand-lacking lipo-
somes in tumor cells derived from mice (Mamot et al.  2005 ). In two EGFR- 
overexpressing tumor xenograft models, anti-EGFR ILs-DOX signifi cantly inhibited 
tumor growth when compared to PLD (Mamot et al.  2005 ). Interestingly, in a drug 
resistant tumor xenograft model anti-EGFR ILs-DOX could signifi cantly inhibit 
tumor growth when compared to PLD, suggesting that anti-EGFR ILs-DOX can 
overcome multidrug resistance (MDR) (Mamot et al.  2012a ). In a recently fi nished 
phase I trial (University Hospital Basel Switzerland), 26 patients with EGFR- 
overexpressing advanced solid tumors were enrolled and treated with escalating 
doses of anti-EGFR ILs-DOX. One patient showed complete response, one partial 
response and ten patients had stable disease lasting 2–12 months. A recommended 
dose of 50 mg DOX per m 2  was recommended for phase II trials (Mamot et al. 
 2012b ).  

7.2.1.5     2B3-101 

 2B3-101 (to-BBB Technologies) is liposome loaded with DOX designed to cross 
the blood-brain barrier (BBB) for the treatment of glioma. The BBB is a physical, 
transport and metabolic barrier that poses challenges for drug delivery to the brain. 
Important criteria related to the BBB, nanocarrier and clinical translation have been 
proposed for the development of nanomedicines to treat central nervous system 
(CNS) diseases (Gaillard et al.  2012b ). 2B3-101 makes use of glutathione (GSH) as 
a targeting ligand, with the aim to cross the BBB via glutathione transporters with-
out disrupting the neuroprotective function of the BBB. In proof-of-concept studies 
in rats, it was demonstrated that increasing amounts of GSH conjugated to PEGylated 
liposomes loaded the antiviral drug ribavirin resulted in higher amounts of free riba-
virin in the brain (Rip et al.  2010 ). In preclinical studies in rats, 2B3-101 showed 
similar PK values and toxicity profi le as compared to PLD (Gaillard et al.  2012a ). 
However, DOX retention in the brain of rats was signifi cantly higher after repeated 
administrations of 2B3-101 compared to PLD (Gaillard et al.  2012a ). In a human 
breast cancer xenograft model in mice, both 2B3-101 and PLD demonstrated sig-
nifi cant anti-tumor effi cacy. In mice bearing intracranial U87 xenograft tumors, 
treatment with 2B3-101 given at the MTD prolonged survival up to 60 % compared 
to controls (Gaillard et al.  2012a ). 2B3-101 is currently undergoing phase I/IIa trials 
to determine the safety and PK of the ligand-targeted PNM as a single agent or in 
combination with trastuzumab (to-BBB technologies B.V.). Accessible and/or avail-
able (pre)clinical data of 2B3-101 has been mostly confi ned to conference abstracts 
and the developers’ website.  
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7.2.1.6     MCC-465 

 MCC-465 (Mitsubishi Tanabe Pharma) is a DOX-loaded PEGylated liposome tar-
geted to tumor cells via the conjugation of F(ab’)2 of the human GAH antibody 
(Hosokawa et al.  2003 ). Although its target antigen has not been characterized, 
selective binding of GAH antibody was demonstrated as staining of viable tumor 
tissues and tissue sections stained positively while no staining was observed on non- 
cancerous tissues (Hamaguchi et al.  2004 ; Hosokawa et al.  2004 ). Confocal micros-
copy studies showed that fl uorescently labeled GAH-conjugated ILs loaded with 
DOX internalized in human stomach cancer cells via GAH-mediated interactions, 
as the addition of free GAH in combination with GAH-ILs-DOX prevented cell 
uptake. Ligand-lacking control formulations were hardly internalized by the tumor 
cells (Hosokawa et al.  2003 ; Hosokawa et al.  2004 ). In a pulse-chase assay  in vitro , 
GAH-ILs-DOX induced signifi cantly stronger dose-dependent cytotoxicity in 
human gastric tumor cells compared to PLD. No signifi cant cytotoxicity of GAH- 
ILs- DOX was observed in human endothelial cells. The anti-tumor effi cacy of 
GAH-ILs-DOX in various human xenograft models in mice was signifi cantly higher 
than ligand-lacking control PLD (Hosokawa et al.  2003 ; Hamaguchi et al.  2004 ; 
Hosokawa et al.  2004 ; Shimada et al.  2005 ). No signifi cant anti-tumor effi cacy was 
observed in xenograft studies with GAH-negative cell lines and it was suggested 
that GAH-ILs-DOX can overcome DOX resistance of tumor cells (Hosokawa et al. 
 2003 ; Hamaguchi et al.  2004 ). Results from a phase I study indicated that MCC-465 
was well tolerated with an MTD of 45.5 mg/m 2  and a dose of 32.5 mg/m 2  in an 
equivalent amount of DOX was recommended for phase II studies. No anti-tumor 
effects were observed but stable disease was observed in 10 of 18 patients 
(Matsumura et al.  2004 ). Recent updates on MCC-465 are not available and it is 
uncertain whether development is discontinued.  

7.2.1.7     Lipovaxin-MM 

 Lipovaxin-MM (Lipotek) is a lipid-based vaccine for immunotherapy of malignant 
melanoma. Lipovaxin-MM does not directly target melanoma cells, but instead its 
strategy is based on delivering melanoma antigens to dendritic cells (DC) which in 
turn activate tumor-specifi c CD8 +  cytotoxic T cells (CTL) (Altin and Parish  2006 ). 
The melanoma antigens in Lipovaxin-MM are derived from the membrane fraction 
of lysed MM200 melanoma cells. MM200 plasma derived membrane vesicles are 
isolated and subsequently fused with liposomes containing cytokines such as 
interferon- gamma (IFN-γ) or lipopolysaccharide (LPS) that provide a DC “danger” 
or maturation signal. The vaccine is targeted to DCs via engraftment of the domain 
antibody DMS5000 which is highly specifi c for DC-specifi c intracellular adhesion 
molecule 3-grabbing non-integrin (DC-SIGN) (Altin et al., Altin and Parish  2006 ). 
In proof of concept studies, cell association of DC-targeted vaccines  in vitro  was 4 
to 8-fold higher than ligand-lacking control formulations. This effect could be 
reversed by pre-incubation of the cells with free targeting ligand demonstrating 
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specifi c interactions of the ligand-targeted PNM. DC-targeting  in vivo  was demon-
strated by determining the number of fl uorescent-positive cells in a draining lymph 
node after injection with ligand-targeted and ligand-lacking formulations. 
DC-targeted vesicles induced 4-fold more fl uorescent cells than ligand-lacking for-
mulations (van Broekhoven et al.  2004 ). In addition, in a B16-OVA melanoma 
model immunization of mice with targeted vaccines induced strong CTL responses 
in splenic T cells, induced protective immunity against tumors and could inhibit 
tumor growth (van Broekhoven et al.  2004 ). According to the patent application, 
Lipovaxin-MM used for studies in non-human primates consists of 4 pre-mix com-
ponents (MM200 membrane vesicles, lyophilized liposomes, IFN-gamma and 
DMS5000) that are formulated prior to administration (Altin et al.). Treatment of 
macaques with Lipovaxin-MM resulted in production of vaccine-specifi c antibodies 
but it is not certain if this effect is caused specifi cally by the antigens as a ligand- 
lacking control was not included in this study (Altin et al.). A phase I study in 12 
melanoma patients to determine adverse events, immunogenicity and effi cacy of 
Lipovaxin-MM was recently completed but results have not yet been made available 
(Lipotek Pty. Ltd.).   

7.2.2     Polymer-Based Nanomedicines 

 The potential of polymers for drug delivery was demonstrated by pioneering work 
in the 1970s (Couvreur et al.  1979 ; Gros et al.  1981 ). Polymer-based particulate 
nanocarriers such as polymeric nanoparticles are produced by self-assembly or 
cross-linking of polymeric building blocks to obtain nanoparticles with favorable 
physicochemical characteristics. 

7.2.2.1     BIND-014 

 BIND-014 (BIND Biosciences) is a polymeric nanoparticle developed for the treat-
ment of solid tumors. BIND-014 is composed of poly(d,l-lactide) (PLA) and PEG 
block copolymers to form a hydrophobic core for the encapsulation of DTXL, and a 
hydrophilic surface for prolonged circulation (Hrkach et al.  2012 ). The ligand- 
targeted PNM is targeted to prostate-specifi c membrane antigen (PSMA) expressing 
cells using the small-molecule S,S-2-[3-[5-amino-1-carboxypentyl]-ureido]-
pentanedioic acid (ACUPA) as targeting ligand (Maresca et al.  2009 ; Hrkach et al. 
 2012 ). PSMA is expressed by prostate tumor cells and additionally, by the neovas-
culature of other types of solid tumors but not on normal vasculature (Chang et al. 
 1999 ). BIND-014 was developed by a novel strategy in which a library was com-
posed of more than 100 self-assembling nanoparticles to obtain a single ligand-tar-
geted PNM with optimized physicochemical properties (Gu et al.  2008 ; Shi et al. 
 2011 ; Hrkach et al.  2012 ). Initial  in vitro  studies performed with the PSMA-targeting 
RNA aptamer A10 (Lupold et al.  2002 ) as targeting ligand demonstrated a 77-fold 
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increase in cell association of PSMA- targeted formulations compared to ligand-
lacking formulations. No cell association to PSMA-negative cells was observed for 
either of the formulations (Farokhzad et al.  2004 ). In mice bearing human PSMA-
positive prostate xenograft tumors, targeted poly(lactic-co-glycolic acid) (PLGA)-
based nanoparticles delivered 3.77-fold more chemotherapeutic agent to tumors 
compared to ligand-lacking control nanoparticles after 24 h (Cheng et al.  2007 ). 
PSMA-targeted nanoparticles loaded with DTXL were signifi cantly more cytotoxic 
 in vitro  compared to control DTXL nanoparticles without targeting ligand. In xeno-
graft studies, ligand-targeted PNM loaded with DTXL signifi cantly inhibited tumor 
growth and increased survival compared to ligand-lacking DTXL nanoparticles 
(Farokhzad et al.  2006 ). In later preclinical studies, optimized BIND-014 treatment 
caused signifi cant tumor growth inhibition in a mouse xenograft prostate tumor 
model compared to ligand-lacking controls. In contrast, no difference in anti-tumor 
effect was observed in PSMA- negative xenograft models (Hrkach et al.  2012 ). 
BIND-014 is currently undergoing a phase I clinical trial to determine the safety in 
patients with advanced or metastatic cancer (BIND Biosciences). Interim data in 
three patients demonstrated that DTXL plasma levels are two orders of magnitude 
higher when administered as BIND-014 compared to solvent-based 
DTXL. Preliminary signs of BIND-014 anti-tumor effi cacy were observed in two 
patients (Hrkach et al.  2012 ). Full phase I results with BIND-014 in patients with 
advanced solid tumors were recently presented which included anti-tumor response 
in 9 out of 28 patients and a MTD of 60 mg/m 2  (Von Hoff et al.  2013 ). Phase II 
studies to evaluate the safety and effi cacy of BIND-014 in patients with metastatic 
castration-resistant prostate cancer or as second-line therapy for patients with lung 
cancer have recently been initiated (BIND Biosciences, BIND Biosciences).  

7.2.2.2     CALAA-01 

 CALAA-01 (Calando Pharmaceuticals) is a polymeric nanoparticle for siRNA- 
mediated treatment of solid tumors. This nanomedicine based on the RONDEL™ 
platform, which consists of four components that are mixed together and self- 
assemble into nanoparticles prior to administration: a linear cyclodextrin- containing 
polymer (CDP) backbone, adamantane-conjugated polyethylene glycol (AD-PEG), 
Tf-conjugated AD-PEG (Tf-PEG-AD) and siRNA (Davis  2009 ). CALAA-01 
induces knockdown of the M2 subunit of ribonucleotide reductase (RRM2), which 
catalyzes the formation of deoxyribonucleotides from ribonucleotides for DNA 
synthesis (Cerqueira et al.  2005 , Heidel et al.  2007a ). Tf-nanoparticles were shown 
to associate with HeLa cells in a ligand density-dependent manner and cell uptake 
studies in the presence of free Tf demonstrated TfR-mediated cell internalization 
(Bartlett and Davis  2007 ). A multimodality imaging approach revealed no differ-
ences in tumor accumulation and tissue distribution between ligand-targeted PNM 
and ligand-lacking PNM siRNA formulations (Bartlett et al.  2007 ). However, using 
reporter assays it was shown that Tf-targeted nanoparticles did exhibit enhanced 
transfection effi ciency in tumor bearing mice compared to ligand-lacking 
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formulations (Bartlett et al.  2007 ). Increased inhibition of tumor growth in mice by 
Tf-siRNA-nanoparticles compared to ligand-lacking formulations was demon-
strated in a mouse model of metastatic Ewing’s sarcoma (Hu-Lieskovan et al.  2005 ). 
In addition, in mice bearing head and neck cancer xenografts, CALAA-01 treatment 
reduced RRM2 mRNA and protein levels resulting in signifi cant inhibition of tumor 
growth compared to nanoparticles with control siRNA (Rahman et al.  2012 ). 
Multiple systemic doses of CALAA-01 in non-human primates were well-tolerated 
and no signifi cant signs of toxicity were observed at siRNA doses up to 8 mg/kg 
(Heidel et al.  2007b ). Phase I trials evaluating CALAA-01 are ongoing (Calando 
Pharmaceuticals) and early results in three patients with solid tumors showed dose- 
dependent intracellular localization in tumor cells but not in the adjacent epidermis. 
Decreased protein expression of RRM2 in the tumor was observed in at least one 
patient, suggesting evidence for RNAi in humans (Davis et al.  2010 ).  

7.2.2.3     SEL-068 

 SEL-068 (Selecta Biosciences) is a nicotine vaccine developed for treatment of 
tobacco dependence (Goniewicz and Delijewski  2013 ). The self-assembling syn-
thetic polymeric nanoparticle (Gu et al.  2008 ) contains encapsulated toll-like recep-
tor agonist to reduce the production of infl ammatory cytokines, encapsulated 
universal T-helper cell peptide to evoke T-cell responses and nicotine covalently 
conjugated to the surface of the nanoparticle as a B-cell antigen (Kishimoto et al. 
 2012 ; Pittet et al.  2012 ). Administration of SEL-068 in mice and cynomolgus mon-
keys induced high titers of anti-nicotine antibodies with high affi nity (Kishimoto 
et al.  2012 ; Pittet et al.  2012 ). In this way, addictive effects of smoking are counter-
acted by largely preventing nicotine in the circulation to cross the blood brain bar-
rier and bind to nicotine receptors. Although SEL-068 is currently undergoing phase 
I clinical trials to evaluate the safety in smokers and non-smokers (Selecta 
Biosciences Inc.), available and/or accessible data is largely limited to conference 
abstracts and the website of Selecta Biosciences.   

7.2.3     Bacterially-Derived Minicells 

 A relatively new NC platform utilizes bacterially-derived minicells for drug deliv-
ery. These minicells are bacterial cells of approximately 400 nm, devoid of a nucleus 
and produced by mutants in which genes responsible for cell division have been 
inactivated (MacDiarmid and Brahmbhatt  2011 ). 

7.2.3.1     Erbitux ® EDVsPAC 

 Targeted minicells for the treatment of solid tumors are under development by 
EnGeneIc. A wide range of chemotherapeutic drugs can be incorporated in the mini-
cells, including DOX, paclitaxel (PAC) and cisplatin (MacDiarmid et al.  2007 ). 
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Additionally, minicells can be loaded in a similar fashion with siRNA or with plasmid 
DNA encoding short hairpin RNA (shRNA) (MacDiarmid et al.  2009 ). Tumor target-
ing of minicells is achieved by bispecifi c antibodies which recognize both the 
O-polysaccharide component of the lipopolysaccharide present on the minicell sur-
face and a cell surface receptor overexpressed on tumor cells such as EGFR 
(MacDiarmid et al.  2011 ). Cell specifi c association, uptake and toxicity of EGFR- 
targeted minicells loaded with DOX ( EGFR minicells DOX ) was demonstrated in EGFR- 
expressing MDA-MB-468 human breast cancer cells (MacDiarmid et al.  2007 ). In 
several human tumor xenograft models  in vivo  (breast, lung, ovarian, lung, leukemia), 
different minicell formulations including  EGFR minicells DOX , EGFR-targeted minicells 
loaded with PAC ( EGFR minicells PAC ) and HER2-targeted minicells loaded with DOX 
( HER2 minicells DOX ) demonstrated strong anti-tumor activity compared to ligand-lack-
ing control formulations (MacDiarmid et al.  2007 ). For comparison, 100-fold higher 
doses of Doxil ®  (100 μg) were needed to achieve similar anti-tumor effects of 
 EGFR minicells DOX  (1 μg) in mice bearing breast cancer xenografts (MacDiarmid et al. 
 2007 ). The anti-cancer effect of DOX-loaded minicells was further demonstrated by 
tumor regression in two dogs with advanced T cell non- Hodgkin’s lymphoma, and 
safety of minicells was demonstrated by multiple consecutive iv-injections in three 
healthy pigs (MacDiarmid et al.  2007 ). Most interestingly, drug-resistance of colon 
cancer cells could be reversed with sequential treatment of EGFR-targeted minicells 
loaded with shRNA specifi c for the MDR P glycoprotein MDR1 ( EGFR minicells shMDR1 ) 
followed by targeted minicells loaded with chemotherapeutics. Furthermore, the 
sequential combination treatment effectively reversed MDR in colon, breast and 
uterine xenograft models  in vivo  (MacDiarmid et al.  2009 ). Intermediate results of a 
phase I safety and tolerability study were recently presented (Solomon et al.  2012 ). 
Multiple doses of intravenously administered  EGFR minicells PAC  were generally well 
tolerated in 28 patients with advanced solid tumors and a dose of 1 × 10 10  minicells are 
recommended for phase II studies (Solomon et al.  2012 ). A phase I/II study with 
EGFR-targeted minicells loaded with DOX in patients with glioma is also planned 
(EnGeneIC Ltd.  2013 ).   

7.2.4     Retroviral Vectors 

 The unraveling of the retroviral life cycle basic principles led to the introduction of 
replication-incompetent retroviruses in the 1980s (Mann et al.  1983 ). Non- 
replicating retroviral vectors are able to effi ciently integrate their genetic payload in 
the DNA of the target cell, making them attractive nanocarriers for gene therapy. 

7.2.4.1     Rexin-G 

 Rexin-G is murine leukemia virus-based nanomedicine for the treatment of osteo-
sarcoma, soft tissue sarcoma and pancreatic cancer developed by Epeius 
Biotechnologies. The main issue with retroviral vectors has been the lack of tissue 
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specifi city (Hall et al.  2000 ). However, Rexin-G is the fi rst retrovector targeted to 
tumors and associated neovasculature via a high-affi nity collagen-binding motif 
derived from von Willebrand factor. Rexin-G elicits anti-tumor effects by interfer-
ing with cell cycle control with a mutant cyclin G1 gene (Gordon and Hall  2010b ). 
In human tumor xenografts, Rexin-G markedly inhibited tumor growth and 
increased survival compared to ligand-lacking controls (Gordon et al.  2001 ). Results 
from early phase I/II clinical trials in the Philippines for the treatment of metastatic 
pancreatic cancer and other solid tumors showed that Rexin-G was well tolerated, 
did not induce organ damage and that there were signs of antitumor activity (Gordon 
et al.  2004 ,  2006 ). In phase I/II clinical trials in the U.S.A., for the treatment of 
advanced or metastatic pancreatic cancer, Rexin-G was well tolerated in phase I 
studies but there was no evidence of an anti-tumor response (Galanis et al.  2008 ). In 
phase II of these clinical trials which involved higher doses of Rexin-G, no dose- 
limiting toxicity was found. At none of the doses tested, organ-related toxicity, signs 
of an antibody response, off-target transfection or presence of replication- competent 
retrovirus were observed. A correlation between Rexin-G dosage and overall sur-
vival was established (Chawla et al.  2010 ). Similar results were found in phase I/II 
and phase II trials for the treatment of sarcoma and osteosarcoma (Chawla et al. 
 2009 ). Based on these results Rexin-G gained orphan drug status for treatment of 
soft tissue sarcoma, osteosarcoma and pancreatic cancer in the U.S.A. (Gordon 
et al.  2006 ). Of note, during clinical trials Rexin-G treatment was associated with 
improvement of physiological conditions (liver function, ascites, blood chemistry, 
wound healing) presumably due to the targeting of exposed collagen by Rexin-G 
(Gordon and Hall  2009 ).    

7.3     Discussion 

 The scope of this review was to provide an overview of ligand-targeted PNMs 
undergoing clinical evaluation and to reveal the added delivery benefi ts of the con-
jugated targeting ligands. Although 13 ligand-targeted PNMs have progressed into 
clinical trials, the contribution of targeting ligands to therapeutic effi cacy of PNMs 
in humans has not yet been unambiguously proven. Twelve ligand-targeted PNMs 
are currently under active evaluation while the development of MCC-465 appears to 
have been discontinued. Limited access to (pre)clinical data for SEL-068 and 2B3- 
101 prevents detailed discussion of these products. 

 With the exception of the anti-nicotine vaccine SEL-068, all of the described 
ligand-targeted PNMs have been developed for the treatment of solid malignant 
neoplasms. As cancer remains the leading cause of death in the world today, the 
medical need to design more effective and safer anti-cancer drugs is evident. The 
anti-tumor effect of ligand-lacking PNMs, largely mediated by the EPR effect, may 
be further enhanced by the addition of targeting ligands to increase target cell speci-
fi city and internalization (reviewed elsewhere (Peer et al.  2007 ; Davis et al.  2008 ; 
Jain and Stylianopoulos  2010 )). 
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 The encapsulated  therapeutic agent  in seven anti-cancer nanomedicines is an 
established chemotherapeutic compound such as doxorubicin (MM-302, anti-EGFR 
ILS-DOX, MCC-465, 2B3-101), oxaliplatin (MBP-426), docetaxel (BIND-014) or 
paclitaxel (Erbitux ® EDVs PAC ). These compounds have been previously approved by 
the FDA either as free drug or formulated as ligand-lacking PNMs, thus lowering 
the development risk and reducing regulatory issues for the new ligand-targeted 
formulations in development. Four ligand-targeted PNMs contain plasmid DNA or 
siRNA (SGT-53, SGT-94, CALAA-01, Rexin-G). These molecules are unable to 
pass cell membranes and are dependent on ligand-induced receptor-mediated inter-
nalization for therapeutic activity. The two vaccine formulations targeted to antigen- 
presenting cells (APC) contain antigen and adjuvants to stimulate the immune 
system to produce cytotoxic T-cells (Lipovaxin-MM) or neutralizing antibodies 
(SEL-068). 

 Of the 13 discussed ligand-targeted PNMs, the exploited  particulate nanocarrier  
of 8 formulations are lipid-based, 3 are based on polymeric NPs, 1 on a retroviral 
vector and 1 on a bacterial vector. The application of established lipid-based par-
ticulate nanocarriers is likely due to the clinical experience gained with these sys-
tems as ligand-lacking PNMs, and to reduce development risks and regulatory 
issues associated with novel nanocarrier systems. For example, MM-302 and anti- 
EGFR ILs-DOX consist of a similar formulation as Doxil ®  but targeting ligands are 
introduced by post-insertion of micelles bearing targeting ligands for tumor target-
ing (Nellis et al.  2005a ,  b , Mamot et al.  2012b ). The rapid development of ligand- 
targeted PNMs based on polymers is noteworthy. Such systems are characterized by 
the production of self-assembling polymeric NP and high-throughput strategies giv-
ing advantages in terms of large-scale manufacturing and batch-to-batch variation. 
CALAA-01 is formulated prior to systemic administration by self-assembly of the 
(ligand-modfi ed) polymeric components and siRNA (Davis  2009 ). BIND-014 and 
SEL-068, based on the Accurins TM  technology, were developed by the design of 
pre- functionalized triblock co-polymers to create a library of self-assembling tar-
geted polymeric nanoparticles allowing effi cient tailoring of physicochemical char-
acteristics (Gu et al.  2008 ; Shi et al.  2011 ). Genetic engineering has led to the 
development of the replication incompetent retroviral vector Rexin-G, which is gen-
erated in human producer cells to generate a targeted biocompatible ligand-targeted 
PNM with a size of approximately 100 nm (Gordon and Hall  2009 ). Interestingly, 
bacterially-derived minicells employed for the generation of Erbitux ® EDVsPAC are 
characterized by a larger size (400 nm) compared to other PNMs (MacDiarmid and 
Brahmbhatt  2011 ). It has been shown that the cut-off size of permeable tumor vas-
culature in the majority of tumors varies between 380 and 780 nm (Yuan et al.  1995 ; 
Hobbs et al.  1998 ). However, the size of synthetic nanocarriers is generally designed 
to remain below 200 nm to avoid rapid uptake by the MPS and to enhance tumor 
penetration. 

 With regard to physicochemical properties of PNMs, the effect of parameters 
such as total entrapped drug and free drug content, release kinetics and surface 
characteristics should be acknowledged. Many nanomedicines aim at increasing the 
MTD due to an improved safety profi le. If the overall dose (entrapped + free drug) 
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is signifi cantly increased, the free fraction may become dose-limiting, especially in 
case of highly potent drugs. Therefore, free drug content and release profi le repre-
sent important parameters to take into account. Disclosure of release kinetics under 
physiologically relevant conditions is therefore encouraged. 

 Regarding the  targeting ligand  utilized for the discussed ligand-targeted PNMs, 
4 nanomedicines target the transferrin receptor (TfR). Specifi c tumor markers such 
as EGFR, HER2 and PSMA are targeted by four nanomedicines (the exact target 
receptor of MCC-465 is not known). In contrast, a tumor stromal target is exploited 
by one ligand-targeted PNM. Both vaccine formulations target APC and one formu-
lation is designed for crossing the BBB via GSH transporters. The TfR is a well- 
established target for cancer treatment by virtue of its overexpression on a range of 
tumors (Daniels et al.  2012 ). Attachment of transferrin to PNMs for targeting is 
exploited by MBP-426 and CALAA-01. The lipoplex formulations SGT-53 and 
SGT-94 also target the TfR but make use of antibody fragments instead of transfer-
rin (Xu et al.  2002 ). Antibody fragments are smaller than transferrin and recombi-
nant expression allows effi cient large scale production and high quality control 
reducing batch-to-batch variation. When compared to full monoclonal antibodies, 
the use of antibody fragments for targeting is preferred because they lack the Fc part 
of the antibody, preventing rapid recognition by cells of the immune system and 
subsequent clearance of the ligand-targeted PNM. In the case of Erbitux ® EDVs PAC  
minicells, the Fc region is present, but complement-mediated toxicity is inhibited as 
protein A/G blocks the Fc part of the conjugated monoclonal antibodies (MacDiarmid 
et al.  2011 ). However, an antibody response to the O-polysaccharide component of 
the bispecifi c antibody was observed in phase I trials (Solomon et al.  2012 ). 
Interestingly, while most ligand-targeted PNMs are directed to a single surface 
receptor overexpressed on tumor cells, Rexin-G is equipped with more promiscuous 
high-affi nity collagen-binding motifs as targeting ligands, resulting in effi cient drug 
delivery to tumor cells, stroma cells, neovasculature and sites of metastasis without 
apparent signifi cant toxicity towards healthy tissues (Gordon and Hall  2010a ). This 
indicates that proteins overexpressed on tumor cells can be used to discriminate 
between tumor and healthy cells, but it may be benefi cial for robust anti-cancer 
effects to target the tumor stroma rather than solely tumor cells. The two vaccine 
products show that ligand-targeted PNMs can also be directed to antigen presenting 
cells for the generation of targeted vaccines. It is likely that their prolonged circula-
tion time allows the nanomedicines to reach target sites and activate cells of the 
immune system. Besides general vaccine applications, the vaccine strategy can be 
applied to design effective anti-cancer nanomedicines that are not hampered by 
limitations of direct tumor cell targeting (Lammers et al.  2012 ). 

 It is generally believed that ligand-lacking and ligand-targeted PNMs have com-
parable PK parameters, biodistribution and tumor targeting profi les. However, sur-
face characteristics play an important role in interaction with blood components 
and cell membranes. Modifi cation of PNMs with targeting ligands may therefore 
alter PK and biodistribution profi les. In addition, in case of ligand-targeted PNMs 
specifi c effects of a carefully chosen ligand can be outweighed by aspecifi c interac-
tions due to charge interactions and adsorbance of proteins to the nanomedicine shell. 
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Studies comparing pharmacokinetics and biodistribution of ligand- lacking versus 
ligand-modifi ed PNMs are scarce and more importantly: impossible in the clinical 
setting. 

 Localization studies in animal models which compared the ligand-targeted for-
mulation to the corresponding ligand-lacking one have only been reported for 7 
ligand-targeted PNMs (Table  7.2 ). Of those 7, 4 reported increased target localiza-
tion compared to ligand-lacking PNM  in vivo , while the other three studies demon-
strated comparable target localization values for ligand-lacking and ligand-targeted 
PNMs. For MM-302, anti-EGFR ILs-DOX and CALAA-01, it was demonstrated 
that in murine xenograft models overall tumor accumulation was similar for ligand- 
lacking and ligand-targeted PNMs. However, in studies performed with MBP-462, 
SGT-53, BIND-014 and Erbitux ® EDVs PAC , a higher degree of tumor localization of 
the ligand-targeted PNM relative to the ligand-lacking PNM was observed. In the 
case of 5 ligand-targeted PNMs, literature has reported on improved  in vitro  cellular 
internalization versus ligand-lacking PNMs. The publications on MM-302 and anti- 
EGFR ILs-DOX reported results for  in vivo  cell internalization versus ligand- lacking 
PNMs, and both showed improvement over ligand-lacking PNMs. Intermediate 
results from a phase I trial with CALAA-01 reported on target cell internalization in 
tumor biopsies of three patients (Davis et al.  2010 ). Dose dependent presence of the 
transgene was reported in biopsies from metastatic lesions of three patients treated 
with SGT-53, while no transgene presence was detected in skin biopsies (Senzer 
et al.  2013 ). In light of these results it is possible that, while ligand-targeted and 
ligand-lacking formulations are both dependent on extravasation from the circula-
tion into the tumor, ligand-targeted PNMs are retained longer in the tumor than their 
ligand-lacking counterparts due to increased cellular internalization or other target-
ing-ligand mediated interactions within the target. However, the number of ligand-
targeted PNMs tested for  in vivo  target cell internalization is too limited to provide 
conclusive evidence. Therefore, in tumors where the EPR effect is present, the use 
of targeting ligands may only be useful to increase cellular internalization or in 
cases where the targeting ligand itself has intrinsic anti-tumor effects. 

 Regarding effi cacy, all ligand-targeted PNMs included in this overview have 
shown increased effi cacy  in vitro  and  in vivo  compared to their ligand-lacking coun-
terparts (with the exception of SEL-068). Although  in vitro  and  in vivo  model sys-
tems do not provide defi nite proof of effi cacy in humans and no data beyond phase 
I and II trials have been reported as of yet, these results are encouraging for the 
concept of ligand-targeted PNMs. In some cases signs of effi cacy in phase I and/or 
II trials were observed, but these studies did not include ligand-lacking PNM 
controls. 

 How improved effi cacy is related to the presence of a targeting ligand cannot be 
resolved because the comparison of PK and distribution of ligand-targeted versus 
ligand-lacking PNMs is often not included. As mentioned previously, such compari-
sons are scarce and clinical trials are not designed to compare ligand-lacking and 
ligand-targeted PNMs. 

 In the majority of the cases described in this review, there is insuffi cient literature 
that has reported on cellular and animal studies in which the ligand-targeted PNMs 
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have been compared to ligand-lacking PNMs regarding the parameters in Table  7.2 . 
The only exception is MM-302, which reported superior results to ligand-lacking 
PNMs in all of these parameters except target localization in animal studies. This 
indicates that the improved effi cacy of MM-302 might be due to improved cellular 
internalization but since several other ligand-targeted PNMs reported improved tar-
get localization in animal studies, this does not necessarily hold true for all ligand- 
targeted PNMs. Since phase I clinical trials for most of the ligand-targeted PNMs 
reported in this overview are still ongoing, not all results have been published as of 
yet. Treatment with ligand-targeted PNMs seemed to be well tolerated in patients in 
the studies that have been published so far. 

 In the majority of the discussed ligand-targeted PNMs, the toxicity seems com-
parable to that of ligand-lacking PNMs in terms of MTD and dose-limiting toxici-
ties (DLT) (Table  7.3 ). For example, the MTD of MM-302 (40 mg/m 2 ) (Wickham 
and Futch  2012 ), anti-EGFR ILs-DOX (50 mg/m 2 ) (Mamot et al.  2012b ) and 
MCC-465 (45.5 mg/m 2 ) (Matsumura et al.  2004 ) is comparable to that of Doxil ®  
(50 mg/m 2 ) indicating that conjugating targeting ligands to PNMs does not seem to 
alter the toxicity profi le. However, results from a phase I trial with Erbitux ® EDVsPAC 
report a different DLT compared to albumin-bound paclitaxel which may be related 
to the bacterially-derived particulate nanocarrier or the bispecifi c antibody (dis-
cussed above). It has to be noted that the MTD values for most of the discussed 
ligand-targeted are based on results obtained from smaller phase I trials and may 
change after larger phase II/III trials.

7.4        Future Directions 

 Ligand-targeted PNMs may prove benefi cial in increasing drug exposure due to 
increased target cell uptake and target tissue retention compared to ligand-lacking 
PNMs. Additionally, there are several applications where the use of ligand-targeted 
PNMs may have advantages over ligand-lacking PNMs.

    1.    Ligand-targeted approaches are crucial for molecules that need to localize intra-
cellularly for therapeutic activity but are not capable of crossing cellular mem-
branes, such as nucleic acids. As a consequence, the development of systemically 
administered gene (regulating) therapy is evolving concurrently with the devel-
opment of effi cient ligand-targeted particulate nanocarriers (Pecot et al.  2011 ). 
The therapeutic potential of RNA interference is illustrated by CALAA-01, 
which decreased target protein expression in a patient’s tumor in a phase I trial 
(Davis et al.  2010 ). The feasibility of therapeutic DNA is demonstrated by 
Rexin-G, which has shown promising anti-tumor activity in patients including 
inhibition of metastatic lesions, angiogenesis and intractable or resistant tumors 
(Gordon and Hall  2009 ).   

   2.    One common mechanism underlying MDR of tumors is the overexpression of 
drug-effl ux pumps, which actively expel anti-cancer drugs. Ligand- targeted 
PNMs may be able to circumvent MDR by virtue of another cellular fate after 
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   Table 7.3    Dose-limiting toxicities (DLT) and maximum tolerated doses (MTD) of free drug or 
formulated as ligand-lacking and ligand-targeted particulate nanomedicines   

 Drug  Dose limiting toxicities (DLT) 
 Maximum tolerated 
dose (MTD) 

 Doxorubicin a   Cardiomyopathy, 
myelosuppression 

 40–60 mg/m 2  every 
3–4 weeks 

 Doxil ®  (Uziely et al.  1995 ; 
Gabizon  2001 ) b  

 Palmar plantar 
erythrodysaesthesia, mucositis 

 50 mg/m 2  every 4 weeks 

 MM-302 (Wickham and Futch 
 2012 ) c  

 Not reported  40 mg/m 2  every 4 weeks 

 Anti-EGFR ILs DOX (Mamot 
et al.  2012b ) d  

 Myelosuppression  50 mg/m 2  every 4 weeks 

 2B3-101  Phase I ongoing  Phase I ongoing 
 MCC-465 (Matsumura et al. 
 2004 ) e  

 Myelosuppression, apetite loss e   45.5 mg/m 2  every 
3 weeks 

 Oxaliplatin (single agent) 
(Raymond et al.  1998 ) f  

 Neurotoxicity  200 mg/m 2  every 
3–4 weeks 

 MBP-426 (single agent) 
(Sankhala et al.  2009 ) g  

 Myelosuppression  226 mg/m 2  every 
3 weeks 

 Oxaliplatin in combination 
with 5-FU/LV (Maindrault-
Goebel et al.  2001 ) h  

 Neurotoxicity, myelosuppression  130 mg/m 2  every 
2 weeks 

 MBP-426 in combination with 
5-FU/LV (Senzer et al.  2009 ) i  

 Back pain, nausea-vomiting, 
myelosuppression 

 170 mg/m 2  every 
3 weeks 

 Docetaxel (Taxotere ® ) j   Myelosuppression  75 mg/m 2  every 3 weeks 
 BIND-014 (Von Hoff et al. 
 2013 ) k  

 Myelosuppression, fatigue  60 mg/m 2  every 3 weeks 

 Paclitaxel (Taxol ® ) l   Myelosuppression  135–175 mg/m 2  every 
3 weeks 

 Nab-paclitaxel(Abraxane ® ) 
(Ibrahim et al.  2002 ) m  

 Sensory neuropathy, stomatitis, 
superfi cial keratopathy 

 300 mg/m 2  every 
3 weeks 

 Erbitux ® EDVsPAC (Solomon 
et al.  2012 ) n  

 Reactive arthritis, hypotension, 
fever, elevated levels liver 
enzymes 

 1 × 10 10  minicells/dose 

  Data obtained from studies reported in references between brackets 
  a Most commonly used dosage 
  b The MTD of Doxil ®  was established in phase I studies at 60 mg/m 2  every 4 weeks but Phase II trials 
redefi ned the recommended dose at 50 mg/m 2  every 4 weeks. Higher doses can be tolerated when 
the dosing interval is suffi ciently prolonged. The MTD of a single injection Doxil ®  is 70 mg/m 2  
  c Preliminary results phase I trial 
  d DLT established in two patients receiving 60 mg/m 2  every 4 weeks 
  e Recommended dose for phase II trials 32.5 mg/m 2  every 3 weeks 
  f Recommended dose for phase II trials 130 mg/m 2  
  g DLT established in 2 patients receiving 400 mg/m 2  and 1 patient receiving 226 mg/m 2  
  h Most commonly used dosage is 85 mg/m 2  every 2 weeks (Oxaliplatin FDA) 
  i DLT established in patients receiving 226 mg/m 2  and 170 mg/m 2  
  j Most commonly used dosage 
  k Dose limiting toxicities in 2 patients receiving 75 mg/m 2  every 3 weeks 
  l Most commonly used dosage  m  DLT established in patients receiving 375 mg/m 2  
  n DLT established in patients receiving 10 9 , 1,5 × 10 10 , 2 × 10 10  and 5 × 10 10  minicells/dose. 
Corresponding paclitaxel concentration not reported  
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receptor-mediated endocytosis rather than passive diffusion over cell membranes 
of free drug released by ligand-lacking PNMs (Gao et al.  2012 ). For example, 
anti-EGFR ILs-DOX showed signifi cantly enhanced antitumor activity in a 
MDR breast cancer xenograft tumor model compared to free DOX and PLD 
(Mamot et al.  2012a ).   

   3.    Ligand-targeted approaches can also be exploited to generate nanomedicines 
that exploit two therapeutic strategies simultaneously in order to achieve additive 
or synergistic anti-tumor effects. For example, DOX-loaded polymeric micelles 
decorated with intrinsically active anti-EGFR nanobodies signifi cantly reduced 
tumor growth and prolonged survival of tumor-bearing mice when compared to 
DOX-loaded micelles without attached targeting ligands (Talelli et al.  2013 ).   

   4.    An alternative approach to the targeted delivery of anti-cancer drugs to tumor 
cells is targeting of the tumor blood supply. The endothelial cells of the tumor 
vasculature are readily accessible to targeted nanomedicines circulating in the 
bloodstream and more genetically stable than tumor cells limiting the occurrence 
of drug resistance phenomena. Delivery of DOX by ligand-targeted PNMs tar-
geting ανβ3 integrins overexpressed on tumor neovasculature reduced tumor 
growth of DOX-insensitive tumors while PLD did not (Schiffelers et al.  2003 ). 
In line with these results, it was shown that DOX-loaded ligand-targeted PNMs 
targeting ανβ3 integrins suppressed metastasis (Murphy et al.  2008 ).   

   5.    Besides the development of ligand-targeted PNMs for cancer treatment, ligand- 
targeted approaches can be exploited for the generation of effective vaccines as 
demonstrated by the clinical evaluation of Lipovaxin-MM and SEL-068.   

   6.    The development of effective nanomedicines for the treatment of CNS remains 
challenging due to the presence of the BBB. In addition to the physical barrier, 
metabolic barriers and drug-effl ux transporters results in a restriction of drugs 
that are able to cross the BBB in adequate amounts to reach therapeutic activity 
(Wong et al.  2012 ). Ligand-targeted approaches may be more effective com-
pared to unencapsulated drugs or ligand-lacking nanomedicines as they can 
improve drug delivery to the CNS via receptor-mediated transcytosis (Pinzon- 
Daza et al.  2013 ), exemplifi ed by the clinical evaluation of 2B3-101.     

 To determine the feasibility of clinically relevant ligand-targeted PNMs, further 
preclinical studies focused on relation between physicochemical properties (nano-
carrier type, size and surface characteristics) in combination with targeting ligand 
properties (type and size) and biodistribution, safety and effi cacy are encouraged. 
Current knowledge of nanotechnology, tumor biology and interactions of nanomed-
icines in the human body is (too) limited. To advance the applicability of ligand- 
targeted PNMs, lessons learnt from their bench-to-bedside translation have revealed 
key issues that need to be addressed including  in vitro/in vivo  characterization of 
PNM physicochemical properties (Cho et al.  2013 ), choice of appropriate animal 
models (Lammers et al.  2012 ) and the infl uence of receptor expression levels on 
ligand-targeted PNM effi cacy (Hendriks et al.  2013 ). The applicability of ligand- 
targeted PNMs is ultimately determined by the balance between clinical benefi ts 
 versus  safety and cost-effectiveness of the production process (Cheng et al.  2012 ). 

7 Ligand-targeted Particulate Nanomedicines Undergoing Clinical Evaluation…



192

 The effi cacy and safety of ligand-targeted PNMs has been shown in animals, but 
the evidence for the added delivery value of target ligand-coupling to nanomedi-
cines in humans remains to be established. Progress of the ligand-targeted PNMs 
described in this review through clinical trials will reveal in the upcoming years if 
ligand-targeted PNMs will represent safe and effi cacious drugs in the future.     
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    Chapter 8   
 Anti-angiogenic Therapy by Targeting 
the Tumor Vasculature with Liposomes                     

     Yu     Sakurai     and     Hideyoshi     Harashima    

    Abstract     In recent years, anti-angiogenic therapy has attracted considerable inter-
est as a new class of anti-cancer medicine because it is more effi cacious with a lower 
toxicity in comparison to traditional cyto-toxic anti-cancer drugs. the enhanced per-
meability and retention (EPR) effect is now a well-established strategy for targeting 
cancer cells. On the other hand, there is no generally accepted strategy for targeting 
tumor endothelial cells, which appear to be responsible for a pathological angiogen-
esis in cancerous tissues. In this article, we review the various tumor endothelial 
targeting nano drug delivery systems (DDSs) that involve the use of cationic lipids, 
peptides, antibodies sugar chains. In addition, the mechanisms responsible for how 
endothelial cells affect a tumor microenvironment for nanoparticle penetration in 
tumor tissues are reviewed.  

  Keywords     Liposomes   •   Tumor endothelial cells   •   Anti-angiogenic therapy  

  Abbreviations 

   5-FU    5-fl uorouracil   
  AMO    anti-micro RNA oligonucleotide   
  bFGF    basic gibroblast factor   
  BPD-MA    benzoporphyrin derivative mono-acid ring A   
  CDC    cell division cycle homologue   
  CPP    cell penetrating peptie   
  DCP-TEPA    dicetyl phosphate-tetraethylenepentamine   
  DDAB    dimethyldioctadecyl ammonium bromide   
  DDS    drug delivery system   
  DOTAP    1,2-dioleoyl-3-trimethylammonium propane   
  DOX    doxorubicin   
  EPR    enhanced permeability and retention   
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  FDA    Food and Drug Administration   
  HIF    hypoxia inducible factor   
  HUVEC    Human umbilical vein endothelial cells   
  IFP    interstitial fl uid pressure   
  IL    interleukin   
  miRNA    micro RNA   
  MKI    multi-kinase inhibitor   
  MRI    magnetic resonance imaging   
  MT1-MMP    membrane type-1 matrixmetalloproteinase   
  mTOR    mammarian target of rapamycin   
  NCT    neutron capture therapy   
  NRP-1    neuropilin-1   
  ODN    oligodeoxynucleotide   
  PDGFR    platelet-derived growth factor receptor   
  pDNA    plasmid DNA   
  PDT    photodynamic therapy   
  PEG    polyethylene glycol   
  PKN3    phosphonositide-3-kinase   
  PLK1    polo-like kinase   
  PTX    paclitaxel   
  ROS    reactive oxygen species   
  SELEX    Systematic Evolution of Ligands by Exponential enrichment   
  siRNA    small interfering RNA   
  SLX    sialyl lewis X    
  TNF-α    tumor necrosis factor-α   
  VCAM-1    vacular cell adhesion molecule-1   
  VEGF    vascular endothelial cells growth factor   
  VEGFR    vascular endothelial cells growth factor receptor   
  WHO    World Health Organization   

8.1         Introduction 

 Cancer is now one of most frequent causes of death worldwide and is estimated to 
account for 13 % of all deaths worldwide by the world health organization (WHO). 
Despite the remarkable progress in cancer biology, developing curative treatments 
for cancer hasvenot been realized thus far, possibly due to the low selectivity and 
effi ciency of anti-cancer therapeutics to cancer cells. Moreover, most of the currently 
used anti-cancer therapeutics involve the use of cytotoxic agents that target prolifera-
tive cells, not only cancer cells, but also normal fast growing cells such as immune 
cells and intestinal epithelial cells, which results in severe adverse events. Therefore, 
the exclusive targeting of only cancer cells would be a double-edged sword. 

 Angiogenesis is accompanied by tumor growth. This hypothesis was led to the 
fact that a thyroid that was inoculated with melanoma cells did not grow to a size of 
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over 1–2 mm 3  in diameter (Folkman et al.  1963 ; Zetter  2008 ). Since Dr. Folkman 
proposed the hypothesis in 1971 in the New England Journal of Medicine (Folkman 
 1971 ), great efforts have been made to discover angiogenic cascades and their inhibi-
tors. The fi rst identifi ed angiogenic factor was basic fi broblast growth factor (bFGF), 
based on the observation that human vascular endothelial cells were more prolifera-
tive in the presence of bFGF (Gospodarowicz et al.  1978 ). In 1991, two different 
groups identifi ed the human vascular endothelial cells growth factor (VEGF, previ-
ously called the vascular permeability factor; VPF) (Keck et al.  1989 ; Leung et al. 
 1989 ), which is currently known to be one of the major angiogenic factors in tumor 
tissue. As of this writing, a number of angiogenic factors and the mechanism respon-
sible for the development of angiogenesis is now known (Carmeliet and Jain  2011 ). 
In addition, anti-angiogenic therapy has many  advantages: (1) As tumor endothelial 
cells occupy a small population of the total cells in tumor tissue compared to cancer 
cells, less therapeutic molecules could be required. (2) Endothelial cells would not be 
expected to vary in different organs, which would allow one type of anti-angiogene-
sis drug to be used in treating many types of cancer. (3) Unlike cancer cells, tumor 
endothelial cells are genetically stable. Therefore, tumor endothelial cells would not 
acquire drug resistance against an anti-angiogenic therapy (Dey et al.  2015 ). In addi-
tion, since abnormal angiogenesis occurs especially strongly in tumor tissue, anti-
angiogenic therapy could be a promising therapy that would not be accompanied by 
harmful effects in off-target organs instead of traditional proliferative cell-target che-
motherapy. Prompted by these proposed advantages, an anti-VEGF humanized 
murine antibody (Avastin®) was developed, and approved by the Food and Drug 
Administration (FDA) in 2004. In addition, a multi-kinase inhibitor (MKI), a mam-
malian target of the rapamycin (mTOR), VEGF receptor (VEGFR) 2 antibody are 
now being clinically used as an anti-angiogenic medicine. Thus, anti-angiogenic 
therapy is currently a rapidly growing fi eld in the fi eld of cancer chemotherapy. 

 During clinical usage, anti-angiogenic therapy faces many unexpected diffi cul-
ties. Recent studies revealed that endothelial cells are tremendously diverse and can 
vary with the source of the organs, and consequently they respond to anti- angiogenic 
therapy differently (Auerbach  1991 ; Zetter  1990 ). In addition, it has been shown 
that tumor endothelial cells are genetically unstable, as evidenced by transcriptome 
analyses (St Croix et al.  2000 ), and tumor endothelial cells are aneuploid and have 
abnormal multiple centrosomes (Hida et al.  2004 ). Even worse, unexpected adverse 
effects including hypertension, thrombosis, bowel perforation, can occur during an 
anti-angiogenic treatment. Accordingly, an innovative strategy for evading the 
above issues would be required for developing an anti-angiogenic medicine. 

 Doxorubicin (DOX) -loaded liposomes (namely Doxil®, Caelyx®) were devel-
oped to circumvent the side effects of traditional chemotherapy against cancer cells, 
and was fi rst approved as a liposomal anti-cancer medicine. Doxil® is delivered to 
tumor tissue based on the enhanced permeability and retention (EPR) effect, which 
means that macromolecules with a prolonged circulation time passively accumulate 
in tumor tissue due to the immature blood and lymph vasculature of such tissues 
(Maeda et al.  2000 ). DOX frequently causes hair loss, myelosuppression and car-
diotoxicity because of its non-specifi c distribution after systemic injection. Since 
liposomal formulations are not prone to accumulate in those tissues, Doxil provides 

8 Anti-angiogenic Therapy by Targeting the Tumor Vasculature with Liposomes



204

an enhanced therapeutic effect and reduced toxicity. Since the discovery of the EPR 
effect by Dr. Maeda and Dr. Matsumura (Matsumura and Maeda  1986 ), a number of 
other liposomal drug delivery systems (DDSs) have been developed. The tumor 
endothelium has not, however, been a target of DDSs because there is no established 
strategy for targeting tumor endothelial cells. As endothelial cells are more suscep-
tible to chemotherapeutic agents, such as 5-fl uorouracil (5-FU) and DOX, an anti- 
angiogenic strategy would have the advantage of targeting tumor endothelial cells, 
not cancer cells, in cancer chemotherapy (Kalra and Campbell  2006 ). This chapter 
reviews a number of studies on tumor endothelial cells targeting DDSs and subcel-
lular targeting liposomal DDSs. 

8.2      Liposomes for Anti-angiogenic Therapy 

8.2.1     Cationic Liposomes 

 Cationic liposomes have been widely used since the latter part of the twentieth cen-
tury due to their high internalization characteristics and their spontaneous interac-
tion with negatively charged nucleic acids-based therapeutics. Accordingly, cationic 
liposomes are popular for the delivery of therapeutics to various tissues or cells, 
such as cancer cells and hepatocytes. In 1998, it was reported that cationic lipo-
somes were likely to accumulate in angiogenic endothelial cells (Thurston et al. 
 1998 ). In this report, Thurston G et al. indicated that systemically injected lipo-
somes containing a cationic lipid, such as 1,2-dioleoyl-3-trimethylammonium pro-
pane (DOTAP) ot dimethyldioctadecyl ammonium bromide (DDAB), into 
tumor-baring mice or mice with chronic airway infl ammation caused by a  Mycoplasm 
pulmonis -infection were highly co-localized in angiogenic endothelial cells. 
Although the cationic liposomes were presumably located in fenestrae of tumor 
endothelial cells, the exact mechanism responsible for this heavy accumulation in 
tumor endothelium remained unknown. As these discoveries provoked much scien-
tifi c interest, a number of cationic liposomes-mediated DDSs to tumor endothelial 
cells have been reported, as shown in Table  8.1 . When paclitaxel (PTX)-loaded 
DOTAP/dioleoyl- sn -glycero-3-phosphocholine liposomes were injected into A375 
(human melanoma)-bearing mice, the liposomal PTX exhibited a better therapeutic 
effect than free PTX (Kunstfeld et al.  2003 ). Another group, as evidenced by intra-
vital microscopy, reported that liposomal PTX with a positively charged lipid 
DOTAP was co-localized in tumor endothelia cells in a melanoma model (Schmitt-
Sody et al.  2003 ). Actually, the velocity of blood fl ow in the tumor microcirculation, 
including the velocity of the bloodstream, was decreased by anti- angiogenic thera-
peutics in which an anti-cancer drug was delivered by means of a cationic liposome 
(Strieth et al.  2004 ), which suggests that the inhibition of the abnormal angiogenic 
growth of tumor endothelial cells could lead to “vascular normalization”.

   Is delivering cationic liposome-mediated to tumor endothelial cells more effec-
tive than EPR effect-mediated delivery to cancer cells? Wu J et al. reported that a 
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cationic liposome with DOX encapsulated was superior to polyethylene glycol 
(PEG)-modifi ed neutral liposomes encapsulating DOX in therapeutic effi cacy, 
although cationic liposomes were subjected to rapid clearance from the circulation 
compared to PEGylated (that is, PEG-modifi ed) neutral liposomes (Wu et al.  2007 ). 
Likewise, Abu et al. reported that oxaliplatin-loaded cationic liposomes containing 
O,O′-ditetradecanoyl-N-(α-trimethyl ammonio acetyl) diethanolamine chloride 
(DC-6-14) accumulated to a greater extent in tumor tissue and exhibited a better 
anti-tumor effect than neutral liposomes (Abu Lila et al.  2009 ). 

 Photodynamic therapy (PDT) is a promising cancer treatment, in which photo-
sensitizers are delivered to the interior of a target cell, and the photosensitizers are 
then activated by a tissue-penetrating laser kills cancer cells via the production of 
reactive oxygen species (ROS) produced by the photosensitizers. To deliver photo-
sensitizers to tumor endothelial cells, Takeuchi et al. developed original cationic 
liposomes, which were modifi ed with octadecanol-conjugated polyethyleneimine 
(PCLs) (Takeuchi et al.  2003 ). When PCLs encapsulating the benzoporphyrin 
derivative mono-acid ring A (BPD-MA) were injected into melanoma-bearing mice 
and then exposed to laser energy (68 nm, 150 J/cm 2 ), tumor growth was substan-
tially inhibited and the levels of CD31-positive tumor endothelial cells were signifi -
cantly diminished. In addition to anti-cancer chemotherapy, PDT also holds great 
promise for being an effective cancer treatment. 

   Table 8.1    Cationic liposomes for targeting tumor endothelial cells   

 Lipid  Cancer type  Therapeutics  Effect  Ref 

 DOTAP/DOPC  Human 
melanoma 

 Paclitaxel  Increased anti-tumor 
effect 

 Kunstfeld 
et al. ( 2003 ) 

 DOTAP/DOPC  Hamster 
melanoma 

 Paclitaxel  Increased anti-tumor 
effect and prolonged 
metastasis-free 
survival 

 Schmitt-Sody 
et al. ( 2003 ) 

 DOTAP/DOPC  Hamster 
melanoma 

 Paclitaxel  Increased anti-tumor 
effect and decreased 
blood velocity and 
micro vessel density 

 Strieth et al. 
( 2004 ) 

 DDAB/EPC/chol  Human 
squamous 
cell 
carcinoma 

 Doxorubicin  Prolonged survival 
time 

 Wu et al. 
( 2007 ) 

 DC-6-14/HSPC/chol  Murine lung 
cancer 

 Oxaliplatin  Increased 
accumulation and 
anti-tumor effect 

 Abu Lila et al. 
( 2009 ) 

 Hexadecanoyl PEI  Murine 
melanoma 

 BPD-MA 
(PDT) 

 Increased apoptosis 
of tumor endothelial 
cells and anti-tumor 
effect 

 Takeuchi et al. 
( 2003 ) 

 AtuFect/DPhyPE  Lung 
metastasis 

 Anti-PKN3 
siRNA 

 Increased anti-tumor 
effect and prolonged 
survival 

 Aleku et al. 
( 2008a ,  b ), and 
Santel et al. 
( 2006 ,  2010 ) 
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 Nucleic acids, such as anti-sense oligodeoxynucleotide (ODN), plasmid DNA 
(pDNA) and small interfering RNA (siRNA) are one of the more promising class of 
molecules for use in anti-angiogenic therapy. Nucleic acids include negatively 
charged phosphodiester bonds, which explains whycationic liposomes are popu-
larly used for the delivery of nucleic acids to tumor endothelial cells. AtuPLEX 
(also called Atu027) is an example of the successful delivery of siRNA to tumor 
endothelial cells, and a Phase I clinical trial for patients with advanced solid tumors 
was initiated in 2014 (Schultheis et al.  2014 ). AtuPLEX is a lipoplex composed 
of siRNA and an original cationic lipid, AtuFECT01 (β-L-arginyl-2,3-L-
diaminopropionic acid-N-palmitoyl-N-oleyl-amide trihydrochloride) and neutral 
lipid 1,2-diphytanoyl-sn-glycero-3-phosphoethanolamine (DPhyPE). AtuPLEX 
was reported to inhibit, not only tumor endothelial cells in a human prostate cancer 
xenograft model (Santel et al.  2006 ), but also normal endothelial cells in the lung, 
heart and liver (Aleku et al.  2008a ; Gutbier et al.  2010 ; Santel et al.  2006 ). AtuPLEX 
encapsulating siRNA against protein kinase N3 ( PKN3 ), which is a downstream 
effector gene of the phosphoinositide-3-kinase cascade, inhibited tumor growth in a 
human prostate ectopic model and a human prostate orthotropic model via an anti- 
angiogenic effect (Aleku et al.  2008b ). In this report, they also showed that AtuPLEX 
could induce gene silencing in the lung endothelium of a non-human primate, a 
Cynomolgus monkey. In another article, AtuPLEX was reported to substantially 
inhibit tumor growth in an experimental metastatic model (intravenous injection of 
Lewis lung carcinoma cells) and a spontaneous metastatic model (local injection of 
human breast cancer cells to mammary fat pads) (Santel et al.  2010 ). AtuPLEX is 
currently under a clinical trial with gemcitabine for the treatment of patients with 
pancreatic cancer. AtuPLEX would be expected to be a prime candidate for anti- 
angiogenic therapy by siRNA. 

 DOTAP-based PTX-loaded cationic liposomes (EndoTAG-1) were indeed 
announced to be in the process of being evaluated in Phase 1/2 clinical trials for the 
treatment of advanced head and neck cancer and a Phase 2 clinical trial for HER2- 
negative breast cancer patients (Awada et al.  2014 ; Strieth et al.  2014 ). Cationic 
liposome-mediated anti-angiogenic therapy would be a promising strategy due to 
the simplicity of their preparation and the targeting method.  

8.2.2     Peptides 

 To deliver DDSs and their cargo to objective cells, the modifi cation of peptide 
ligands with a high affi nity to a protein which is, preferably, specifi cally and highly 
expressed in target cells, is a popular strategy in cancer cell targeting. For cancer cell 
targeting, ligand conjugation is not necessarily required because liposomes with a 
prolonged circulation time tend to accumulate in tumor tissue via the EPR effect. For 
targeting tumor endothelial cells, such strategies are often utilized as shown in 
Table  8.2 .
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8.2.2.1      RGD Motif 

 RGD (Arg-Gly-Asp) peptides are one of most popular ligands for targeting tumor 
endothelial cells. The RGD motif is recognized by some types of integrins, which 
are cell adhesion receptors (Barczyk et al.  2010 ). The RGD motif binds particularly 
well to α v β 3  integrin heterodimers, which are highly expressed in angiogenic tumor 
endothelial cells and some types of cancer cells (Arosio and Casagrande  2015 ). 
Gurrath et al. reported that a three dimensional conformation of the RGD-containing 
peptide is important for the strong inhibition of integrins and their receptors, such 
as vitronectin and laminin (Gurrath et al.  1992 ). They identifi ed cyclized Arg-Gly- 
Asp- D -Phe-Val (cyclic RGDfV) as a superior ligand for integrins because the con-
formation of the molecule is fi xed by cyclization, resulting in an accurate match of 
the three-dimensional structure. To modify liposomes with a cyclic RGD peptide, 
they altered valine, lysine or cysteine residues. These altered sequences were cova-
lently bound to the head of a PEG lipid via a carboxyl group or a maleimide group, 
respectively. Thus, cyclized forms appear to be more favorable structures in most 
cases. 

 Schiffelers et al. reported that DOX-loaded cyclized RGDf(ε-S-acetylthioacetyl)
K liposomes are localized in tumor endothelial cells after the systemic injection of 
the liposome into a C26 murine colon carcinoma model, and that the RGD liposome 
inhibited tumor growth more effi ciently than the PEGylated liposome (Schiffelers 
et al.  2003 ). Using the same sequence, Koning et al. attempted neutron capture ther-
apy (NCT) (Koning et al.  2004 ). NCT is a type of radiotherapy, in which thermal 
neutrons are captured by a boron 10 ( 10 B) compound, with the release of alpha par-
ticles. The released alpha particles have such a high energy that adjacent cells are 
damaged. After internalization of the RGD-modifi ed  10 B liposomal formulations 
and subsequent radiation, 75.4 % of the human umbilical vein endothelial cell 
(HUVEC) were found to be dead in comparison to 8.3 % in the presence of the free 
 10 B compound. Hӧliq et al. newly identifi ed the GARYCRGDCFDG sequence 
though a phage display method against HUVEC and melanoma cells (Holig et al. 
 2004 ). They also confi rmed that this sequence was equal to the original cyclic RGD 
in its affi nity for targeting cells. Likewise, when GARYCRGDCFDG-modifi ed 
liposomal paclitaxel was injected into a human lung cancer model, CD34-positive 
tumor endothelial cells were diminished (Meng et al.  2011 ). Kim et al. combined 
cyclic RGD-mediated targeting with thermosensitive liposomes (Kim et al.  2014 ). 
The authors modifi ed DOX-loaded liposomes with a thermosensitive peptide, an 
elastin-like molecule, which shrinks in size above a certain temperature. In that 
report, they demonstrated that the release of doxorubicin is facilitated in an  in vitro  
study and an increased accumulation in tumor tissue. In addition to these chemo-
therapy and radiotherapy procedures, many groups have reported on the delivery of 
nucleic acids. Pramanik et al. reported that liposomes containing a lipopeptide, 
which consists of RGDK tetrapeptides conjugated with two alkyl chains, effi ciently 
delivered pDNA to α 5 β 1  integrin positive endothelial cells (Pramanik et al.  2008 ). In 
that study, they reported the delivery of a pDNA coding anti-cancer gene, p53, and 
thus succeeded in demonstrating an anti-tumor effect. In another report, the same 

Y. Sakurai and H. Harashima



211

group selected curcumin as a cargo (Mondal et al.  2013 ), which is known to have 
anti-angiogenic effects via several pathways (Aggarwal et al.  2006 ; Shishodia et al. 
 2005 ). As a result, curcumin-loaded RGDK-modifi ed liposomes signifi cantly inhib-
ited tumor growth. They also revealed that the co-encapsulation of curcumin and 
doxorubicin into RGDK liposomes synergistically inhibited tumor growth (Barui 
et al.  2014 ). Madjumder et al. also studied the effect of the down-regulation of a cell 
division cycle homologue (CDC) 20, which is a highly conserved protein that is 
involved in cell cycle regulation. (Majumder et al.  2014 ). To suppress the expres-
sion of CDC20, they used siRNA. When liposomal formulations of anti-CDC20 
siRNA were injected into B16F10-bearing mice, a robust inhibition in tumor growth 
was observed. They then clarifi ed that the anti-CDC20 siRNA induced apoptosis of 
endothelial cells by the TUNEL staining of tumor sections. Liu et al. focused on 
anti-micro RNA (miRNA) oligonucleotides (AMOs). MiRNA molecules had a par-
tially complementary sequence against several endogenous mRNAs, and thereby 
down-regulated or up-regulated some of the signal cascades. A number of miRNA 
preparations are known to be involved in cancer progression (Calin and Croce 
 2006 ). These investigators attempted the delivery of AMO against miRNA-296 
(miR-296). MiR-296 plays a key role in angiogenesis via regulating the expression 
of the hepatocyte growth factor-regulated tyrosine kinase substrate (HGS), which 
degrades the VEGF receptor 2 (VEGFR2) and the platelet-derived growth factor 
receptor β (PDGFRβ) (Wurdinger et al.  2008 ). After the injection of the formulated 
AMOs, the CD31-positive cells in a HUVEC/matrigel plug decreased, accompa-
nied by a decreased HGS expression. We also succeeded in delivering siRNA to 
tumor endothelial cells using the RGD peptide and our original lipid, YSK05. 
YSK05 is a cationic lipid, which induces membrane fusion between a liposome 
membrane and the endosome membrane responds to acidifi cation after internaliza-
tion, with the siRNA consequently being effectively released to the cytosol (Sato 
et al.  2012 ). With an acid dissociation constant (p Ka ) of 6.5, the YSK05-containing 
liposome is neutral under physiological conditions, which allows YSK05-containing 
liposomes to evade immunosurveillance. Thus, siRNA-loaded YSK-liposomes can 
inhibit the expression of a target gene in the liver (Hayashi et al.  2014 ; Sato et al. 
 2015 ) and in cancer (Sakurai et al.  2013 ,  2014a ). For targeting tumor endothelial 
cells, we modifi ed the YSK-liposome cyclic RGD peptide (RGD-MEND). When 
the RGD-MEND is systemically injected into human renal cell carcinoma-bearing 
mice at a dose of 3.0 mg/kg, CD31 expression was signifi cantly inhibited (Sakurai 
et al.  2014b ,  2016 ). The continuous injection of the RGD-MEND encapsulating 
siRNA against VEGFR2 resulted in suppressed tumor growth and a decrease in the 
density of micro vessels (Sakurai et al.  2014b ). Moreover, we succeeded in maxi-
mizing the siRNA delivery effi cacy of the RGD-MEND by optimizing RGD modi-
fi cation methodology (Hada et al.  2015 ). 

 Some groups have investigated methods for improving the binding of cyclic 
RGD to the surface of liposomes to target αvβ3 integrin, whic is dependent on mul-
timeric interaction. In tumor tissue imaging via cyclic RGD, a radioisotope-cyclic 
RGD tetramer was more strongly bound to α v β 3  integrin than the radioisotope-cyclic 
RGD monomer and dimer (Shi et al.  2011 ; Wu et al.  2005 ), based on near-infrared 
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fl uorescence imaging (Wu et al.  2006 ). We revealed that the dissociation constant 
(K  D  ) large-sized liposome (>300 nm) was approximately 10-times higher than that 
of a normal-sized one (=100 nm) (Kibria et al.  2013 ). Ligand ability is highly 
dependent on the character of the liposome being used, and therefore formulations 
need to be optimized in order to achieve the maximum therapeutic effect.  

8.2.2.2    The NGR Motif 

 The NGR motif was fi rst identifi ed by an  in vivo  phage display (Arap et al.  1998 ). 
In this report, they discovered that a CNGRCVSGCAGRC-expressing phage could 
accumulate in the tumor vasculature, and that binding was inhibited in the presence 
of a CNGRC peptide truncated from the whole sequence. Moreover, when DOX 
was conjugated with the CNGRC peptide, the survival rate of tumor bearing mice 
was increased. Pasqualini et al. identifi ed animonopeptidase N (CD13) as a receptor 
of CNGRC (Pasqualini et al.  2000 ). Negussie et al. synthesized the cyclic KNGRE 
peptide in order to link the NGR motif to a PEG lipid (Negussie et al.  2010 ). The 
NGR-motif conjugate facilitated the internalization of conjugate-modifi ed lipo-
somes in a CD13-posirive cell line. Although there are a number of reports on NGR 
peptide-mediated delivery, most failed to determine which is the actual target, can-
cer cells or tumor endothelial cells. This might be because aminopeptidase N is also 
expressed, not only in tumor endothelial cells, but in cancer cells as well. Pastorino 
et al. used the long NGR-containing peptide GNGRGGVRSSSRTPSDKYC as a 
ligand to tumor endothelial cells (Pastorino et al.  2003 ). They showed that systemi-
cally injected NGR-modifi ed DOX-loaded liposomes were delivered to tumor 
endothelial cells in a human orthotropic neuroblastoma model, and TUNEL staining 
clarifi ed that the injection induced the apoptosis of endothelial cells, not cancer 
cells. Another group suggested that the PTX-loaded CNGRC-modifi ed liposome 
likewise inhibited tumor progression via the disruption of tumor endothelial cells 
(Luo et al.  2013 ).  

8.2.2.3    Others 

   Anginex 

 Griffi oen et al. screened peptide sequences that have an inhibitory effect on angio-
genesis (angiostatic) based on the fact that known anti-angiogenic proteins, includ-
ing endostatin, platelet factor-4, TNF and the bactericidal-permeability increasing 
protein commonly have a β-sheet structure (Griffi oen et al.  2001 ). As a result of the 
screening, they identifi ed ANIKLSVQMKLFKRHLKWKIIVKLNDGRELSLD as 
an endothelial-specifi cally cytotoxic peptide. A target protein of Anginex is 
Galectin-1, a glycoprotein that engages in cancer cell proliferation and angiogenesis 
via dimerization (Thijssen et al.  2015 ; Thijssen et al.  2006 ). As a reslt of a compari-
son of Anginex-modifi ed liposomes with RGD-modifi ed liposomes in delivering a 
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magnetic resonance imaging (MRI) contrast agent, chelateing Gd 3+ , meculumine 
gadopentate (Gd-DTPA) to HUVEC, Anginex-modifed liposomes could be used to 
distinctly visualize HUVEC pellets (Brandwijk et al.  2007 ). They also succeeded in 
delivering anti-VEGFR2 siRNA to HUVEC, whose effi cacy was superior to the 
commercially available reagent, Lipofectamine2000® (Yousefi  et al.  2014 ). 
Additionally, they showed that Anginex peptides themselves inhibited tumor growth 
(van der Schaft et al.  2002 ).  

   APRPG Peptide 

 The APRPG peptide was identifi ed by Oku et al. as a consensus sequence in a phage 
display library against tumor xenografts (Oku et al.  2002 ). They fi rst synthesized a 
APRPG-PEG-distearoyl- sn -gryceroethanolamine (DSPE) conjugate, and this con-
jugate permitted the liposome to accumulate in tumor tissue after systemic injection 
(Maeda et al.  2004a ). An APRPG-liposome formulated with DOX signifi cantly sup-
pressed tumor growth in a murine melanoma model (Maeda et al.  2004b ), a DOX- 
resistant murine leukemia model (Shimizu et al.  2005 ), a human orthotropic 
pancreatic model (hypovascular) (Yonezawa et al.  2007 ). Maeda et al. revealed that 
an APRPG-modifi ed liposome encapsulating DOX accumulated in tumor endothe-
lial cells (Maeda et al.  2006 ). They also carried out anti-angiogenic therapy success-
fully using PDT therapeutics BPD-MA (Ichikawa et al.  2005 ), cytotoxic nucleotide 
CNDAC-palmitoyl derivative (DPP-CNDAC) (Asai et al.  2002 , Asai et al.  2008 ) 
and VEGFR2 phosphorylation inhibitor SU5416 (Katanasaka et al.  2008b ) and 
SU1498 (Katanasaka et al.  2008a ). Moreover, they attempted to deliver nucleic 
acids using their original cationic lipid, dicetyl phosphate-tetraethylenepentamine 
(DCP-TEPA). Asai et al. examined a complex of cholesterol-conjugated siRNA and 
a DCP-TEPA based liposome (TEPA-PCL) with an APRPG peptide and found that 
it could be delivered to tumor tissue after administration (Asai et al.  2011 ). They 
reported an siRNA against mTOR in tumor tissue (Koide et al.  2011 ) and a meta-
static site (Koide et al.  2015 ). In addition to siRNA, the delivery of miRNA was also 
studied. When a murine colorectal cancer model was treated with miR-499 encap-
sulated in TEPA-PCL, tumor growth was substantially suppressed (Ando et al. 
 2014 ). 

 Kondo et al. delivered the PDT therapeutic DPP-CNDAC to tumor endothelial 
cells using substrate sequences of membrane type-1 matrixmetalloproteinase (MT1- 
MMP)-modifi ed liposomes (Kondo et al.  2004 ) MT1-MMP is involved in the acti-
vation of MMP-2, which plays a key role in invasion and angiogenesis (Itoh and 
Seiki  2006 ). They conjugated stearic acid with a consensus substrate for MT1- 
MMP, GPLPLR peptides. Positron emission tomography (PET) imaging revealed 
that the accumulation of GPLPLR-liposomes was increased in tumor tissue. When 
murine colorectal cancer-bearing mice were treated with DPP-CNDAC-loaded 
GPLPLR-liposomes, a substantial delay in tumor growth was observed. 

 Santos et al. modifi ed pH-sensitive liposomes with the G-protein coupled receptor 
antagonist hexapeptide, RwPN-MePwLM (lower cases mean a D-form), and encap-
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sulated ODNs against Bcl-2 (Santos et al.  2010 ). They reported that peptide modifi ca-
tion resulted in cellular binding, but not effi cient silencing. Chen et al. studied a 
truncated 86 mer peptide against the human FGF receptor (FGFR) (Chen et al.  2010 ). 
They succeeded in inhibiting tumor growth by injecting DOX-loaded liposomes, but 
they did not demonstrate which cells are the fundamental target, i.e., cancer cells or 
tumor endothelial cells. Gomes-daSilva et al. reported that the F3 peptide targeting 
nucleolin, which is expressed at high levels in cancer cells and tumor endothelial cells, 
enhanced the effi ciency of delivery of anti polo-like kinase 1 (PLK1) (Gomes-da-
Silva et al.  2013 ). Kawahara et al. investigated  apelin- modifi ed liposomes, which 
were produced from endothelial cells and controlled the arrangement of the vascula-
ture (Baffert et al.  2006 ). Short form apelin (13 mer)-modifi ed liposomes were taken 
up by NIH3T3 cells that had been transfected with an apelin receptor (APJ). They also 
revealed that apelin-modifi ed liposomes were delivered to the tumor vasculature of 
murine melanoma and murine colorectal cancer tissue (Kawahara et al.  2013 ). Paoli 
et al. reported that a CRPPR peptide with a high affi nity against neropilin-1 (NRP-1) 
(Paoli et al.  2014 ), which was identifi ed by phage display screening by Teesalu et al. 
(Teesalu et al.  2009 ). NRP-1 is a key mediator for tumor angiogenesis, and is expressed 
in tumor endothelial cells at high levels (Chaudhary et al.  2014 ). CRPPR-modifi ed 
DOX-loaded liposomes succeeded in drastically inhibiting breast cancer growth. Chi 
et al. reported on the interleukin (IL)-4 receptor (IL4R) –targeted delivery (Chi et al. 
 2015 ). IL4R is known to be expressed in some types of cancer. In their study, they 
showed that IL4R is expressed in the tumor vasculature in TNF-α activated HUVEC 
and clinical patient specimens, and that IL4R-targeted liposomes were superior to 
DOX-loaded conventional liposomes. Guo et al. developed an ephrin type-A receptor 
(EphA2)-mediated DDS for targeting both cancer cells and tumor endothelial cells 
(Guo et al.  2015 ). EphA2 is a 130 kDa, transmembrane glycoprotein that is overex-
pressed in the angiogenic vasculature (Brantley-Sieders et al.  2005 ). They modifi ed 
DOX-loaded liposomes with YSAYPDSVPMMSK, which was found to function as 
a ligand for EphA2 by a phage display, and found a substantial inhibition of breast 
cancer growth. Xiong et al. developed a unique DDSs. They encapsulated the ade-
novirus vector into anionic liposomes modifi ed with CGNSNPKSC (GX-1), which 
was discovered as a consensus sequence binding to the human gastric tumor vascu-
lature (Xiong et al.  2015 ). They demonstrated that adenovirus-loaded anionic 
GX-1-liposomes were effi ciently taken up by HUVEC. Thus, a number of peptide-
mediated DDSs for anti-angiogenic therapy have now been developed.    

8.2.3     Nucleic Acids Aptamer 

 Nucleic acid aptamers are DNA or RNA, that can bind to a target receptor through 
assembling into a characteristic secondary structure. Aptamers have several advan-
tages, in that they are less toxic and immunogenic compared to antibodies or pep-
tides (Keefe et al.  2010 ). In most cases, Aptamers are identifi ed by the Systematic 
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Evolution of Ligands by Exponential enrichment (SELEX) method, in which 
sequences with a high affi nity for target proteins or cells are discovered from com-
binatory libraries by repeated  in vitro  selection procedures. Two different groups 
independently reported on this methodology in the early 1990s (Ellington and 
Szostak  1990 ; Tuerk and Gold  1990 ). Aptamers for anti-angiogenic therapy have 
already been approved as pegaptanib (Macugen® from Pfi zer) in 2004 by the FDA, 
which is used against the patients with age-related macular degeneration. Thus, 
aptamers are expected to be a new class of therapeutics themselves or supportive 
devices for DDSs as shown in Table  8.3 . Man et al. identifi ed DNA aptamers against 
E-selectin (ESTA), in which a phosphodiester bond was altered with a phosphoro-
thioate in order to increase binding affi nity and protect the sequence from the action 
of nucleases (Mann et al.  2010 ). They proved that ESTA was taken up by human 
microvascular endothelial cells with tetracycline-inducible E-selectin in the pres-
ence of doxycycline. They then coupled ESTA with PEGylated liposomes and per-
formed  in vivo  experiments with a human breast cancer model (Mann et al.  2011 ). 
When fl uorescently labeled ESTA-liposomes were systemically injected into 
MDA-MB-231 bearing mice, ESTA-liposomes were co-localized in E-selectin pos-
itive tumor endothelial cells. We also discovered DNA aptamers with a high affi nity 
for tumor endothelial cells by the cell-based SELEX method, in which we used 
isolated tumor endothelial cells and skin endothelial cells as a positive and negative 
control, respectively (Ara et al.  2012 ). Hida et al. isolated endothelial cells from 
tumor tissue and established a method for their culture (Hida et al.  2004 ), and kindly 
provided us with two cell lines. Of these identifi ed sequences, AraHH001 had a 
strong binding affi nity (K  D   43.8 nM ± 13.7 nM) and inhibited tube formation in 
tumor endothelial cells. We then explored a target receptor of AraHH001 using a 
peptide mass fi ngerprinting assay. As a result of matrix assisted laser desorption 
ionization – time of fl ight – mass spectrometry, we identifi ed troponin T (Ara et al. 
 2014a ), which is expressed in cardiomyocytes at physiological conditions as a tar-
get protein (Giannoni et al.  2009 ). This fi nding suggested that troponin T could be a 
specifi c marker for the presence of cancerous tissue in the body, and that such meth-
odology could paradoxically contribute to the identifi cation of a new marker. To 
assess the ability of AraHH001 as a ligand for tumor endothelial cells, we coupled 
AraHH001 with a PEG-lipid conjugate via a thioester bond. When liposomes are 
modifi ed with AraHH001 aptamers, the liposomes tended to accumulated in the 
tumor endothelium, not in the extracellular space or in cancer cells (Ara et al. 
 2014b ).

   Table 8.3    Aptamers for targeting tumor endothelial cells   

 Name  Target  Cancer type  Effect  Ref 

 ESTA  E-selectin  Human breast cancer  Not 
yet 

 Mann et al. ( 2010 ,  2011 ) 

 AraHH001  Troponin T  Human renal cell 
carcinoma 

 Not 
yet 

 Ara et al. ( 2012 ,  2014a , 
 b ) 
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8.2.4        Antibodies 

 Antibody-conjugated liposomes (immunoliposomes) are also used for tumor endo-
thelial cell targeting. To our knowledge, a monoclonal antibody against α V β 3  integ-
rin (clone LM609) conjugated liposome is the fi rst report of an  in vivo  antibody 
targeting (Sipkins et al.  1998 ). In this report, the authors encapsulated Gd 3+  with a 
chelator lipid, and visualized tumor tissue by MRI. In this section, we introduce 
examples of endothelial targeting through antibody conjugation, as summarized in 
Table  8.4 .

   Table 8.4    Antibody conjugated liposomal carriers for angiogenic endothelial cells   

 Antibody  Cancer type  Therapeutics  Effect  Ref 

 α V β 3  
integrin 
 LM609  Rabbit cancer  MRI contrast 

agent 
 MRI vialization  Sipkins et al. ( 1998 ) 

 VEGFR2 
 3G2  NIH-3 T3 

transfectant 
 Fluorescence   in vitro  binding  Benzinger et al. 

( 2000 ) 
 DC101  Human 

colorectal 
cancer and 
human breast 
cancer 

 Doxorubicin  Inhibiting tumor 
growth via 
anti-angiogenic 
effct 

 Wicki et al. ( 2012 ) 

 scFv  Human 
melanoma and 
leukemia 

 Fluorescence   in vitro  
internalization 

 Rubio Demirovic 
et al. ( 2005 ) 

 VCAM1 
 MK271  Humanb 

colorectal 
cancer 

 Fluorescence  Accumulation in 
tumor tissue 

 Gosk et al. ( 2008 ) 

 E-selectin 
 H18/7  HUVEC  Doxorubicin   in vitro  cell killing 

effect 
 Spragg et al. ( 1997 ) 

 E-selectin 
antibody 

 Ehrlich ascites  Fluorescence  Fuorescent imaging  Hirai et al. ( 2010a ) 

 SAINT-O- 
Some 

 Activated 
HUVEC 

 siRNA   in vitro  silencing 
effect 

 Asgeirsdottir et al. 
( 2010 ), Kowalski 
et al. ( 2013 ,  2014 ); 
Leus et al. ( 2014a ,  b ), 
and van der Gun et al. 
( 2007 ) 
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8.2.4.1      VEGFR2 

 VEGFR2 plays a dominant role in tumor pathological angiogenesis (Brekken and 
Thorpe  2001 ), and is highly expressed in angiogenic tumor endothelial cells. 
Benzinger et al. conjugated an antibody against VEGFR2 (clone 3G2) with lipo-
somes (3G2-IL), and performed  in vitro  studies with CHO cells that stably express 
VEGFR2. The uptake of 3G2-IL is increased in VEGFR2-expressing CHO cells, 
but not in normal CHO cells (Benzinger et al.  2000 ). This increase was inhibited by 
the addition of free VEGF, indicating that the uptake of 3G2-IL is mediated by 
VEGFR2. The anti-angiogenic ability of VEGFR2 antibody conjugated liposomes 
were assessed in a xenograft model and a spontaneous model. Wicki et al. con-
cluded that a DOX-loaded antiVEGFR2 antibody (clone DC101) conjugated- 
liposome can inhibit tumor growth, and that the inhibition was accompanied by a 
decrease in the density of micro vessels and the proliferation of tumor endothelial 
cells in RipTag2 mice (a spontaneous pancreatic cancer model), PyMT mice (a 
spontaneous breast cancer model) and HT-29-bearing mice (a human colorectal 
cancer xenograft) (Wicki et al.  2012 ). Another group identifi ed single chain Fv 
(scFv) against VEGFR2 (Rubio Demirovic et al.  2005 ).  

8.2.4.2    VCAM-1 

 The vascular cell adhesion molecule-1 (VCAM-1) is an immunoglobulin-like type 
I membrane protein glycoprotein, which is observed in infl ammatory sites, tumor 
tissue and pro-metastatic niches (Schlesinger and Bendas  2015 ). Gosk et al. conju-
gated the VCAM-1 antibody (clone MK271) with liposomes via a cyanur group 
(Gosk et al.  2008 ). When MK-271-conjugated liposomes were systemically injected 
into human colorectal cancer Colo677-bearing mice, the liposomes accumulated in 
the tumor CD31 positive endothelium, not in normal tissue (lung and liver).  

8.2.4.3    E-Selectin 

 Infl ammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1α 
(IL-1α), or -1β, induce E-selectin expression. In normal tissue, E-selectin plays a 
role in leukocyte adhesion and on endothelial cells in an infl ammatory cite via inter-
actions between E-selectin and its ligand, such as Siaryl Lewis X (SLX) (Bird et al. 
 1997 ). On the other hand, E-selectins, which are located on the surface of tumor 
endothelial cells, are involved in metastasis in target organs, such as colorectal and 
breast cancer (Eichbaum et al.  2004 ; Ye et al.  1995 ). Thus, the specifi c targeting of 
E-selectin by an antibody can be used for selective delivery to tumor endothelial 
cells. It was reported that an anti-E-selectin murine antibody (H18/7)-conjugated 
liposome can deliver DOX to IL-1β activated HUVEC, and induced cell death 
(Spragg et al.  1997 ). In the article, they compared four types of liposomes (classical, 
PEGylated, cationic, pH-sensitive) with respect to binding ability. Of these, the 
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classical liposome had the most enhancing effect by antibody conjugation. 
On the other hand, cationic liposomes were taken up, even in non-activated 
HUVEC. Considering  in vivo  experiments, anti-E-selectin mouse whole antibody 
conjugation to a liposome encapsulating fl uorescence dye, Cy3 or Cy5.5, was used 
to visualize tumor tissue by  in vivo  imaging (Hirai et al.  2010a ). 

 An antibody-mediated liposomal delivery has also been developed, although its 
target is infl ammatory endothelial cells by cytokines, not tumor endothelial cells. A 
cationic amphilphlic lipid, 1-methyl-4-( cis -9-dioleyl)methyl-pyridinium chloride 
(SAINT) was designed by van der Gun BT et al. as a protein carrier (van der Gun et al. 
 2007 ). They revealed that a combination of an SAINT-containing siRNA lipoplex 
(SAINT-O-Somes) and an antibody against E-selectin inhibited gene expression, even 
in HUVEC (Asgeirsdottir et al.  2010 ), which remains diffi cult for siRNA transfection 
by liposomal transfection reagents in  in vitro  circumstances (Martin and Murray 
 2000 ). They argued that SAINT-O-Some conjugated with VCAM-1 also induced 
gene silencing in TNF-α activated HUVEC and human aortic endothelial cells 
(HAEC) (Kowalski et al.  2013 ). When they systemically injected TNF-α activated 
mice with SAINT-O-Somes, the SAINT-O-Somes accumulated in infl amed endothe-
lial cells (Kowalski et al.  2014 ). Endothelial gene expression was measured by isolat-
ing endothelium from tissue sections using laser microdissection. As a result, 
endothelial cell specifi c gene vascular endothelial cell cadherin Ve-cadherin and RelA 
expression was suppressed by the SAINT-O-Somes injection. They then developed 
PEGylated SAINT-O-Somes and attempted to use them in an  in vivo  circumstance. 
PEGylated SAINT-O-Somes suppressed VE-cadherin production in TNF-α activated 
HUVEC, although its silencing effect was slightly weaker than the non-PEGylated 
preparation (Leus et al.  2014b ). However, when TNF-α activated mice were intrave-
nously injected with PEGylated SAINT-O- Somes, no silencing effect was observed in 
lungs or liver endothelial cells in spite of a long circulation time and a high accumula-
tion of PEGylated SAINT-O-Somes (Leus et al.  2014a ). They argued that PEGylation 
inhibited intracellular traffi cking through membrane fusion between the SAINT-O-
Somes and endosomal membranes. Although, as of this writing, they did not apply 
SAINT-O-Somes to the delivery of siRNA to tumor endothelial cells, we hope that 
their carrier successfully induced effective gene silencing in tumor endothelial cells, 
which are present in infl ammatory conditions, for anti-angiogenic therapy.   

8.2.5     Sialyl Lewis X  

 Sialyl Lewis X  (SLX) is a tetrasaccharide, which consists of N-acetylneuraminic 
acid, two galactoses, N-acetylglucosamine. SLX was fi rst discovered as a human 
gastric cancer antigen, which recognizes E-selectin on the surface of endothelial 
cells, specifi cally under infl ammatory conditions (Kannagi  2007 ). 

 According to these properties of SLX, it was reported that SLX lipid derivatives on 
the surface of liposomes can effi ciently inhibit the binding of SLX or SLX- expressing 
cells to E-selectin and E-selectin expressing cells (Bruehl et al.  2001 ; Zeisig et al. 
 2004 ). Minematsu et al. revealed that a colloidal gold-loaded SLX- liposome accumu-
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lated in tumor endothelial cells, but not in cancer cells after systemic injection 
(Minematsu et al.  2011 ). There are some reports concerning anti-tumor effects of 
SLX-liposomes. SLX-liposomes encapsulating the glycoglycerolipid monogalactosyl 
diacylglycerol, which selectively diminished DNA replication exclusively in cancer 
cells, is an example (Mizushina et al.  2012 ). The authors showed that the systemic 
injection of glycoglycerolipid monogalactosyl diacylglycerol -loaded SLX-liposomes 
inhibited tumor growth in a human colorectal cancer model without a decrease in 
body weight. Another group reported that the injection of cisplatin-loaded SLX-
liposomes led to a substantial inhibition in tumor growth, and that cisplatin accumula-
tion in tumor tissue was signifi cantly increased by SLX modifi cation (Hirai et al. 
 2010b ). Regarding the intracellular traffi cking of SLX- liposomes, it was reported that 
TNF-α activated HUVEC, which is the main population of SLX-liposomes is rapidly 
taken up via a clathrin-independent pathway (Alekseeva et al.  2015 ). In addition, after 
the internalization of the SLX-liposomes. they accumulate in the Golgi apparatus, and 
then move to the endoplasmic reticulum. In the near future, SLX-liposomes promise 
to function as the best types of anti-angiogenic therapy.  

8.2.6     Dual-Targeting 

 Dual-targeting is a general term for describing nanocarriers that are modifi ed with 
two ligands that can interact with different receptors, as summarized in Table  8.5 . 
Takara et al. proposed a new concept of dual targeting, as shown in Fig.  8.1  (Sakurai 
et al.  2015 ; Takara et al.  2010 ). In their study, they modifi ed liposomes with both 

   Table 8.5    Dual ligand systems for targeting tumor endothelial cells   

 Ligand 1  Target 1 

 Cancer type  Effect  Ref  Ligand 2  Target 2 

 Tetraarginine 
(R4) 

 Electrostatic  Human renal 
cell carcinoma 

 Tumor growth 
inhibition 

 Takara et al. 
( 2010 ,  2012 ) 

 CYGGRGNG  CD13 
 Octaarginine (R8)  Electrostatic  Human renal 

cell carcinoma 
  in vitro  uptake  Kibria et al. 

( 2011b )  Cyclic RGD  α V β 3  integrin 
 R8  Electrostatic  Human renal 

cell carcinoma 
  in vitro  uptake  Kibria et al. 

( 2011a )  KYND  Tumor endothelial 
marker 8 

 Cyclic RGD  α V β 3  integrin  Murine 
melanoma 

  in vivo  targeting 
(MRI contrast agent 
and fl uorescence) 

 Kluza et al. 
( 2012 )  Anginex  Galectin-1 

 APRPG  VEGFR1  Colorectal 
cancer 

 Tumor growth 
inhibition 

 Murase et al. 
( 2010 )  CNGRG  CD13 

 APRPG  VEGFR1  Colorectal 
cancer 

  in vitro  binding  Sugiyama 
et al. ( 2013 )  GRGDS  α V β 3  integrin 
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ligand peptides for targeting and oligoarginine peptides (RX; X = 2 ~ 8), which are 
known to be cell penetrating peptides (CPPs) (Raucher and Ryu  2015 ). Their dual- 
ligand liposomes fi rst approached a target cell via an interaction between ligand 
peptides and target receptors on the cells, after which they become strongly inter-
nalized into target cells through electrostatic interactions between oligoarginine and 
cellular membranes. The uptake of NGR/R4 dually modifi ed liposomes was 
observed only in CD13-positive tumor endothelial cells, not in CD13-negative skin 
endothelial cells. They then indicated that size controlled (>300 nm) dual-ligand 
liposomes exhibited a better anti-angiogenic effect in renal cell carcinoma models 
(Takara et al.  2012 ). They also attempted to combine octaarginine peptides (R8) 
with cyclic RGD peptides (Kibria et al.  2011b ) or KYND peptides (Kibria et al. 
 2011a ). The KYND peptides bind to tumor endothelial marker 8, which is specifi -
cally expressed in tumor endothelial cells (Bradley et al.  2001 ).

    Kluza et al. attempted to combine Anginex peptides and cyclic RGD peptides for 
use as an MRI contrast agent, Gd-DTPA (Kluza et al.  2012 ). Anginex/cyclic RGD 
dually modifi ed liposomes delivered larger amounts of Gd-DTPA in comparison 
with single modifi ed liposomes. Murase et al. reported that DOX-loaded liposomes 
modifi ed with both APRPG and CNGRC peptides accumulated in tumor tissue to a 
greater extent and exhibited a better therapeutic effect in a murine colorectal cancer 
model (Murase et al.  2010 ). They then explored the issue of whether dual ligands 
truly contributed to the synergistic binding to the target cells. Sugiyama et al. 
reported that dual-targeting liposomes (APRPG and GRGDC peptides) were more 
strongly associated with immobilized target protein than single-targeting liposomes 
by surface plasmon resonance (Sugiyama et al.  2013 ).   

  Fig. 8.1    Schematic diagram of dual-targeting liposomes by Hatakeyama et al. The dual-ligand 
system is equipped with oligoarginine and a specifi c ligand. Liposomes initially approach the tar-
get cells via association between a specifi c ligand and the target receptor, and oligoarginine on the 
surface of the liposome then forces the liposome to be internalized through electrostatic interac-
tions (Reproduced from Sakurai et al.  2015  with permission from The Royal Society of Chemistry)       
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8.3     Impact of Tumor Endothelial Cells on Tumor 
Microenvironments 

 Anti-angiogenic therapy can contribute to cancer therapy via the direct suppression 
of neo vasculature formation, but also via an indirect improvement of chemothera-
peutics concomitant with anti-angiogenic drugs. Wildiers et al. suggested that anti- 
angiogenic therapy facilitates the delivery of cytotoxic agents to tumor tissue 
(Wildiers et al.  2003 ). They measured the concentration of CPT-11 in the presence 
and absence of anti-VEGF therapy using an antibody. The CPT-11 concentration in 
the co-treatment group was signifi cantly higher than the CPT-11 single treatment 
group, and the co-treatment decreased tumor growth in a HT29 colon cancer model 
in a synergistic manner. Such an enhancing effect was also observed in clinical tri-
als. In Phase Ib trials, a combination therapy comprised of 3 mg/kg of intravenously 
injected anti-VEGF antibody and doxorubicin 50 mg/m 2  or carboplatin 175 mg/m 2  
or fl uorouracil 500 mg/m 2  with 20 mg/m 2  of leucovorin exhibited a synergistic ther-
apeutic effect on patients with advanced cancer (Margolin et al.  2001 ). Tong et al. 
reported that VEGF signal inhibition by anti-VEGFR2 antibody (DC101) decreased 
interstitial fl uid pressure (IFP), which was an inverted pressure from tumor tissue to 
the tumor vasculature and substantially restricted the EPR-mediated delivery of 
nanoparticles (Khawar et al.  2015 ). As a result, tumor blood vessels were rendered 
mature by the DC101 treatment and the intratumoral penetration of systemically 
injected albumin increased. Thus, tumor endothelial cells-targeting DDSs altered 
the tumor microenvironment in EPR-mediated cancer cell-targeting drugs. Okamoto 
et al. reported that the delivery of mircroRNA-499 by APRPG-liposomes increased 
tumor blood fl ow, resulting in a signifi cant facilitation of the DOX therapeutic 
(Okamoto et al.  2016 ). These facts suggest that anti-angiogenic therapy synergisti-
cally potentiates therapeutic effects with traditional cytotoxic agents. Similarly, 
Abu et al. indicated that oxaliplatin-loaded cationic liposomes signifi cantly 
improved the therapeutic effect of subsequent chemotherapy (Abu Lila et al.  2010 ). 
On the other hand, it has been suggested that the excessive inhibition of angiogen-
esis could lead to oxygen shortage (hypoxia), and consequently facilitate cancer 
metastasis (Ebos and Kerbel  2011 ; Loges et al.  2009 ). Moreover, that hypoxic envi-
ronment affected cellular organelles, including a decrease in the number of mito-
chondria via hypoxic inducible factor (HIF)-1α (Keunen et al.  2011 ). Accordingly, 
a nanocarrier that can control organelle function by delivering therapeutics needs to 
be developed for a complete understanding of anti-angiogenic therapy and the con-
sequent changes.     
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    Chapter 9   
 Accessing Mitochondrial Targets Using 
NanoCargos                     

     Ru     Wen    ,     Afoma     C.     Umeano    , and     Shanta     Dhar    

    Abstract     Mitochondria are membrane bound organelles that play essential roles 
for cell life, including energy production, apoptosis, redox balance, and regulation 
of calcium. Mitochondrial dysfunction is a hallmark for various diseases ranging 
from well-known diseases like cancer to rare genetic disorders like Barth’s syn-
drome. Accordingly, mitochondria have been identifi ed as key targets for therapeu-
tic intervention. Mitochondria targeting strategies using nanocargos are rapidly 
growing tools for delivery of therapeutic and/or diagnostic payloads to mitochon-
dria. In this chapter, we will highlight specifi c mitochondrial targets for 
nanotechnology- based delivery vehicles, NanoCargos, and discuss intracellular 
uptake mechanisms for NanoCargos, as well as technological methods for investi-
gating mechanism for NanoCargo internalization into mitochondria.  

  Keywords     NanoCargo   •   Mitochondria targeting   •   Mitochondrial uptake   • 
  Technological methods  

  Abbreviations 

   AFM    Atomic force microscopy   
  ANT    Adenosine nucleotide translocator   
  ATP    Adenosine triphosphate   
  CPP    Cell-penetrating peptide   
  CDs    Carbon dots   
  CPZ    Chlorpromazine   
  DOX    Doxorubicin   
  FCCP    Carbonylcyanide-p-(trifl uoromethoxy)phenylhydrazone   
  FRET    Förster Resonance Energy Transfer   
  GQDs    Graphene quantum dots   
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  HDL    High density lipoprotein   
  HGC    Hydrophobic modifi ed glycol chitosan   
  HK    Hexokinase   
  ICP-MS    Inductively coupled plasma mass spectrometry   
  IMM    Inner mitochondrial membrane   
  IMS    Intermembrane space   
  IVIS    In vivo image system   
  JC-1    5,5’6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimidazolcarbocyanine 

iodide   
  LDH    Layered double hydroxide   
  MM    Mitochondrial matrix   
  mPTPC    Mitochondrial permeability transition pore complex   
  mtDNA    Mitochondrial DNA   
  MTS    Mitochondria targeting sequence   
  nDNA    Nuclear DNA   
  OMM    Outer mitochondrial membrane   
  OXPHOS    Oxidative phosphorylation   
  PEG    Polyethyleneglycol   
  QDs    Quantum dots   
  ROS    Reactive oxygen species   
  SEM    Scanning electron microscopy   
  SERS    Surface-enhanced Raman scattering   
  TEM    Transmission electron microscopy   
  TPP    Triphenyphosphonium cation   
  TMRM    Tetramethylrhodamine methyl ester   
  TMRE    Tetramethylrhodamine ethyl ester   
  VDAC    Voltage dependent anion channel   

9.1         Introduction 

 Mitochondria were the fi rst subcellular organelles to be isolated from a eukaryotic 
cell (Ernster and Schatz  1981 ). As membrane bound organelles, mitochondria exist 
in almost all living organisms with eukaryotic cells. In humans, each cell contains 
hundreds of mitochondria. However, the exact number varies regarding to cell type, 
tissue and species. For example, muscle fi bers have more mitochondria than adipo-
cytes. Mitochondria range from 0.5 to 1.0 μm in diameter but provide most of a 
cell’s energy as adenosine triphosphate (ATP), a source of chemical energy,  via  
oxidative phosphorylation (OXPHOS) (Ernster and Schatz  1981 ). Specially, mito-
chondria differentiate themselves from other organelles by accommodating DNA, 
so called “mitochondrial DNA” (mtDNA). Because each mitochondrion contains 
dozens of copies of mtDNA, all associated with unique mutations, each cell con-
tains thousands of unique copies of mtDNA. Located in the mitochondrial matrix, 
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mtDNA is made of 16,569 base pairs and 37 genes encoding 13 proteins, 2 rRNAs, 
and 22 tRNA associated with their own code for unique amino acids (Dimauro and 
Davidzon  2005 ). Mitochondria are heteroplasmic; mtDNA is much more likely to 
be mutated than nuclear DNA (nDNA) and variations in mtDNA occur among mito-
chondria in a cell, as well as, within a single mitochondrion. Unlike nDNA, mtDNA 
is exclusively maternally inherited, meaning offspring have no redundancy for pro-
tection against genetic mutation (DiMauro et al.  2001 ). Vulnerability of mtDNA is 
further conferred through its proximity to damaging agents. Because mtDNA lies in 
close proximity to reactive oxygen species (ROS) formed during various mitochon-
drial functions such as OXPHOS and mitochondria lack effi cient DNA repair mech-
anisms, mtDNA undergoes frequent mutations, which may be passed down from 
mother to offspring (DiMauro et al.  2001 ). Thus, mitochondria play a major role in 
disease and disease progression. Mitochondria dysfunction has been associated 
with a vast array of diseases, ranging from rare hereditary diseases—like Barth’s 
disease, myoclonic epilepsy with ragged-red fi bers, and  epilepsy—to common idio-
pathic diseases—like cancer, diabetes, and Alzheimer’s diseases (Dimauro and 
Davidzon  2005 ; Federico et al.  2012 ; Pathak et al.  2015 ; Vasquez-Trincado et al. 
 2016 ; Wen et al.  2016 ). In addition to its unique genetic characteristics, mitochon-
dria also possess unique membrane phospholipids, cardiolipin (CL), which contrib-
ute to a large array of mitochondrial processes, including, initiation of apoptosis, 
redox balance, and calcium homeostasis (Houtkooper and Vaz  2008 ; Santucci 
et al.  2014 ). 

 The structure of the mitochondrion is also complex: two lipid membranes, the 
outer mitochondrial membrane (OMM) and inner mitochondrial membrane (IMM), 
separated by an intermembrane space (IMS), which together enclose a mitochon-
drial matrix (MM) (Fig.  9.1 ). The OMM contains 8–10 % of the total proteins, 
mostly protein translocators, pore forming proteins, and mitochondrial fusion and 

  Fig. 9.1    The structure of the mitochondrion.  IMS  intermembrane space,  IMM  inner mitochondrial 
membrane,  OMM  outer mitochondrial membrane       
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fi ssion proteins encoded by the nucleus and synthesized using cytosolic ribosomes 
(Walther and Rapaport  2009 ). Small low molecular weight compounds can diffuse 
across OMM and large high molecular weight compounds use protein translocators 
and pores (Endo and Yamano  2009 ; Stojanovski et al.  2012 ; Tatsuta et al.  2014 ). 
IMM is densely packed with a complex structure of unusually high protein to phos-
pholipid ratio and provides a restrictive environment for entrance of chemical enti-
ties into the MM (Friedman and Nunnari  2014 ). Furthermore, a mitochondrial 
membrane potential (ΔΨ m ) of ~ −160 to −180 mV that prevails across the mem-
branes imposes an additional level of diffi culty for foreign molecules to cross into 
the matrix (Perry et al.  2011 ). The expanse of mitochondrial and mitochondrial-
related diseases stems directly from the various biological pathways and functions 
that are dependent on mitochondria. These four parts: OMM, IMS, IMM, and MM 
participate in various important cellular activities carried out by mitochondria, such 
as, glucose metabolism, fatty-acid oxidation, heme biosynthesis, cell signaling, dif-
ferentiation, senescence, homeostasis, and cell growth.

   The vast scope of mitochondrial and mitochondrial-related diseases stems 
directly from the various biological pathways and functions that are dependent on 
mitochondria. Mitochondria are essential participants in all cellular and biologic 
function, including energy production, blood sugar modulation, and immune pro-
tection. Mitochondrial drug targets have been identifi ed in the four major compo-
nents towards addressing several diseases that feature mitochondrial damage or 
dysfunction, such as, cancer and aging, metabolic syndromes, cardiovascular dis-
ease, and neurological diseases (Pathak et al.  2015 ; Wen et al.  2016 ). Currently, 
techniques and therapeutics that reverse, modify and/or mitigate existing mitochon-
drial dysfunction to improve overall health are being developed (Marrache and Dhar 
 2012 ; Marrache and Dhar  2013 ; Marrache et al.  2013 ; Marrache et al.  2014 ; Pathak 
et al.  2014 ; Feldhaeusser et al.  2015 ; Marrache and Dhar  2015 ; Pathak and Dhar 
 2015 ; Pathak et al.  2015 ; Kalathil et al.  2016 ; Wen et al.  2016 ). Several protein tar-
gets have been identifi ed for mitochondrial regulation in the context of disease and 
are listed in Table  9.1  (Milane et al.  2015 ). Here, we are expanding on the therapeu-
tic potential of certain targets and how they relate to cellular and mitochondrial 
functions.

   Although mitochondria undergo replication using various associated fusion/fi s-
sion proteins, mitochondrial fusion/fi ssion processes and associated proteins are 
used in various other functions, such as traffi cking, mitophagy, etc. Mitochondria 
are degraded through autophagy or, more specifi cally “mitophagy.” Mitophagy 
involves traffi cking of healthy substituents away from damaged areas of mitochon-
dria, or compartmentalizing damaged areas, and discarding these damages compart-
ments for degradation, while keeping the functional section of mitochondria intact. 
Mitophagy ensures mitochondria quality control and clearance of ROS. Damaged 
portions of a mitochondrion ineffi ciently produce ATP and, thus, have signifi cantly 
increased ROS production. Separation and destruction of damaged areas, protects 
remaining healthy mitochondrion and cell from damaging ROS and protects mtDNA 
from mutation. In a therapeutic context, mitophagy plays a critical role in important 
immunologic systems, especially in the presentation of antigens to antigen presenting 
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cells via major histocompatibility complex II for Th1/2-mediated immune response. 
Fusion and fi ssion proteins are also signifi cant in MM maintenance and turn over, as 
well as in the delivery of proteins from the endoplasmic reticulum. 

 Targeting fusion and fi ssion proteins involved in mitophagy could have profound 
therapeutic implications (Kroemer  2006 ; Maximo et al.  2009 ; Scatena  2012 ; 
Wallace  2012 ; Verschoor et al.  2013 ). For example, PTEN-induced kinase 1, a pro-
tein involved in mitophagy in OMM is able to recruit Parkin, a protein subunit of a 
ubiquitin ligase and the causative gene for autosomal recessive Parkinson’s disease, 
for damaged mitochondria selection (Mizuno et al., Greenamyre and Hastings  2004 ; 
Chen and Dorn  2013 ; Matsuda et al.  2013 ; Han et al.  2015 ; Kazlauskaite and Muqit 
 2015 ; Pathak et al.  2015 ). Pink1 and Parkin may be targeted for pharmaceutical gain 
by engineering therapeutics that alter mitochondrial contacts to the endoplasmic 
reticulum involved in biosynthesis. Altering aberrant mitochondria of cancer cell 
via fusion pathways could be a possible strategy for effi cient chemotherapy by driv-
ing cancer cells towards intrinsic apoptotic processes. On the other hand, increasing 
fi ssion can sensitize cancer cells to extrinsic apoptotic pathways, such as those 
involved in immunologic derived cancer protection (e.g. cancer vaccines), and alter 
bioenergetics and host-response to improve cancer therapy (Milane et al.  2015 ). 

 Proteins involved in signal transduction, biosynthetic and OXPHOS have been 
associated with high-impact diseases, like diabetes, cardiovascular disease, 

   Table 9.1    Mitochondrial proteins as possible targets for various disease, including cancer, 
cardiovascular disease, and other mitochondria-related diseases   

 Mitochondrial targets for therapeutic intervention 

 Outer mitochondrial 
membrane (OMM) 

 Inner mitochondrial 
membrane (IMM)  Mitochondrial Matrix (MM) 

 Fusion and fi ssion proteins  Electron Transport Proteins 
(complexes I-V, etc.) 

 TCA cycle proteins 

 Hexokinase  Adenine nucleotide 
translocators (ANTs) or ADP/
ATP carriers 

 Fatty acid oxidation 

 K-voltage dependent anion 
channel (VDAC) 

 Mitochondrial potassium 
channels (K ATP  channels) 

  

 Anti-apoptotic proteins 
(e.g. Bcl-2) 

 Uncoupling proteins  mtDNA 

 Peripheral benzodiazepine 
receptor 

   Cyclophilin D 

 Mitochondrial P-gp drug 
effl ux pump 
 Mitochondrial p53 
 Mitochondrial migratory 
proteins 
 Mitochondrial transporters, 
importers and pores 
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mitochondrial dysfunction, and neurological disease (DiMauro et al.  2001 ; Roberts 
and Sindhu  2009 ; Milane et al.  2015 ; Vasquez-Trincado et al.  2016 ), and provide 
interesting and challenging targets for metabolic control of cells using NanoCargos 
(Pathak et al.  2014 ; Marrache and Dhar  2015 ). The fi rst step of  glycolysis—ATP 
mediated phosphorylation of glucose—is initiated by hexokinase (HK) catalyza-
tion. Located in OMM, HK-II is related to ATP acquisition from potassium voltage 
dependent anion channels (VDAC)) and, interestingly, when HK-II binds to the 
OMM through VDAC, the interaction spatially inhibits pro-apoptotic proteins of 
Bcl-2 family and protects against cell death  via  mitochondrial apoptotic pathways. 
Recently, metabolic reprogramming of cancer cells using 3-bromopyruvate, a HKII 
inhibitor, was accomplished by mitochondria- targeted gold nanoparticles (Au-NPs) 
coated with triphenyphosphonium cation (TPP) as a mitochondrial targeting moiety 
(Marrache and Dhar  2015 ). Furthermore, these metabolic reprogramming Au-NPs 
displayed therapeutic effi cacy in cancer cell killing (Marrache and Dhar  2015 ). 
Mitochondrial permeability transition pore complex (mPTPC) consists of VDAC, 
adenine nucleotide translocators (ANT) and cyclophilin-D (CyP-D) which expand 
between IMM and OMM (Mathupala et al.  2006 ). The mPTPC is formed under 
conditions associated with mitochondrial death and apoptosis and regulates 
permeabilization of both IMM and OMM (Vieira et al.  2000 ). Transporting pores, 
biosynthetic pathways, and channels are especially desirable targets in concerns to 
cancer because they destabilize cell bioenergetics and facilitate apoptosis. 
Mitochondrial P-gp drug effl ux pump is an especially important target for cancer 
drug resistance. P-gp is responsible for pumping chemotherapeutics out of the mito-
chondria and cell. Any cellular stress, such as hypoxia, causes increased expression 
of P-gp. Furthermore, multiple-drug resistant cancer cells have shown high levels of 
P-gp in OMM (Solazzo et al.  2006 ). 

 There are various and important mitochondrial proteins. The challenge for 
research is in designing reliable methods and tools for targeting and mitigating 
aberrant mitochondrial functions. One solution is the use of nanotechnology-based 
delivery vehicles, “NanoCargos”. NanoCargos provide a means of targeting mito-
chondrial membranes and delivering payloads (Yousif et al.  2009 ; Marrache et al. 
 2013 ; Sakhrani and Padh  2013 ; Pathak et al.  2015 ; Weinberg and Chandel  2015 ; 
Wen et al.  2016 ) (Fig.  9.2 ). Research in nanotechnology has been extremely promis-
ing towards answering the challenges of cancer, cardiovascular disease, diabetes, 
mitochondrial dysfunction related diseases, and neurological disease (Wen et al.  2016 ).

9.2        Mitochondrial Dysfunctions in Various Diseases 

 Mitochondria generate ROS as a byproduct of their role in energy production via 
OXPHOS (Cooper  2000 ). ROS production causes somatic mtDNA mutations which 
can produce an amplifying loop of increased respiration dysregulation resulting in 
accumulation of more ROS generated mutations. ROS production causes tissue aging 
by interrupting normal cellular metabolism, increasing cell death, and decreasing 
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cellular capacity to replicate the genome (Roberts and Sindhu  2009 ; Federico et al. 
 2012 ; Milane et al.  2015 ). Our body’s regenerative capacity—which underlies youth-
ful features—is inherently dependent on our cells’ replicative and functional capacity. 
Commercially, this is why most “age-defying” cosmetics and skincare products 
feature high levels of antioxidants such as tocopherols and ascorbic acid. ROS 
damage is not exclusive to aging. Currently, a number of NanoCargos incorporate 
antioxidant moieties in order to treat diseases like cancer and neurodegeneration 
(Yamada et al.  2015b ). 

 In 2011, D. Hanahan and R. Weinberg expanded on the six hallmarks of cancer: (1) 
resistance against cell death, (2) sustained proliferation, (3) enhanced replicative 
endurance, (4) ability to escape from growth suppressors, (5) inducing metastasis, and 
(6) angiogenesis development by adding two additional hallmarks: reprogrammed 
energy metabolism and evasion of tumor destruction and two enabling features: 
genome instability and infl ammation (Hanahan and Weinberg  2011 ). All these hall-
marks are either directly or indirectly associated with mitochondria. 

 The dysfunctional mitochondria in cancer cells is attributed to mtDNA muta-
tions, ROS production, and enhanced glycolysis for ATP generation (Armstrong 
 2006 ; Fadeel et al.  2008 ). Unlike normal mitochondrial genomes that are  hetero-
plasmic , indicative of random ROS damage producing random mutations in a given 
mitochondrial genome, cancer cell mtDNA mutations are  homoplasmic , meaning 

  Fig. 9.2    A schematic diagram for NanoCargo and mitochondrial association       
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that all mitochondrial genomes are  identically  mutated. Several studies have high-
lighted associations between various cancers and specifi c mitochondrial mtDNA 
mutations. However, the mechanism of how mtDNA relates to a cancer cell’s evo-
lutionary gain has not yet been fully understood (Brandon et al.  2006 ; Chatterjee 
et al.  2006 ; van Gisbergen et al.  2015 ). 

 Dysfunction in mitochondria-mediated apoptosis inherently makes cells resis-
tant to death. Generally, cancers cells are resistant to intrinsic and/or extrinsic apop-
totic stimulators. The intrinsic pathway for programmed death is mediated primarily 
through cellular or mitochondrial damage (an “apoptotic signal”) that triggers an 
increase in p53, a tumor suppressor protein (Wickramasekera and Das  2014 ). 
Ultimately, the p53-mediated effect is the reduction of Bcl-2 and other anti-apop-
totic protein levels and an increase in Bid, Bax, Bim and other pro-apoptotic pro-
teins on the mitochondrial membrane. Overexpression of Bcl-2 is another 
mechanism that confers resistance to apoptosis. Leakage of cytochrome c through 
mitochondrial pores triggers a series of caspase- mediated interactions that creates 
an apoptosome, a destroyer of cells (Cooper  2000 ). In comparison, the extrinsic 
pathway for apoptosis is relatively simple. A pro-apoptotic ligand binds to death 
receptors, which directly trigger caspase- mediated interactions that create apopto-
somes (Cooper  2000 ). Many cancer nanotherapeutic methods focus on commonali-
ties and interactions between intrinsic and extrinsic apoptotic pathways (Mkandawire 
et al.  2015 ; Zhang et al.  2015 ). Several drugs such as 5-fl uorouracil, cisplatin were 
encapsulated into NanoCargos for altering cancer metabolism in order to destabilize 
cancers and induce apoptosis (Sakhrani and Padh  2013 ; Pathak et al.  2014 ; Rin Jean 
et al.  2014 ; Marrache and Dhar  2015 ; Milane et al.  2015 ; Pathak et al.  2015 ; 
Weinberg and Chandel  2015 ; Wen et al.  2016 ). Furthermore, mitochondria-targeting 
NanoCargos demonstrate signifi cant therapeutic effect (Marrache et al.  2014 ; 
Pathak et al.  2014 ; Marrache and Dhar  2015 ). 

 Type 2 diabetes mellitus is associated with dysfunctional mitochondria which 
results in deregulated glucose pathway and excessive ROS accumulation in cells 
(e.g. pancreatic beta cells and hepatocytes)  via  OXPHOS (Ernster and Schatz  1981 ). 
Together, these traits produce systemic insulin resistance. Mitochondrial dysfunc-
tion is most overtly displayed in glucose-stimulated insulin secretion processes. 
For instance, low activity of NADH shuttles in beta cells of type 2 diabetic models 
results in impaired K ATP -dependent and -independent GSIS glucose- sensing 
(Weksler-Zangen et al.  2008 ; Halperin et al.  2012 ). Such mechanisms provide 
insight into clinical manifestations of hyperglycemia and poor glucose control. 
Systemic ROS accumulation coincides with the infl ammatory state associated with 
diabetes, characterized by macrophage recruitment in adipose and hepatic cells and 
increased infl ammatory markers in the blood. Infl ammatory markers in the liver, 
especially TNF- α , induce gluconeogenesis and further lead to elevated blood 
glucose levels (Flemming et al.  2015 ; Sharma  2015 ). NanoCargos have shown 
potential  via  encapsulation of therapeutics, such as plasmid DNA (Basarkar and 
Singh  2009 ), insulin (Damgé et al.  2010 ), and antioxidants (Ratnam et al.  2009 ). 
NanoCargo-based delivery of therapeutics to the mitochondria is a more precise 
targeting and promising strategy to improve uptake and therapeutic effect. 
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 Neurological diseases have increasingly attracted great attention in the fi eld. 
Several NanoCargo formulations have been made to target oxidative damage in 
neurological diseases (Wen et al.  2016 ). Liposomes, polymeric nanoparticles, solid 
nanoparticles and metal nanoparticles have been used as NanoCargos to deliver 
anticonvulsants and antioxidants. Furthermore, studies of mitochondria targeting 
NPs demonstrated signifi cantly enhanced therapeutic effects such as mitochondria 
targeted ceria NanoCargos (Kwon et al.  2016 ) and aspirin containing NanoCargos 
(Kalathil et al.  2016 ). Intensive studies of mitochondria targeting NanoCargos are 
needed in order to potentiate clinical applications. 

 Apoptosis often occurs due to ROS mediated oxidation of proteins, membrane 
phospholipids and mtDNA, and eventual release of cytochrome c and apoptotic 
inducing factor (AIF). High density lipoprotein (HDL) mimicking NanoCargos 
were developed by our group for potential application in atherosclerosis. We devel-
oped mimics of HDL which can functionally perform reverse cholesterol transport 
(Marrache and Dhar  2013 ). These polymer-based HDL NanoCargos contained 
encapsulated contrast agents such as quantum dots (QDs) for detection of vulnera-
ble plaques, apolipoprotein (apo)A-1 mimentic 4 F peptide, cholesteryl oleate for 
preventative treatment, and triphenylphosphonium cations as mitochondria target-
ing moieties (Marrache and Dhar  2013 ). HDL mimic NanoCargos were non- 
immunogenic and demonstrated promising therapeutic properties for combating 
atherosclerosis.  

9.3     NanoCargo Intracellular Uptake Mechanisms 
for Targeting Mitochondria 

 Endocytosis is a common energy-dependent pathway used by cells to communicate 
with biological surroundings and for the uptake of ions, biomolecules, and/or nutri-
ents. Endocytosis can be classifi ed into: (i) clathrin mediated endocytosis, (ii) cave-
olae dependent endocytosis, (iii) phagocytosis, pinocytosis, (iv) macropinocytosis, 
(v) fl otillin dependent pathway, (vi) circular dorsal ruffl es, (vii) CLIC/GEEC-type, 
(viii) entosis pathway and so forth (Doherty and McMahon  2009 ). 

 Clathrin-mediated pathway is characterized by traffi cking molecules from the 
plasma membrane to early endosomes using clathrin-coated vesicles (~100 nm in 
diameter). Adaptor proteins initiate clathrin-coated pits by promoting clathrin 
assembly, which transforms the plasma membrane into a deeply bended clathrin- 
coated pit for molecule recruitment (Ungewickell and Hinrichsen  2007 ). Caveolae 
are glycolipid raft invaginations of plasma membrane that are sensitive to choles-
terol depletion and dynamin inhibition. Cholesterol depleting agents (e.g. fi lipin, 
nystatin, or methyl-cyclodextrin) and dynamin inhibitors can be used to investigate 
caveolae-mediated endocytosis (Nabi and Le  2003 ). Endocytosis inhibitors are 
commonly used for mechanistic uptake studies of NP internalization. NPs are inter-
nalized mainly through clathrin- and caveolae-mediated endocytosis (Qaddoumi 
et al.  2003 ; Harush-Frenkel et al.  2007 ; Wang et al.  2009 ; Voigt et al.  2014 ), which 
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are receptor-mediated pathways such as mannose complement/Fcγ/scavenger 
receptor with proteins directly in contact with NanoCargos (Oh and Park  2014 ). Oh 
 et al.  reported that layered double hydroxide (LDH) NanoCargos were internalized 
through clathrin-mediated endocytosis (Oh et al.  2006 ). The colocalization of LDH 
NPs with dynamin, eps15, clathrin, and Tf further validated clathrin-mediated endo-
cytosis of LDH NPs. 

 Macropinocytosis is a signal-dependent process, involving the formation of mac-
ropinosomes (>200 nm in diameter) and frequently occurs in antigen presenting 
cells (Andersen et al.  2014 ). Macropinosomes are larger than clathrin-coated vesi-
cles and allow for non-specifi c internalization of large quantities of solute, mem-
brane, nutrients, and antigens (Lim and Gleeson  2011 ). Iversen et al. reported a 
macropinocytosis-like mechanism for the uptake of ricinB QD NPs in HeLa cells 
(Iversen et al.  2012 ). RicinB-QD NPs uptake was inhibited in dynamin- negative 
HeLa cells in the presence of macropinocytosis inhibitor amiloride analog EIPA. 
The depletion of cholesterol by methyl-β-cyclodextrin and use of cytochalasin D 
(inhibitors of actin polymerization) reduced the uptake of RicinB-QD NPs. The 
colocalization of RicinB-QD NPs and dextran, a marker of fl uid-phase uptake by 
macropinocytosis, confi rmed a macropinocytosis-like mechanism for NP internal-
ization. Fernando et al. reported that PFBT NPs were taken up through a macropi-
nocytosis pathway, demonstrated by colocalization of NPs with Texas Red dextran 
and inhibition of uptake in cells treated with phosphoinositide 3-kinase inhibitors 
(Fernando et al.  2010 ). 

 Phagocytosis is an internalization process characterized by formation of particles- 
loaded invaginations, phagosomes, in the plasma membrane (Doherty and McMahon 
 2009 ). Fontana et al. reported phagocytic uptake of amoxicillin-loaded polyethyl-
cyanoacrylate NPs (200–300 nm) using surface modifi cations (Fontana et al.  2001 ). 
Polyethyleneglycol (PEG) is an FDA-approved polymer. Coating NPs with PEG 
can yield a 50-70 % reduction in phagocytosis. 

 NPs may also be taken up through several different endocytotic pathways simul-
taneously. For example, Nam et al. reported that hydrophobic modifi ed glycol chi-
tosan (HGC) NPs were internalized through clathrin-mediated, caveolae-based and 
macropinocytosis pathways simultaneously (Nam et al.  2009 ). HGC NP uptake was 
decreased with chlorpromazine (CPZ), fi lipin III, and amiloride by 20, 40, and 
30 %, respectively. Synergistic inhibitory effect was observed by CPZ and fi lipin III 
with 60 % reduction of HGC NPs internalization. Some HGC NPs were observed in 
late endosomes, lysosomes, and endoplasmic reticulum by TEM in colocalization 
studies. Dausend et al. reported modulation of uptake pathway  via  surface charge in 
polymeric NPs (Dausend et al.  2008 ). Polymeric NanoCargos with positive charge 
were internalized  via  macropinocytosis and partially clathrin-mediated pathways, 
microtubules, and cyclooxygenases. The uptake of negatively charged NPs, which 
may involve an unidentifi ed dynamin-independent process, was inhibited to a lesser 
extent by dynamin than NPs with positive charge. 

 Direct penetration of the plasma membrane is another mechanism for NP uptake 
and is associated with NPs modifi ed with cationic cell-penetrating peptide (CPP) or 
CPP-like molecules. It is a passive and energy independent process that involves the 
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formation of a pore and/or inverted micelle, membrane thinning models, and/or 
carpet-like models (Herce et al.  2009 ; Madani et al.  2011 ). CPPs can be used for 
modifi cation of NPs carriers for intracellular delivery of therapeutic agents 
(Lindgren et al.  2000 ; Deshayes et al.  2005 ; Wang and Melosh  2012 ). Verma  et al.  
compared the plasma membrane penetration of NPs with similar composition 
(Verma et al.  2008 ). NanoCargos with highly ordered functional groups on their 
surfaces could penetrate plasma membrane with the bilayer intact, where as 
NanoCargos with accidental distribution of the same functional groups were 
recruited in endosomes. 

 Once NanoCargos enter cells, they are usually trapped into endosomes and traf-
fi cked through lysosomes into mitochondria  via  various mechanisms, including 
potential-mediated mechanisms, protein machinery pathways, and/or membrane 
fusion processes. A summary of NP internalization pathways is shown in Fig.  9.3 . 
NPs modifi ed with a cationic groups, like TPP (Marrache and Dhar  2012 ; Marrache 
and Dhar  2013 ; Pathak et al.  2014 ), and methyl-TPP (Smith et al.  2003 ), mainly 
undergo potential mediated pathways for mitochondrial uptake. Owing to the pres-
ence of ΔΨ m , lipophilic cation decorated NanoCargos are able to have mitochondria 
association properties. Lipid soluble cations adsorb to the mitochondrial surface 
and take advantage of mitochondrial membrane potential for their association 
(Ross et al.  2005 ).

   Our group has designed several mitochondria targeted NP systems exploiting 
this mechanism (Marrache and Dhar  2012 ; Marrache and Dhar  2013 ). Targeted NPs 
were able to undergo endosomal escape, and then associate with mitochondria  via  a 
potential mediated pathway (Marrache and Dhar  2012 ). QD-TPPs is reported to 
internalize in mitochondria  via  a Δ Ψ  m  mediated process (Chakraborty and Jana 
 2015 ) upon entering the cell  via  lipid raft or caveolae-mediated endocytosis. 

  Fig. 9.3    Possible intracellular pathway of NP association with mitochondria       
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Protein import machinery was identifi ed by the existence of mitochondria- 
penetrating peptides and/or mitochondria targeting sequences (MTSs), which con-
sists of about 20–40 amino acids (Zhang et al.  2011 ). MTSs can be used for 
mitochondria-targeted NP design. Amyloid  β -peptide is reported to import to 
 mitochondria through translocation of OMM machinery (Petersen et al.  2008 ). 
Membrane fusion process of NanoCargo internalization in mitochondria can be 
achieved by a liposome based carrier MITO-Porter (Yamada et al.  2008 ). MITO-
Porter based NanoCargos were brought into cells  via  macropinocytosis and under-
went macropinosomal escape before binding to mitochondria thourgh electrostatic 
interactions. The membrane fusion was studied using sphingomyelin in MITO-
Porter for delivery of macromolecules to the IMS, IMM, and MM.  

9.4     Detection Techniques for Nanoparticle Internalization 
into Mitochondria 

 The most common methods for tracking NanoCargo internalization is achieved by 
labeling these nanomaterials and mitochondrial components with different labels. 
Figure  9.4  depicts techniques which are used for mitochondrial traffi cking of NPs. 
A comparison of these techniques used in mitochondrial uptake studies for 
NanoCargos in terms of advantages and disadvantages is highlighted in Table  9.2 .

9.4.1        Fluorescence Based Detection 

 Labels are commonly fl uorophores that have measurable fl uorescence in response 
to specifi c stimulation. Small organic molecules can be used in mitochondria label-
ing to visualize dynamic cellular or organismic behaviors. Organic fl uorophores 
like tetramethylrhodamine methyl ester (TMRM), rhodamine 123, tetramethylrho-
damine ethyl ester (TMRE), and 5,5’,6,6’-tetrachloro-1,1’,3,3’-tetraethylbenzimid-
azolcarbocyanine iodide (JC-1), MitoTracker®, are sensitive to Δ Ψ  m  (Fig.  9.5 ) 
(Cossarizza et al.  1993 ; Gilmore and Wilson  1999 ; Keij et al.  2000 ; Nicholls and 
Ward  2000 ; Pendergrass et al.  2004 ). Thus, functional mitochondria with intact 
Δ Ψ  m  attract and preserve these dyes. Loss or presence of dye may be used to indi-
cate Δ Ψ  m  integrity. Rhodamine 123 is specifi c for mitochondria labeling, but TMRE, 
TMRM, and JC-1 dyes labels endoplasmic reticulum to some extent (Chazotte 
 2009 ). MitoTracker CMTMRos and MitoTracker Green, are Δ Ψ  m -insensitive and 
able to remain in mitochondria with decreased Δ Ψ  m  (Pendergrass et al.  2004 ; 
Agnello et al.  2008 ). MitoTracker®CMTMRos chemically reacts with thiol moi-
eties and can remain in the mitochondria after cell fi xation (Chazotte  2009 ). 
MitoTracker Green is one of the most widely used labeling agents for mitochondria. 
MitoTracker Orange is reported to induce mitochondrial permeability transition and 
inhibit complex I, causing depolarization in liver mitochondria (Scorrano et al.  1999 ). 
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  Fig. 9.4    Diagram of techniques used for intracellular traffi cking of NPs into mitochondria. 
 ICP-MS  inductively coupled plasma mass spectrometry,  IVIS  in vivo image system,  SERS  surface- 
enhanced Raman scattering,  TEM  transmission electron microscopy       

   Table 9.2    A summary of advantages and disadvantages for techniques used in mitochondrial 
uptake studies for NanoCargos   

 Techniques  Advantages  Disadvantages  Comments 

 Confocal 
microscopy 

 Provides 3-D structures 
of sample 

 Limited resolution 
attributed to diffraction 

 Widely used in NP 
uptake studies 

 Can monitor dynamic 
information in living 
organism 

 Can not provide detailed 
information at the 
subcellular level 

 Sample needs to be 
fl uorescently stained 

 Fluorophore may suffer 
from photobleaching and 
autofl uorescence 
 Fixation of samples may 
cause artifacts 

 Fluorescence 
microscopy 

 Provides the pattern/
location of NPs in a 
specifi c component in 
living/fi xed cell 

 Suffers from 
photobleaching and 
autofl uorescence 

 Sample needs to be 
fl uorescently stained 

 Fixation of samples may 
cause artifacts 

 Less widely used 
compared to 
confocal microscopy  Can not provide detailed 

information at subcellular 
level 

(continued)
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Table 9.2 (continued)

 Techniques  Advantages  Disadvantages  Comments 

 TEM  Provides high accuracy 
of NPs status (e.g. 
aggregation, shape) 

 Complicated sample 
preparation. 

 Mostly used for 
metallic NPs 

 High resolution and can 
distinguish cellular 
components 

   Time-consuming 
process. 

   Interpretation may be 
diffi cult. 

   Can not visualize the live 
cells. 

 Expensive 
   Only provides 2D 

images. 
 SEM  Provide surface details 

of sample 
 Dehydration of samples 
may create artifacts 

 Limited application 
on NP uptake 
studies  High resolution  Surface coating of sample 

is required 
 ICP-MS  Superior detection 

limits of low 
concentration of 
elements 

 High cost  Widely used for  in 
vivo  tracing studies 
and need metallic 
component 

 Can not quantify the 
elements in live samples. 

 Effi cient and fast 
analysis of multiple 
elements 

 Expensive 

 SERS  Non-destructive  Low sensitivity  A few studies has 
been made for 
cellular uptake 

 Non-invasive  The fl uorescence of 
samples may affect the 
results 

 No need of complicated 
sample preparation 

 Spectra interpretation may 
be diffi culty 

 Can analyze samples 
both  in vivo  and  in vitro  
 High spatial resolution .  

 High resolution 
X-ray 
microscopy 

 High resolution  Unable to visualize 
relatively thick samples 

 A few studies was 
made for cellular 
uptake  Can analyze small NP 

status in the cell 
samples 

 Complicated sample 
preparation and time- 
consuming process 

 IVIS imaging  Non-invasive  Provides only 2D image  Widely used  in vivo  
 Easy operation  Same position is required 

for a group of samples 
 Non irradiative  Image saturation may be 

susceptible to 
inappropriate background 
setup 

 Enable both fl uorescence 
and bioluminescence 
detection 

(continued)
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The uptake of MitoTracker Red is controlled by Δ Ψ  m  ,  and its retention is associated 
with thiol groups of mitochondrial proteins after cell fi xation, thus MitoTracker Red 
can be used for mitochondria-specifi c observation (Poot and Pierce  1999 ). Buckman 
 et al . reported several MitoTracker dyes for mitochondria labeling in the central 
nervous system (Buckman et al.  2001 ). Mitochondria targeted GFP (MitoGFP) 
labeling is ΔΨ m -independent and remains in the mitochondria. MitoGFP can easily 
be detected by confocal or fl uorescence microscopy, and can be used for investigat-
ing mitochondrial dynamics in living cells (Hill et al.  2014 ).

   NanoCargos can be fl uorescently labeled by encapsulating a fl uorescent 
probe. Yamada  et al . reported the use of NBD and rhodamine for delivery vehicle 
internalization studies (Yamada and Harashima  2013 ). The liposome MITO-Porter 
was modifi ed by MTS and labeled with NBD-DOPE and rhodamine- DOPE for 
Förster Resonance Energy Transfer (FRET) analysis. The modifi ed MITO-Porter 
liposomes displayed effi cient delivery of bioactive macromolecules to mitochondria. 

Table 9.2 (continued)

 Techniques  Advantages  Disadvantages  Comments 

 Fluorescence 
analyses 

 Relatively simple  Less sensitive and require 
high concentration of 
sample 

 Sample needs to be 
fl uorescently stained 

 Low cost  Widely used 
 FRET assay  Provides real-time 

monitoring of live cell 
dynamics 

 The properties of 
fl uorescent probes are 
subjected to any physical 
changes 

 Has been used for 
vesicle- 
mitochondria fusion 
studies 

 Good sample 
penetration 

 The process often causes 
protein fusion, mutation 
and/or alternation, which 
may affect the properties 
of molecules 

 Extremely high 
sensitivity 
 Can provide molecular 
distances 

 Flow cytometry  Multiparameter data 
acquisition at the same 
time 

 Expensive  Widely used 

 Relatively fast  User operation may be 
critical to obtain reliable 
data 

 Quantitative  Individual cell behavior 
may be diffi cult 

 Accurate and 
reproducible 

 Low cell throughput rate 

 AFM  Provides 3D image  Limited area size for 
image 

 Some studies have 
been made for 
cellular uptake  Simple sample 

preparation 
 Low scanning speed 

 High resolution  Subject to image artifacts 
and piezoelectric material 
 Expensive cantilevers 
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Several therapeutics are fl uorescent such as doxorubicin (DOX) and can be directly 
used for delivery vehicle tracking. Qu  et al.  reported delivery of DOX loaded silica 
NanoCargos to mitochondria for cancer therapy (Qu et al.  2015 ). The fl uorescence 
of DOX and MitoTracker green was used for NanoCargo and mitochondria track-
ing, respectively. These NanoCargos were successfully delivered to the mitochon-
dria by surface functionalization with TPP, evidenced by colocalization of DOX and 
MitoTracker green fl uorescence using both fl uorescence analysis and confocal 
microscopy. 

 Autofl uorescence can come from biological molecules. Extracellular matrix may 
also contribute to autofl uorescence in tissues (Monici  2005 ). Hence, fl uorescent 
probes that avoid or minimize autofl uorescence should be selected (Mosiman et al. 
 1997 ). Reduction of autofl uorescence can also be accomplished by adding a reduc-
ing agent. NaBH 4  can decrease the interference of cellular autofl uorescence upon 
cell fi xation (Clancy and Cauller  1998 ). Schnell reported a solution composed of 
CuSO 4  (1–10 mM) and ammonium acetate (50 mM) buffer at pH 5 or Sudan Black 
B (1 %) in 70 % ethanol reduced autofl uorescence from lipofuscin in tissue sections 
(Schnell et al.  1999 ). Photobleaching is attributed to unstable properties inherent in 
fl uorophore and/or non-specifi c binding molecules. Prolong exposure to stimulus 
light can damage dye and reduce its capability for fl uorescence (Bernas et al.  2005 ). 
Minimizing intensity and exposure during preparation and measurement is a key 
step towards solving this  problem. By labeling NPs and mitochondria, NP intercel-
lular traffi cking can be investigated using instruments such as confocal microscopy, 
fl uorescence microscopy,  in vivo  image system (IVIS), fl uorescence analysis, 
FRET, and fl ow cytometry. Confocal microcopy is an optical imaging technique 
that reduces noise and enhances resolution compared to conventional fl uorescence 
microscopy (White et al.  1987 ), and is most commonly used in NP intracellular 
uptake studies. Table  9.3  summarizes current mitochondria labeling strategies by 

  Fig. 9.5    Structure of Δ Ψ  m -dependent fl uorescent labelling reagents for mitochondria. TMRM- 
tetramethylrhodamine methyl ester, TMRE-tetramethylrhodamine ethyl ester, JC-1-5, 5’, 6, 6’-tet-
rachloro- 1, 1’, 3, 3’-tetraethylbenzimidazolcarbocyanine iodide (JC-1)       
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confocal microscopy technique. Our group reported mitochondrial association of 
targeted PLGA- b -PEG-TPP/PLGA- b -PEG-QD NPs in HeLa cells  via  confocal 
microscopy (Marrache and Dhar  2012 ). Targeted NPs were able to access 
mitochondria after effi cient endosomal escape. Non-targeted NPs remained in the 
lysosomes and cytoplasm. By using the same labeling method, we reported mito-
chondrial internalization of polymer-lipid hybrid NPs (Marrache and Dhar  2013 ). 
The internalization of targeted HDL NPs was confi rmed by confocal microscopy in 
healthy RAW 264.7 cells. When the cells were treated with carbonylcyanide- p-
(trifl uoromethoxy)phenylhydrazone (FCCP) to induce depolarization of Δ Ψ  m , tar-
geted HDL NPs did not accumulate in mitochondria, as seen by IVIS analyses of 
mitochondrial and cytosolic fractions. Chakraborty  et al.  investigated internaliza-
tion mechanisms for QD-TPP in HeLa cells using fl uorescence microscopy 
(Chakraborty and Jana  2015 ). QD-TPP showed strong subcellular uptake with TPP 
functionalization, whereas, QD only demonstrated internalization on a cellular 
level. Colocalization of QD-TPP and mitochondria was confi rmed by confocal 
microscopy using MitoTracker Orange. The cellular uptake mechanism was eluci-
dated by fl ow cytometry studies using pathway-specifi c inhibitors to block the vari-
ous endosytosis pathways. QD-TPP accessed cells mainly  via  caveolae or lipid raft 
mediated endocytosis in both CHO and HeLa cells. Qu  et al.  reported the colocal-
ization of MSNP-PPh 3 -DOX and mitochondria by confocal microscopy (Qu et al. 
 2015 ). The delivery of DOX to mitochondria was confi rmed by fl uorescence analy-
sis of FITC and DOX in isolated mitochondria. Yamada  et al.  reported FRET analy-
sis for investigating liposome NP fusion activity with mitochondria, in which two 
different organic dyes, NBD and rhodamine, were incorporated into NPs (Yamada 
et al.  2015a ). The energy transfer in isolated mitochondria was evaluated by relative 
fl uorescence intensity. The capability of nucleic acid delivery to MM was quantifi ed 
by fl uorescence analysis of Cy-5 RNA oligomer in mitochondrial subfractionation. 

9.4.2        Mass Spectrometry Based Detection 

 Quantifi cation of small amount of NPs in the mitochondria requires highly sensitive 
techniques like inductively coupled plasma mass spectrometry (ICP-MS). ICP-MS 
procures concentration of NPs by an elemental analysis, such as Cd concentration 
determination for Cd-Se QDs. Another strategy is to replace fl uorescent probes with 
inorganic nanocrystals like quantum dots (QDs), carbon dots (CDs), iron oxide, and 
gold (Au), with unique optical, physical, and chemical properties. CdSe and CdTe 
are the most commonly used NP tracking tools in biological imaging applications 
(Resch-Genger et al.  2008 ). QDs may cause cytotoxicity to some degree since they 
consist of toxic metals (Smith and Nie  2009 ). Our group has demonstrated success-
ful application of QDs for NPs tracking both  in vitro  and  in vivo  (Marrache and 
Dhar  2012 ,  2013 ; Marrache et al.  2014 ; Pathak and Dhar  2015 ; Pathak et al.  2015 ; 
Wen et al.  2016 ), as well as the use of Au-NPs (Marrache and Dhar  2015 ). Recently 
developed, CDs are carbon NPs with tunable fl uorescence emissions and potential 
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competitors to conventional QDs (Lim et al.  2015 ). Yang  et al.  reported successful 
 in vivo  studies for use of CDs as an imaging agent (Yang et al.  2009 ). Graphene 
quantum dots (GQDs) are being explored for NP labeling. Recently, Chong  et al.  
calculated  in vivo  and  in vitro  safety profi les for GQDs (Chong et al.  2014 ).  

9.4.3     Transmission Electron Microscopy (TEM) Based 
Methods 

 Transmission electron microscopy (TEM) is widely utilized for internalization stud-
ies of NPs as it is of extremely high resolution providing high accuracy of NPs sta-
tus (e.g. shape, aggregation) and allows for distinguishing cellular organelles (Klein 
et al.  2015 ). Sample preparation is complicated compared to fl uorescence imaging. 
Inorganic nanocrystals, such as QDs, iron oxide, Au, silver (Ag), are possible label-
ing agents for NPs. Our group reported the application of TEM for mitochondrial 
localization of AuNP based NanoCargos (Marrache and Dhar  2015 ). Mitochondria 
targeted Au-NPs were localized in MM and non targeted Au-NPs were found out-
side the mitochondria of PC3 cells. Karataş  et al.  depicted the interaction of Au NPs 
with mitochondrial membrane using TEM (Karataş et al.  2009 ).  

9.4.4     Miscellaneous Methods 

 Karataş  et al.  also introduced surface-enhanced Raman scattering (SERS) tech-
niques for further detailing interactions between Au-NPs and mitochondria (Karataş 
et al.  2009 ). Lung cancer cells and corresponding isolated mitochondria were treated 
with Au colloidal suspension. Atomic force microscopy (AFM) showed intact mito-
chondria interacting with Au NPs. Bressan  et al.  reported the absence of Ag NPs 
inside the mitochondria and, instead, the close association of Ag NPs to OMM in 
patient-derived human cells using TEM analysis (Bressan et al.  2013 ). A relative 
abundance of Ag NPs were aggregated in the perinuclear zone of cytoplasm and 
around mitochondria. Peckys et al. was able to trace Au NPs uptake in live cells by 
liquid scanning TEM (STEM) (Peckys and de Jonge  2011 ). Au NPs with round or 
oval shapes were bound to the 67 % of vesicles’ membrane surface area and remained 
aggregated after 24 h. Important to note, STEM did not produce any signifi cant 
damage to the cells. Chen et al. evaluated the distribution of NPs in cells by high 
resolution x-ray microscopy (Chen et al.  2011 ). High-resolution x-ray microscopy 
generates x-ray micro-images through phase and absorption contrast with two-
dimensional (2-D) projection and 3-D tomographic reconstructions.   
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9.5     Conclusions 

 Mitochondria provide promising targets for new therapeutics aimed towards treat-
ing mitochondrial dysfunction associated diseases such as aging, cancer, heart dis-
ease, and neurodegeneration. Mitochondria targeted NanoCargos have shown to 
enhance therapeutic effi cacy by directing biomolecules to mitochondria  in vitro  and 
 in vivo . Such NanoCargos are able to enter cells through endocytosis and/or direct 
penetration, and internalize in mitochondria  via  Δ Ψ  m -mediated mechanisms, pro-
tein machinery pathways, and/or membrane fusion processes. Endocytosis inhibi-
tors and localization of NanoCargos to specifi c subcellular compartments like, 
mitochondria are widely investigated using many techniques, such as confocal 
microscopy, IVIS imaging, fl uorescence analysis, fl ow cytometry, mass spectrom-
etry, and electron microscopy, for identifying the mechanism of NanoCargo uptake. 
Real time imaging and tracking of NanoCargos in subfractions of mitochondria are 
still in need for intensive investigation. The comprehensive understanding of these 
uptake pathways will help to design effi cient mitochondria-targeting drug delivery 
systems for manipulating conventional or pathological processes occurring in sub-
cellular compartments and developing therapies for mitochondrial dysfunctions 
related diseases.     
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    Chapter 10   
 Redox-Responsive Nano-Delivery Systems 
for Cancer Therapy                     

     Amit     Singh    ,     Thanh-Huyen     Tran    , and     Mansoor     M.     Amiji    

    Abstract     Stimuli-responsive nano-carrier systems have been pursued with great 
interest due to their advantages such as controlled drug release, improved pharma-
cokinetics and pharmacodynamics, and reduced side effects of the drugs. These 
nano-carriers have potential to accumulate effectively into the tumor due to 
“ enhanced permeability and retention ” (EPR) effect and advancements in surface 
science further allow active targeting strategies. Development of some such nano-
vectors is driven by hallmark characteristics of tumor microenvironment such as 
hypoxia, acidic pH, and reducing biologically-relevant milieu. This chapter high-
lights the features of self-regulated internally controlled redox-responsive nano-
carrier systems, opportunities presented by them and the promise these “intelligent” 
delivery vectors offer in improving existing cancer therapeutic approaches.  

  Keywords     Stimuli-responsive nanoparticles   •   Redox   •   Targeted delivery   •   Cancer  

  Abbreviations 

   ABC    ATP binding casette   
  cGLP    Current Good Laboratory Practices   
  cGMP    Current Good Manufacturing Practices   
  CNC    Cellulose nanocrystals   
  CPP-SA    1,3-bis(carboxyphenoxy) propane-sebacic acid   
  DOPE    Dioleoyl phosphatidylethanolamine   
  DTT    Dithiothreitol   
  ECM    Extracellular matrix   
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  EGFR    Epidermal growth factor receptor   
  EPR    Enhanced permeability and retention   
  FDA    Food and Drug Administration   
  GSH    Glutathione   
  HIF    Hypoxia inducible factor   
  MMP    Matrix metalloproteinase   
  PDMAEMA    Poly(2-(dimethylamino) ethyl methacrylate)   
  PEG    Poly(ethylene glycol)   
  TMBQ    Trimethyl-locked benzoquinone   
  VCAM    Vascular cell adhesion molecule   
  VEGF    Vascular endothelial growth factor   

10.1         Introduction 

 Drug delivery systems have come a long way since their advent and have shown 
tremendous promise in improving the pharmacokinetics and pharmacodynamics of 
drug with poor bioavailability while reducing the potential side effects. The previ-
ous generation of drug delivery systems would accumulate into the tumor due to 
“ enhanced permeability and retention ” (EPR) effect and strategies to selectively 
target further facilitate higher intracellular uptake with potential to improve effi cacy 
profi le. The new generations of molecular assemblies however have moved far 
ahead of the conventional drug delivery vectors and there is a growing interest in 
developing stimuli-responsive systems to control the release profi le of the payload. 
Such stimuli-responsive delivery vehicles sequester the payload, protect it from 
direct interaction with the elements of the body and poly(ethylene) glycol (PEG) 
modifi cation further assures increased drug half-life and residence time in the body. 
Additionally, the release of the encapsulated guests is minimal in the absence of the 
appropriate stimulus but in the presence of the stimulus, the drug is released. The 
motivation to developing such delivery vectors is guided by the tumor microenvi-
ronment, payload characteristics, desired rate of release and mechanism of release. 
To this end, stimuli-responsive systems offer great advantage in precise control over 
drug release profi le, temporally as well as spatially by external or internal stimuli. 
Tumor microenvironment characteristically shows lower pH due to aerobic glycoly-
sis and hypoxia induced reducing local milieu, which are major drivers of pH and 
redox responsive delivery systems respectively. Alternatively, the stimulus for drug 
release can be external where the nano-carrier responds on exposure to temperature, 
ultrasound, magnetic fi eld, light or electric fi eld (Fig.  10.1 ) (Iyer et al.  2013 ). 
Though the true clinical signifi cance of the stimuli-responsive delivery systems is 
yet to be established, the indications from platform technologies show tremendous 
promise in overcoming some of the biological and pathophysiological challenges 
associated with cancer therapeutics.
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10.2        Stimuli-Responsive Systems and Cancer 

 Tumor microenvironment is a complex system that involves the interaction between 
malignant and neighbor stroma cells (fi broblast, endothelia, and infl ammatory 
cells) embedded in a mesh of extracellular matrix (ECM) components that strongly 
infl uence tumor initiation, growth and invasion. The tumor microenvironment has 
several characteristics that distinguish it from the corresponding normal tissue 
including abnormal vasculature, low oxygen level or hypoxia, low extracellular pH, 
and high interstitial fl uid pressure. These subtle difference in the microenvironment 
within the tumor facilitate an ideal internal stimulus for the self-regulated redox-
responsive system to disseminate their payload (Iyer et al.  2013 ). A comprehensive 
general review on stimuli-responsive drug delivery systems has been published pre-
viously and is recommended for the reader (Ganta et al.  2008 ). This book chapter 
exclusively focuses on redox-responsive systems for cancer therapy with special 
emphasis on factors contributing to the difference in reduction potential within the 
tumors. 

  Fig. 10.1    Schematic representation of the fate of a stimuli-responsive nano-carrier in the systemic 
circulation       
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10.2.1     Hypoxia 

 Hypoxia refers to the condition in which tissues are deprived of oxygen or the par-
tial pressure of oxygen falls below critical levels leading to hindered biological 
functioning of cells or organs. Within normal tissues, O 2  supply matches metabolic 
needs, but in tumors, demand far exceeds supply. Normal tissue pO 2  ranges between 
10 and 80 mmHg depending on tissue type, whereas tumors contain regions where 
the pO 2  is <5 mmHg (Hockel and Vaupel  2001 ). Tumor hypoxia is generally attrib-
uted to chaotic and poorly organized blood vessels within the tumor tissues. The 
diffusion limit for O 2  is approximately 100–200 μm from a blood capillary (Carol 
Ward et al.  2013 ). Consequently, as tumor growth reaches 1–2 mm 3 , abnormal 
tumor vasculature along with its leakiness and compression, reduces blood fl ow and 
limits delivery of oxygen throughout the tumor resulting in regions of hypoxia. 
Generally, 50–60 % of solid tumors display heterogeneous distribution of hypoxic 
regions within tumor. Because of inaccessible location, hypoxic cells have less 
chance to accumulate chemotherapeutic agents. In addition, hypoxia can trigger 
activation of hypoxia inducible factor-1α (HIF-1α) which has been implicated in 
regulating gene transcription of ATP Binding Cassette (ABC) transporters in cancer 
cells and plays a key role in tumor progression (Comerford et al.  2002 ). Hence, 
tumor hypoxia is resistant to chemotherapy due to the over-expression of ABC 
transporter, which pumps therapeutic agents out of cancer cells.  

10.2.2     Low Extracellular pH 

 The tumors exhibit a lower extracellular pH than the normal tissue, which results 
from the over-production of lactic acid and hydrolysis of ATP by tumor cells. Tumor 
cells require abnormally high glycolysis to meet their fast metabolism and prolifera-
tion. Accordingly, a large amount of lactic acid in the tumor interstitium is gener-
ated from the glycolysis. In addition, carbon dioxide, the end product of cell 
respiration also contributes to the acidic extracellular pH in the tumor microenvi-
ronment. Hypoxia-induced expression of carbonic anhydrase IX also contributes to 
exacerbate the pH gradient between the intra- and extra-cellular tumor compartment 
(Romero-Garcia et al.  2011 ). The pH within the tumor is highly heterogeneous such 
that areas with optimal blood supply show pH closer to normal physiological pH of 
7.4 while distant areas with poor or no vasculature show lower pH. The abnormal 
pH gradient continues from extracellular microenvironment to intracellular organ-
elles, such as pH 5.5 in endosomes and pH < 5.5 in lysosomes that has been exploited 
to design pH sensitive delivery systems.  
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10.2.3     Redox-Responsive Systems 

 The basic principle of redox-responsive systems is to utilize the distinct difference 
in redox potential between tumor and normal tissues. Glutathione (GSH), an abun-
dant reducing agent in living cells, has a higher interacellular concentration (~2–
10 mM), compared to that in blood and extracellular matrix (~2–10 μM). Moreover, 
tumor tissues has about seven-fold higher GSH concentration than that of normal 
tissues, and is often elevated in multidrug resistance cancer cells (Meng et al.  2009 ). 
Additionally, nano-carriers internalized in the cells are initially sequestered in the 
endosomal/lysosomal compartment where presence of enzymes such as gamma 
interferon-inducible lysosomal thiol reductase (GILT) leads to cleavage of disulfi de 
linkage (Arunachalam et al.  2000 ). These factors have been exploited to design 
redox-responsive nano-carriers containing disulfi de bonds for releasing the thera-
peutic agents inside the tumor cell. Drugs that are not encapsulated into the vehicles 
could be bound onto the carriers via disulfi de bond. The intracellular reduction is 
most likely mediated by disruption of disulfi de bond that can be converted revers-
ibly to thiols and undergo disulfi de exchange in the presence of GSH and other 
thiols (Danhier et al.  2010 ). Besides broadly used disulfi de linkages, diselenides are 
other functional groups used for redox-responsive drug release. Diselenide- 
containing polymer had the ability to inhibit tumor proliferation and triggered drug 
release even at low GSH concentration of 0.01 mg/mL.  

10.2.4     Abnormal Tumor Vasculature 

 Abnormal tumor vasculature is the most defi ning characteristics of the tumor micro-
environment. In normal tissues, the balance between proangiogenic and antiangio-
genic molecules regulates the development of vascular system, which maintains the 
effi cient and order network of blood vessels and lymphatic system. However, the 
balance of growth factors in the tumor is perturbed, which leads to the development 
of a disorganized vasculature and a complete lack of lymphatics. The architecture of 
the vasculature is also highly disorganized. The mean vascular density of tumor is 
generally lower than in normal tissues, and diffusion distances are greater. The vas-
cular network often contains blind-ends and arteriolar-venous shunts. Finally, tumor 
vessels are generally long and highly chaotic with pericyte defi ciency and aberrant 
basement membrane formation leading to an enhanced vascular permeability 
(Kumagai et al.  2002 ; Cairns et al.  2006 ). Nano-carriers exploit the high permeabil-
ity of the tumor vasculature to extravasate and accumulate specifi cally into the 
tumor tissues, a phenomenon popularly termed as EPR effect.  
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10.2.5     Tumor Targeting Strategy 

 Tumor targeting strategies have been divided into two categories: passive targeting 
and active targeting. Passive targeting relies on the properties of the delivery system 
and the tumor vasculature to preferentially accumulate the drug in the tumor tissues 
and avoid the distribution to healthy tissues. Due to the leaky tumor vasculature and 
insuffi cient lymphatic drainage, nano-carriers can extravasate and be retained in the 
tumor. This phenomenon has been called EPR effect, fi rst identifi ed in the 1980s by 
Maeda et al (Matsumura and Maeda  1986 ). For passive targeting, nanoparticles 
have to circulate in blood for suffi cient long periods. This goal can be achieved 
through optimal stealth properties, typically by incorporation of polymers like 
poly(ethylene glycol) (PEG) into the shell of the nano-carriers. Nano-carriers in the 
10–100 nm size range and with a surface charge either slightly positive or slightly 
negative are often not cleared by renal clearance and reticuloendothelial system, 
thus accumulate at the tumors after prolonged circulation. However, successful 
implementation of EPR effect is dependent upon a number of factors including 
degree of capillary disorder, blood fl ow, and lymphatic drainage rate, making effec-
tive management diffi cult. Furthermore, the accumulation of drugs in tumor tissue 
does not always guarantee successful therapy if the drug does not reach the target 
site of the tumor cell such as the cell membrane, cytosol, or nucleus. In addition, 
high interstitial fl uid pressure (IFP) in tumor could hinder the nano-carrier retention 
in tumor tissues. For effective cancer therapy, it is critical to precisely guide nano- 
carriers to a specifi c cell type or a specifi c non-cellular component in the tumor 
microenvironment, which could be achieved by actively targeted delivery systems. 

 For active targeting, nano-carriers generally need to fi rst localize to the tumor 
mass; therefore, initial design considerations are similar for passive targeting. 
Active targeting then exploits tumor cell characteristics, such as over-expression of 
some specifi c antigens or receptors on their surfaces that are at low levels in normal 
tissue cells. Active drug targeting is achieved by chemical attachment of nano- 
carriers to a targeting ligand such as antibodies, peptides, nucleic acid aptamers, 
carbohydrates and small molecules that strongly interact with antigens (or recep-
tors) displayed on the surface of tumor cells. Binding affi nity of the targeting ligands 
with their receptors infl uences the tumor penetration of the nano-carriers. For tar-
gets in which cells are readily accessible, typically the tumor vasculature, high 
affi nity binding is preferable. In the active targeting strategy, two cellular targets can 
be distinguished: the targeting of cancer cells, and the targeting of tumor endothelial 
cells. The aim of targeting cancer cells is to enhance cellular uptake of the nano- 
carriers. Thus, the active targeting of cancer cells is particularly attractive for the 
intracellular delivery of DNA, siRNA, and protein. The enhanced cellular uptake 
rather than an increased tumor accumulation is responsible for the anticancer effi -
cacy of the actively targeted nano-carriers. The popular receptors for cancer cell 
targeting include transferrin, folate, glycoprotein, and epidermal growth factor 
receptor (EGFR). For targeting of tumor endothelial cells, the receptors of vascular 
endothelia growth factors (VEGF), the α ν β 3  integrin, vascular cell adhesion mole-
cule- 1 (VCAM-1), and the matrix metalloproteinase (MMPs) are targeted. Among 
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targeting delivery systems, α ν β 3  integrin targeted nano-carriers could be considered 
as double targeting systems because α ν β 3  integrin are over-expressed in both tumor 
cells and angiogenic endothelial cells (Desgrosellier and Cheresh  2010 ).   

10.3     Illustrative Examples of Redox-Responsive Delivery 
Systems 

10.3.1     Polymeric Systems 

 Disulfi de linkages have been most extensively used for designing polymeric redox 
responsive delivery systems though selenium from the same group has also been 
explored especially due to lower bond energy of diselenide and carbon-selenide 
bond (Se–Se ~ 172 kJmol −1 , C–Se ~ 244 kJmol −1 ). Dithiodipropionic acid, bis(2,2’-
hydroxyethyl) disulfi de, cystamine and their derivatives are most commonly used 
chemical entities for creating disulfi de linkage to enable crosslinking of the mono-
mers. Some recent reports however have explored beyond these linkages and novel 
redox-responsive functional groups have been developed such as platinum (IV)- 
coordinate polymers where derivatives of platinum-drugs such as cisplatin are intro-
duced into polymer backbone and the resulting micelles formed could be used for 
encapsulating a secondary drug (Huo et al.  2014 ). Trimethyl-locked benzoquinone 
(TMBQ) and 4-N-amino-2,2,6,6-tetramethylpiperidin-1-oxyl-4-yl are two rela-
tively novel functional groups that show sensitivity to redox environment but are yet 
to be explored for drug delivery application. Wang et al. developed an amphiphilic 
PEG-based ether-anhydride copolymer (m-PEG-SS-CPP-SA) system where the 
mPEG is connected with the 1,3-bis(carboxyphenoxy) propane-sebacic acid 
(CPP-SA) vis disulfi de linkage. The copolymer self-assembles to form micellar 
nanoparticles of an average size of 69 nm in an aqueous environment to encapsulate 
the hydrophobic drug (curcumin) and releases the drug under the redox environ-
ment. The  in vivo  biodistribution confi rmed enhanced bioavailability of the drug 
and subsequent anticancer activity was enhanced compared to free drug as well as 
drug loaded in non-redox responsive nanoparticles (Wang et al.  2014a ). 

 Initial attempts used block copolymer scaffolds to design redox-responsive con-
trolled drug delivery vehicles but recent endeavors have led to application of natural 
polymers such as gelatin or cotton for such applications. Hu  et al.,  have used the 
cotton derived cellulose nanocrystals (CNCs) to design a polycation derived redox- 
responsive system for a gene/drug combination therapy. The backbone of CNCs 
could be functionalized with poly(2-(dimethylamino) ethyl methacrylate) 
(PDMAEMA) using disulfi de linkage, thereby imparting the nanocomposite with 
genes encapsulation capability and sensitivity to redox environment (Hu et al. 
 2015a ). Similarly, thiolated gelatin could be crosslinked to form nanoparticles, 
which could be successfully loaded with nucleic acids to be delivered to a desired 
target using suitable ligand and PEG modifi cation for long circulation. PEG modi-
fi ed thioloated gelatin nanoparticles loaded with gene encoding soluble form of 
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vascular endothelial growth factor could effectively curb tumor growth and angio-
genesis in human breast cancer orthotopic model (Iyer et al.  2013 ). More recent 
work from our group has demonstrated that these redox-responsive gelatin nanopar-
ticles can be decorated with targeting ligands to selectively target a receptor on the 
cancer cell’s surface to enhance effi cacy and mitigate non-specifi c toxicity. The  
in vitro  and  in vivo  studies of EGFR-targeted redox-responsive gelatin nanoparticles 
in subcutaneous as well as orthotopic pancreatic cancer mouse models demonstrate 
enhanced effi cacy and safety (Xu et al.  2014 ; Singh et al.  2015 ). The detailed  
in vitro  payload release studies confi rm that these nanoparticles could effi ciently 
delivery their payload when triggered through a redox environment simulated by 
using either glutathione or dithiothreitol and therefore cement the superiority of this 
approach over conventional nanoparticle based drug delivery for anticancer 
therapy. 

 In a recent report, Ma  et al.,  fabricated diselenide bond modifi ed block copoly-
mer to assemble micellar structure that demonstrate redox response even under mild 
conditions (Ma et al.  2010 ). More recently, efforts have been made to impart dual 
(or multiple) stimuli-responsive functionality within a single delivery system to 
benefi t from other internal and external stimuli that persist in the tumor microenvi-
ronment. Redox-responsive linkages have been coupled with temperature sensitive 
and pH sensitive materials to impart additional control over payload release and 
have been successfully demonstrated to application in delivery of small molecules 
and biologics (Cheng et al.  2013 ). Dai  et al.,  for example, developed highly packed 
interlayer-crosslinked micelles (HP-IPM) with dual pH and redox sensitivity that 
were loaded with doxorubicin as an intrinsically fl uorescent anticancer drug. 
Compact packing of the nanoparticles could provide a stable drug loading with 
minimum leakage and in vivo studies revealed that the nanoparticles could success-
fully accumulate in Bel-7402 hepatocellular xenograft to show improved tumor 
growth inhibition effect (Fig.  10.2 ) (Dai et al.  2011 ). A better understanding of the 
contribution of the molecular and physiological tumor heterogeneity towards thera-
peutic challenges and realization of the advantages of subtle internal physiological 
differences such as redox-potential towards improvement in design of delivery vec-
tors has led to a surge in the scientifi c focus and literature publications (Wang et al. 
 2013 ; Han et al.  2014 ; Shao et al.  2014 ; Zhuang et al.  2014 ; Hu et al.  2015b ; Xiao 
et al.  2015 ). A recent comprehensive review summarizing the design considerations 
and application of redox-responsive polymeric nanoparticles for drug delivery 
application has been published and is highly recommended for a detailed insight on 
the topic (Huo et al.  2014 ).

10.3.2        Lipid-Based Systems 

 Lipid-based delivery systems, especially liposomes have been studied for a long 
time for therapy applications and there is a tremendous interest in developing such 
stimuli-responsive systems. Interestingly, there have been fewer endeavors to 

A. Singh et al.



263

realize such a system, probably due to the labile nature of the liposomes that are 
amenable to loss in structural integrity with smallest of change in interaction 
between the phospholipids. To this end, designing redox-responsive liposomes 
involves modifying constituent lipids with redox sensitive groups that compromises 
permeability/structural integrity of the nanoparticles in the suitable environment to 
facilitate drug release. Ong  et al.  modifi ed dioleoyl phosphatidylethanolamine 
(DOPE) lipids with redox-sensitive quinone groups (1-Q3), which facilitate struc-
tural transition from lamellar liposomal (L α ) to hexagonal columnar (H II ) inverted 
micelle shape, thereby releasing the encapsulated content (Fig.  10.3 ). Though dem-
onstrated on surrogate molecule calcein, the delivery system shows rapid payload 
release upon exposure to sodium hydrosulfi te and thus have great potential as biore-
ductive delivery vehicle (Ong et al.  2008 ). Similarly, Zhang et al. prepared gallate 
derivative of palmitoyl oleoyl phosphoethanolamine (POPE), which was used with 
palmitoyl oleoyl phosphatidylcholine (POPC) to make large unilamellar vesicles 
that could be crosslinked by click chemistry to give a pH and redox dual-responsive 
delivery system. The vesicles show minimal drug release in the absence of a reduc-
ing agent (~20 % in 7 h) but exposure to dithiothreitol (DTT) resulted in rapid 
release of the drug (~90 % within 1 h) (Zhang and Zhao  2011 ). Redox-responsive 
lipidic systems are yet to be explored to their true potential but the initial results are 
certainly indicative of their benefi cial application.

  Fig. 10.2    ( a ) Formation and structural transitions of the dual-sensitive HP-ICM. Polymer compo-
sition based on  1 H NMR spectroscopy: n = 45, m = 15, k = 14. DOX = doxorubicin. ( b ) Tumor 
growth inhibition in nude mice bearing the Bel-7402 tumor after tail-vein injection of different 
formulations ( n  = 20; dose: 5 mg DOX per kg body weight per injection for DOX or DOX-loaded 
micelles). ( c )  In vivo  DOX fl uorescence images showing passive tumor accumulation of DOX- 
loaded HP-ICMs after tail-vein injection into nude mice bearing the Bel-7402 xenograft (dose: 
5 mg DOX per kg body weight) (Reprinted with permission from Wiley-VCH (Dai et al.  2011 ))       
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10.3.3        Hybrid Systems 

 A hybrid system is a relatively new concept of incorporating two or more compo-
nents of different origin such as polymers, lipids or inorganic materials to design an 
integrated delivery vehicle. In any typical hybrid delivery vehicle, one (or more) 
component contributes as building block for structures to house and protect the 
therapeutic moiety while other components impart desired characteristics including 
stimuli-responsiveness. Such systems have inherent advantage since strengths of 
different constituting components can be simultaneously exploited to design more 
powerful and controlled delivery system. Wang  et al.,  developed a PEG-based poly-
meric lipid vesicle (PPLV) system with pH-sensitive hydrazone linkage and redox- 
responsive disulfi de bond.  In vitro  results confi rmed active uptake in acidic 
environment (pH ~5), rapid drug release profi le triggered by a redox environment 
(10 mM glutathione) and therefore an effi cient cytotoxic impact on the cells (Wang 
et al.  2014b ). Mesoporous silica nanoparticles (MSNs) has been one of the most 
studied hybrid redox-responsive delivery system where the silica particles are used 
as nanoreservoirs of the drug with suitable gate keepers such as cadmium sulfi de 
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  Fig. 10.3    Proposed mechanism for the conversion of liposomal 1-Q3 from lamellar (L α ) lipo-
somes to inverted hexagonal (H II ) DOPE micelles. Reprinted with permission from ACS (Ong 
et al.  2008 )       
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(CdS) or iron oxide (Fe 3 O 4 ) nanoparticles, cyclodextrin, poly(amido amine) den-
drimer etc to control drug release via disulfi de-based redox characteristics (Yang 
et al.  2012 ). As an example, Lai  et al.  capped MSNs with 2-(propyldisulfanyl) eth-
ylamine groups, which functionalized the surface with mercaptoacetic acid coated 
CdS nanoparticles as gatekeepers of the pores (Fig.  10.4 ). Disulfi de crosslinks 
ensure minimal release of the loaded cargo (<1 %) for up to 12 h in the absence of 
suitable stimulus but in the presence of DTT, the drug was rapidly release. Their 
study further revealed that the rate of drug release could be controlled precisely by 
tailoring the concentration of DTT (Lai et al.  2003 ).

   More interestingly, redox-sensitive iron oxide capped MSN not only provides a 
controlled drug release characteristics to the delivery vehicle but also aids in mag-
netic responsiveness, which could be used to externally guide the delivery vehicle 
to the desired target site in the body. Giri  et al.,  successfully developed an iron oxide 
coated redox-responsive MSN system that could release its payload in response to a 
reducing environment and demonstrated excellent response to externally applied 
magnetic fi eld (Giri et al.  2005 ). Such hybrid systems have performed exceptionally 
in the  in vitro  settings but there is a dearth of reports demonstrating the strengths of 
these vehicles  in vivo . These initials reports however have shown encouraging 
results and careful design of these multifunctional systems would have potential in 
improving the outcome of the existing therapies against cancer (Fig.  10.5 ).

10.4         Conclusions and Future Perspective 

 Signifi cant strides have been made towards developing and demonstrating the 
strengths of the redox responsive nanosystems in drug delivery. Their application in 
cancer therapeutics specially is very promising since these stimuli responsive sys-
tems exploit the inherent tumor microenvironment to trigger the release of the pay-
load, assisting in site-specifi c delivery. Suitable surface modifi cation can further 
provide “stealth properties” and target selectivity by using PEG and targeting 
ligands respectively. However, despite considerable advancement in design and sig-
nifi cant pre-clinical success of the redox-responsive system, there is a dearth of 
studies at the clinical level. Material safety, clearance profi le and biocompatibility 
remain major concern and even though most preclinical reports perform safety 
assessment, these studies are conducted in animal models, which may not be trans-
latable to human subjects due to intra and inter-species physiological differences. 
Mass scale production for commercial application of these systems is another chal-
lenge that needs to be addressed. The US food and drug administration (FDA) has 
laid strict guidelines for good laboratory and manufacturing practices (cGLP/
cGMP) that have to me met to ascertain batch-to-batch consistency of the formula-
tion prior to their use of clinical trials in human subjects. Much of these critical 
issues are still to be addressed for redox-responsive delivery systems but the pre-
clinical success does indicate considerable promise in application of these systems 
in addressing the challenges in cancer therapy.  
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  Fig. 10.4    Schematic representation of the CdS nanoparticle-capped MSN-based drug/neurotrans-
mitter delivery system. The controlled-release mechanism of the system is based on chemical 
reduction of the disulfi de linkage between the CdS caps and the MSN hosts (Reprinted with per-
mission from ACS (Lai et al.  2003 )       
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10.5     Summary 

•     Tumor microenvironment has high concentration of glutathion (GSH) and ele-
vated intracellular GSH which has been recognized as an ideal internal stimulus 
for rapid destabilization of nano-carriers inside cells to accomplish effi cient 
intracellular drug release.  

•   Various redox-responsive nano-carriers have been designed based on chemical 
linkages which are stable in the circulation due to low GSH concentration but 
undergoes destabilization in the tumor microenvironment to trigger the payload 
release. Passive and active targeted delivery strategies can be used for tumor- 
specifi c accumulation upon systemic administration. Advances in material engi-
neering can then allow for incorporation of additional stimuli-responsive 
properties.  

•   Despite several advances, numerous challenges such as absence of degradability 
or insuffi cient biocompatibility, the complexity of their architecture design and 
diffi culties in the scaling-up of their synthesis persist, which limit the chances for 
clinical success of redox-responsive systems.  

  Fig. 10.5    Schematic of the stimuli-responsive delivery system (magnet-MSN) based on mesopo-
rous silica nanorods capped with superparamagnetic iron oxide nanoparticles. The controlled- 
release mechanism of the system is based on reduction of the disulfi de linkage between the Fe 3 O 4  
nanoparticle caps and the linker-MSN hosts by reducing agents such as DHLA (Giri et al.  2005 )       
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•   In future, more efforts should be directed towards understanding the materials- 
biology interface to address limitation associated with biodistribution, long-term 
compatibility and stability and improved effi cacy to achieve clinically relevant 
cancer therapy.        
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    Chapter 11   
 Nano-emulsions for Drug Delivery 
and Biomedical Imaging                     

     Nicolas     Anton     ,     François     Hallouard    ,     Mohamed     F.     Attia    , 
and     Thierry     F.     Vandamme   

    Abstract     Over the last decade, nano-emulsion has gained a considerable interest in 
biomedical applications. The reason is simple, and lies in the combination of several 
advantages of this nano-carrier. Nano-emulsion consists of a dispersion of oil nano-
droplets in a water phase, sizing from 20 to 200 nm. First advantage of nano-emul-
sions is their huge stability; Second is their very simple formulation; Third is their 
non-toxicity; And fourth is their very important loading capability of lipophilic or 
oil-soluble molecules in the oily core of the nano-droplets. On the other hand, if the 
formulation is easy, tailoring the nano-emulsions for a given application, optimizing 
the processes, functionalizing the droplets surface, and targeting organs or cancer-
ous tumors remains a challenge. This chapter aims to draw an overview of the dif-
ferent aspects of nano-emulsions formulations and applications. A fi rst part regards 
the different fabrication processes, followed by biomedical applications of nano- 
emulsions,  in vivo  fate, biodistribution, pharmacokinetics, targeting, applications as 
nanomedicines and drug delivery systems. Clinical applications of nano-emulsions 
are also discussed, as well as their applications as contrast agent for the main 
 different imaging modalities, X-ray imaging, fl uorescence imaging and magnetic 
resonance imaging.  
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  PBS    Phosphate buffer saline   
  PET    Positron emission tomography   
  PDI    Polydispersity index   
  PEG    Polyethylene glycol   
  PFCs    Perfl uorocarbons   
  PFPE    Perfl uoropolyether   
  QDs    Quantum-dots   
  RES    Rethiculoendothelial system   
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11.1         Introduction 

 Conventional emulsions, also called macro-emulsions, are typically sizing around 
the micrometer or larger. This is advantageous as regards the formulation process 
since they can be simply generated with conventional mechanical methods, like 
rotor-stator devices, but disadvantageous as regards their stability. Size range of 
macro-emulsions originates many physical destabilization processes, mainly 
gravitational- based phenomena that favor droplet fl occulation and ultimately 
coalescence. On the other hand, the term “nano-emulsions” refers also to emulsions 
with the same structure than macro-emulsions but with drastic differences in both 
their stability properties and formulation processes. First, nano-emulsions (also 
known as miniemulsions, fi ne-dispersed emulsions, submicron emulsions and so 
forth) can be formulated from 10 to 20 nm up to 200–300 nm. In general, emulsions 
are thermodynamically unstable systems because the free energy ∆ G   f   is greater than 
zero. The physical destabilization of emulsions is related to the spontaneous trend 
to reduce interfacial area between the two immiscible phases. The minimization of 
interfacial area is attained by two mechanisms:  (i)  fl occulation generally followed 
by coalescence, and  (ii)  Ostwald ripening. The global expression ∆ G   f   = γ∆ A  –  T ∆ S   f   
(with γ the water–oil interfacial tension, ∆ A  the water–oil interfacial area gained 
with emulsifi cation,  T ∆ S   f   the entropy of droplet formation), means that the emulsion 
instability only comes from ∆ A . 

 In the case of nano-emulsions, the stability comes from two phenomena; their 
nano-scale size range inhibits the effect of gravitation to the benefi t of Brownian 
motion, and induces the predominance of the steric stabilization between droplets. 
As a consequence, Ostwald ripening is the only process that destabilizes the droplet 
giving a typical stability over several months. Actually, this kinetic stability is the 
main typical characteristic of nano-emulsions, making them prime candidate for 
numerous applications from nanomedicine, pharmaceutics, to agro-food industries. 
In nano-emulsion systems, the very small size of droplets will prevent the droplets 
undergoing reversible processes like fl occulation and creaming (or sedimentation), 
and thus preventing the coalescence. However, the stability of nano-emulsions actu-
ally appears as a paradox since ∆ A  of nano-emulsions is defi nitively higher than the 
one of macro-emulsions, thus resulting in higher ∆ G   f  . On the other hand, the inhibi-
tion of the destabilization processes predominates, resulting in very stable nano- 
emulsions. Stability of nano-emulsions is an experimental fact, and very easily 
obtained with simple formulation procedures. 

 As we saw above the main property of nano-emulsions is their stability, but 
another interesting point due to the Brownian properties of the droplets is their abil-
ity to diffuse in all the available volume to give a very homogeneous dispersion of 
droplets. Therefore after encapsulating a given active principle ( e.g.  drugs, contrast 
agents) in oil nano-droplets, these hydrophobic or lipophilic molecules are homoge-
neously dispersed in the aqueous phase. The nano-scale of nano-emulsions droplets 
is also an advantage for biological and medical applications since they have privi-
leged interactions with living cells, tissues, organs of pathologies, and they are as 
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well compatible with the parenteral administration. In that way nano-emulsions 
naturally found many applications in various fi elds and notably in nanomedicines as 
lipid nano-carriers.  

11.2     Formulation Processes 

11.2.1     Generalities 

 Emulsifi cation consists of dispersing one fl uid into another non-miscible one, creat-
ing interface through the increasing of ∆ A . The properties of the generated emul-
sion,  i.e.  size distribution and stability, are closely linked not only to the composition, 
chemical nature of the phases and stabilizing agents, ratio of viscosities of the dis-
persed and bulk phases, but also on the formulation protocol, temperature and time 
of processing, shear rate, cooling time, and type of emulsifi cation apparatus. In 
addition, besides these criteria, the emulsion stability is strongly related to the size 
distribution of the dispersion after formulation. In the case of nano-emulsion, mono-
dispersity will have a direct impact on the inhibition of Ostwald ripening, since the 
difference of the pressure between the bigger and smaller droplets will be reduced. 
The formulation of emulsions is conditioned by the energy supplied by the formula-
tion device. Actually, most of apparatuses currently used for the fabrication of 
macro-emulsions do not allow decreasing the droplet size below 1 μm because of 
low emulsifi cation yields due to the dissipation of the mechanical energy in heat. It 
is for example the case of rotor/stator apparatus like UltraTurrax ®  and colloidal 
mills. Only some methods allow the fabrication of nano-emulsions. Table  11.1  gath-
ers the main methods for the formulation of emulsions along with the range of the 
generated droplet sizes (with limiting  ϕ   v    d   < 30 % to avoid droplet recombination dur-
ing processing).

   It follows that the three main possibilities for the formulation of nano-emulsions 
are:  (i)  high-pressure homogenization,  (ii)  ultrasound based methods (using 
sonotrode), and  (iii)  low-energy emulsifi cation. In the following sections, these 

  Table 11.1    Summary of the 
accessible sizes in function of 
the emulsifi cation apparatuses  

 Emulsifi cation method  Typical size 

 Mechanical stirring  1–15 μm 
 Colloidal Mills  10–50 μm 
 * High-pressure 
homogenization 

 50 nm–5 μm 

 Membrane  0.2–100 μm 
 * Microfl uidizer ®   10 nm–1 μm 
 * Ultrasonication  20 nm–1 μm 
 * Low-energy methods  10–200 nm 

  * the ones generally compatible with the formula-
tion of nano-emulsions  
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 processes will be presented and the conditions to reach nanometric-sized droplets 
will be discussed. It is to be noted that in the case of high-energy methods (high 
pressure or sonication), the formulation of nano-emulsions obligatory follows a pre-
liminary step of pre-emulsifi cation. The initial phase containing all components like 
emulsifi ers, additives, and maintained at controlled temperature, undergoes a stage 
of dispersion that consist in creating a strong shearing that favors the breaking-up of 
the drops. Apparatuses indicated for this step are generally turbines type ( e.g.  
Rushton type), that provide a high shearing along with an effi cient recirculation of 
the liquid, giving rise to a premix emulsion between 10 and 100 μm. Then, the sec-
ond step, homogenization step, will decrease the droplet size below 500 nm, narrow 
the size distribution, eventually improving the stability.  

11.2.2     High-Pressure Methods 

 High-pressure homogenization is a very common industrial process, notably in the 
formulation of agri-food liquid or semi-liquid products. The premix emulsion is 
projected under high pressure from 30 to 1'000 bar through a homogenization head 
of particular geometry (see Fig.  11.1 ), and undergoes a combination of elongation 
and shear fl ows, impacts, and cavitations. The resulting size distributions are repro-
ducible with a mean size ranging from 50 nm to 5 μm.

   High-pressure emulsifi cation arises from the competition between the droplets 
break-up die to deformation enhanced by the high-speed fl ow, and their 
 recombination due to coalescence enhanced by collisions. The main parameters 
infl uencing the size and dispersity of the nano-emulsions are  (i)  the number of pas-
sages in the homogenizer,  (ii)  the value of the volume fraction of dispersed phase 
 φ   v    d  ,  (iii)  the value of the pressure applied, and  (iv)  the concentration  C  of stabilizing 
agent like surfactants, proteins, polymers. We can note that the stabilizing agent 
concentration  C  is a critical parameter, since, if  C  is lower than  cmc /10 ( cmc  is the 

  Fig. 11.1    Conceptual representation of high-pressure homogenizer chamber       

 

11 Nano-emulsions for Drug Delivery and Biomedical Imaging



278

critical micelle concentration), the droplet size does not decrease lower than 300 nm. 
This is due to the predominance of the coalescence against the stabilization of the 
fragmented droplets. On the other hand, when  C  is typically higher than  cmc  × 10, 
the surfactants molecules are effi cient to stabilize the droplets formed after frag-
mentation, allowing to decrease the size up to 50 nm. Of course, a further increase 
of  C  can reach the interface saturation that cannot allow a further decrease of the 
size. In addition, as easily understandable, this is only in this regime of surfactant 
concentration that the effect of the applied pressure is effective, actually the size 
follow a power law (Taisne et al.  1996 ).  

11.2.3     Ultrasounds-Based Methods 

 This formulation method consists in applying a strong ultrasonic energy in a small 
volume sample under circulation. This is performed with a specifi c sonotrode that 
concentrate the energy in a surrounding volume (see Fig.  11.2 ). Ultrasonic emulsi-
fi cation is thus only effi cient in this small volume around the sonotrode, and thus the 
fl uid circulation in the sample is still necessary for optimizing the process, and as 
well involves a minimum time before stabilization of the droplet sizes. The frequen-
cies of ultrasound are from 16 kHz to 1 MHz, and generated by a plane surface 
vibrating on a sinusoidal way with amplitude between 1 and 200 μm. Cavitation 
bubble alternatively undergo contraction and dilatations, and the micrometric glob-
ules of the premix emulsions are broken-up by the successive implosions of the 
cavitation bubble. The droplet fragmentation of the droplets gradual decreases their 
average diameter. This is illustrated in Fig.  11.2  (middle) that shows the nano- 
emulsion mean size describes an exponential decay up to stabilization, for a simple 
system composed of medium chain triglycerides (oily core), nonionic surfactant 
(stabilizing agent) and water as continuous phase (Delmas et al.  2011 ). The fi gure 
shows the follow-up of the mean size and polydispersity indexes (PDI). PDI refl ects 
the quality and monodispersity of the dispersion, such that a suspension is consid-
ered of good monodispersity (good quality) if the value of PDI is below 0.2–0.15, 
and of very good monodispersity (very good quality) if the PDI is below 0.1. The 
exponential profi les reported, for a similar system can be “stretched” if the energy 
supplied is decreased, as illustrated in Fig.  11.2  (bottom). This result is actually 
important for understanding the process, as well as its design and optimization. If 
ultrasound-based technologies are compared with high-pressure homogenizers, the 
properties of the resulting emulsions are generally similar. However, high-pressure 
homogenizers are widely used in industrial processes, whereas ultrasonifi ers are 
more adapted for the laboratory scale, research and development stages.
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  Fig. 11.2    (Reprinted adapted with permission from (Delmas et al.  2011 )).  S chematic of a 
sonication- based nano-emulsifi cation process.  Top:  evolution of droplet size distribution along the 
sonication process: particle mean diameter (black disks), and polydispersity index (open triangles). 
 Bottom:  evolution of droplet size distribution along the sonication process in function of the power 
of the sonicator       
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11.2.4        Low-Energy Methods 

 Low-energy methods allow the formulation of nano-emulsions similar to those 
described above (with high pressure and sonication methods), but without mechani-
cal energy. In this case, the increase of ∆ A  is obtained by taking benefi t of the intrin-
sic physicochemical properties of the phases and stabilizing agents. 

 Low-energy methods are simple, cost-effective formulation processes and are 
very attractive. However, the low-energy methods are very studied but almost only 
on the fundamental point of view, and much less used in industrial processes than 
high-energy ones. This is likely due to several points, like the fact  (1)  that these 
methods only allow nano-emulsifi cation and not homogenization of premix ( e.g.  not 
suitable for homogenizing milk), or  (2)  that the physicochemical properties of the 
dispersion cannot always be fi nely controlled, or fi nally  (3)  that they involve a non- 
negligible amount of surfactants that is not always compatible with all the specifi ca-
tions (impact on the taste in agrifood industries, or induce a toxicity, etc.). 

 Low-energy methods in general are based on spontaneous emulsifi cation, or self- 
emulsifi cation. It is to be noted that other low-emulsifi cations methods are reported, 
like phase inversion temperature methods of solvent diffusion, but it has recently 
been shown that their principle is based on the spontaneous emulsifi cation described 
below. Spontaneous emulsifi cation occurs when two immiscible fl uids are brought 
in contact and gently homogenized. In a few seconds a kinetically stable nano- 
emulsion is formed. In contrast with high-energy methods, spontaneous emulsifi ca-
tion allows a similar gain in ∆ A  without energy input. Spontaneous emulsifi cation 
takes benefi t of the physicochemical properties of the water, oil, and surfactant for 
generating the nano-droplets through a spinodal decomposition-like process. 

 Numerous explanations aimed understanding of this phenomenon, however, it is 
only recently than a universal and simple mechanism was proposed (Anton and 
Vandamme  2009 ), thus including all the spontaneous emulsifi cation processes. 
Illustrated in Fig.  11.3 , the spontaneous emulsifi cation was attributed to the penetra-
tion of the water phase in the oily one, resulting in breaking-up the oil phase at the 
nanometric scale. Let us consider the oil phase homogeneously mixed with surfac-
tant molecules in specifi c conditions ( e.g.  temperature) that make them lipophilic 
(Fig.  11.3a ). Then, once this surfactant/oil phase is in contact with water (Fig.  11.3b ), 
aqueous phase penetrates the oil one solubilizing the surfactant molecules 
(Fig.  11.3c ). Surfactants stabilize the newly-formed oil nano-droplets generating 
the nano-emulsions (Fig.  11.3d ), generally sizing from 20 nm to 200–300 nm. In 
addition, spontaneous nano-emulsions give suspension with a very good monodis-
persity excepted when we reach the limit of the feasibility region,  e.g.  at low 
 surfactant concentrations, where the polydispersity indexes suspensions can 
increase higher than 0.2–0.3. It follows that spontaneous emulsifi cation is driven by 
the physicochemical properties of the surfactant and its solubility towards the oily 
and aqueous phases. On the other hand, when a spontaneous emulsifi cation process 
is effi cient to give nano-emulsions, its own size can be fi nely controlled by the sur-
factant concentration, namely the higher is the surfactant concentration, the lower is 
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the average nano-emulsion size (Anton and Vandamme  2009 ). It is noteworthy that 
not all the surfactant/oil couples are compatible with the spontaneous nano- 
emulsifi cation, and this is one of the main reasons why sometimes it is necessary to 
shift to high-energy methods. However, we can defi ne some necessary conditions 
for the spontaneous emulsifi cation, like the complete solubility of the surfactant to 
the oily phase. This affi nity can be relative and be artifi cially improved with tem-
perature, for example with nonionic surfactants that become lipophilic at high tem-
perature (above their cloud point in general). Then with a sudden mixing with the 
aqueous phase at room temperature ( i.e.  colder water) the surfactant affi nity for oil 
is suddenly decrease benefi cially to the one of water, enhancing the water penetra-
tion. Another important factor that impact on the process is simply the chemical 
nature of each compound, not only the properties of nonionic surfactant but also the 
nature of oil, the nature of surfactant, and the additives in the aqueous phase.

  Fig. 11.3    (adapted from (Anton and Vandamme  2009 )) Schematic representation of the mecha-
nism driving the spontaneous emulsifi cation       
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11.3         Applications of Nano-emulsions for Drug Delivery 
and Biomedical Imaging 

11.3.1     Nano-emulsions as Nanomedicines 

 The drugs used for Humans present a main pharmacological activity, but also 
adverse effects. Thus improving the effi ciency of a drug by inhibiting its adverse 
effects results in increasing its benefi t-to-risk ratio. Nanotechnologies, in general, 
and nano-emulsions being a realistic solution, allow increasing its benefi t-to-risk 
ratio in modifying the becoming of the drug in the organism. This aspect is particu-
larly crucial in antitumor treatments, aiming a very specifi c targeting on tumor cell 
without affecting healthy cells. The main strategy consists in associating the drug 
with a nano-carrier, which will infl uence the drug biodistribution and elimination. 
In this case, the drug may follow the  in vivo  fate of the nanocarrier, closely related 
to its physicochemical properties like size, electrostatic charge, chemical composi-
tion, functionalization. Optimizing this operation results in increasing the targeting 
of the drug towards the tissues in which we want this last one has to be active, 
increasing the time in contact, while limiting its diffusion to those it could be toxic. 
This targeting ideally improves the drug effi ciency. Actually, the design, the devel-
opment and the optimization of an effi cient vector are not only related to the under-
standing and expertise in the formulation process of the nanocarriers, sometimes 
delicate at the nanometric scale, but also on the knowledge of the different physio-
logical, histological, biological and biochemical aspects of the tissues in living 
organisms. Actually, the biodistribution of the drug will be driven by the interac-
tions and  in vivo  behavior of the nanocarrier in the body. In addition, in function of 
the administration route, the nano-carrier will be in contact with different tissues 
and its pathway can be different. 

 As regards lipid nano-emulsions as drug delivery systems, and considering that 
the potential drugs are solubilized in oil cores without premature leakage, their 
 targeting properties will be defi ned by the interactions of the lipid droplets in func-
tion of the administration route. Let us now focus on the different administration 
ways, and evaluate the different potentialities for targeting lipid nano-droplets. 

 Intravenous administration constitutes the main administration route adopted for 
research investigations or preclinical studies since blood is the ultimate location 
desired for a drug before targeting. However, beside physiological compatibilities 
like sterility, osmolarity and pH, the size of the nanocarrier is a main issue in their 
design. Once in the bloodstream, the nano-droplets will circulate in the blood pool, 
migrate to the heart by the vena cava, then in the lung to be back in heart by the 
pulmonary vena, and in the arterial circulation by the aorta. In this context, the risk 
of pulmonary emboli that arises above 5 μm is prevented by the size of nano- 
emulsions below 200–300 nm. Then, their elimination is performed by the macro-
phages of the reticuloendothelial system (RES) and particularly in liver and spleen. 
Küpfer cells in liver are particular macrophages very effi cient for nanoparticles 
uptake; they are located in the border of hepatic sinuses, and constitute 25 % of the 
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liver cells and 90 % of the macrophages in the body. Spleen is well an effi cient trap 
for nanoparticles. Then, their elimination is performed through the bile by trans-
cytosis within the gall bladder. On the other hand, when the particles are smaller 
than 5–10 nm they are fi ltrated by kidneys, and this happens in some applications 
with,  e.g.  micelles or small hydrophilic contrast agents. 

 It appears that the therapeutic effi ciency of drugs can be improved by their poten-
tial targeting through nano-carriers, and thus depend on their time of circulation in 
the blood stream. The longer is this circulation time, the longer will be the contact 
with the target tissues. It follows that increasing the circulation time of the nano- 
carriers in bloodstream ( i.e.  making them stealth towards RES) is a key factor for 
improving the drug effi ciency. Actually, before the macrophage uptake by phagocy-
tosis as discussed above, the nanoparticles are recognized through opsonization, by 
fi xation onto their surface of blood proteins called opsonin. Two parameters are 
known to inhibit this phenomenon, the size of the particles and the chemical nature 
of the surface. Indeed, the limit of 100 nm is generally considered as an effi cient 
limitation of the RES recognition, as well as the decoration of the surface with neu-
tral hydrophilic polymers like polyethylene glycol (PEG). 

 In the case of nano-emulsions, we have seen that the different formulation pro-
cesses give rise to oil nano-droplet suspensions of similar physicochemical proper-
ties. Therefore the size and surface composition should be mainly related to the 
choice of stabilizing agent. Precisely, a large class of stabilizing agents,  i.e.  nonionic 
surfactants, fulfi lls such specifi cations and allows the simple formulation of small 
PEGylated nano-droplets. Nonionic surfactants are generally composed of a PEG 
chain as hydrophilic part connected to a more or less simple aliphatic chain. Owing 
to their high surfactant properties (HLB > 15–16) they allow to reach very small size 
below 200 or even 100 nm, and owing to the PEG part of the surfactant the resulting 
droplets are naturally protected from opsonization. Spontaneous emulsifi cation has 
emerged as a very effi cient method to produce stealth nano-emulsion droplets. 
Some examples are reported in Fig.  11.4 , for different kinds of nanoparticles com-
paring nano-emulsions, polymeric nanocapsules and inorganic nanoparticles. Their 
morphologies are illustrated in TEM micrographs and the longitudinal quantifi ca-
tion of their concentration in blood are reported for all nanoparticles.

   In fact, these nanoparticles differ in their mean sizes, with nano-emulsions 
around 80 nm, and, inorganic nanoparticles or polymeric capsules around 200 nm. 
However we have to consider that the size distributions of these kinds of suspen-
sions largely overlap, and thus the average size should not be considered as main 
factors infl uencing the blood clearance. Another basic factor that impacts on the 
blood pharmacokinetics, beyond the surface functionalization, is the nature of the 
particle core itself. In Fig.  11.4a , blood concentration of nano-droplets ( i.e.  propor-
tional to X-ray contrast) are compared for droplets of similar size and made with the 
same surfactant (PEG-35 ricinoleate) but with different iodinated oils constituting 
their core. One can see a slight difference in the curve profi les, resulting in half-lives 
varying from 6 h to 9 h. However, when the surface is drastically modifi ed with a 
polymeric capsule (Fig.  11.4b ), the clearance is much more decreased up to 2.5 h, 
and fi nally reaches 1 h with inorganic (tungsten oxide crystals) (Fig.  11.4c ). 
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Obviously the nature of the nanoparticles infl uence the opsonization process due to 
the surface charge, electronic density or protein attractions by other low-energy 
forces (Owens and Peppas  2006 ), but we can note as well that in the case of nano- 
emulsions the PEG coverage is actually optimal since any other material enters in 
the surface composition. 

 Besides the considerations on blood circulation time, the drug targeting process 
is associated to the nano-carriers accumulation into the aimed tissues during this 
blood circulation phase. This means that it is related to accumulation phenomena, 
specifi c to the nature of the nano-carrier and/or surface functionalization. This 

  Fig. 11.4    (adapted from (Attia et al.  2014 ; Hallouard et al.  2013 ; Jakhmola et al.  2014 )) 
Comparison of the residence time in bloodstream for different kinds of nanoparticles: ( a ) nano- 
emulsions, ( b ) polymeric nano-capsules, and ( c ) inorganic nanoparticle. The fi gure presents a 
schematic illustration of the nanoparticle structure ( left ), transmission electron micrograph ( mid-
dle ), and X-ray attenuation (proportional to the blood concentration of nanoparticles) in function 
of time post-intravenous administration in mice       
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accumulation can be the direct consequence of the size, chemical nature or charge 
of the nano-carriers (so-called passive targeting), but can also be induced by the 
decoration of the surface by ligands specifi c to the receptors overexpressed in the 
target tissues (so-called active targeting). Sometimes the natural elimination path-
ways of the vectors towards the liver or spleen are used for the specifi c drug deliv-
ery in these organs, and can be also called passive targeting (of liver or spleen). In 
this case, we have disclosed the passive accumulation in these organs thanks to 
X-ray imaging that allows the longitudinal non-invasive  in vivo  quantifi cation of 
the biodistribution. Figure  11.5  illustrates the biodistribution in liver, spleen and 
kidney of nano- emulsions with similar size and physicochemical properties, but 
different oil cores made with iodinated vitamin E, iodinated castor oil, and iodin-
ated monoglyceride (as in Fig.  11.4a  above). The quantifi cation of their biodistri-
bution with time emphasize drastic differences between the different organs, 
iodinated vitamin E is more accumulated in liver while iodinated castor oil prefers 
spleen, and on the contrary iodinated monoglyceride does not show an organ speci-
fi city and is simply more rapidly eliminated from the organism. It follows that the 
passive accumulation of nano-droplets through elimination pathway is a powerful 
tool for imaging pathologies actually located in these organs as described in 
(Almajdub et al.  2007 ; Martiniova et al.  2010 ; Aprahamian et al.  2011 ; Boll et al. 
 2011 ) in liver and spleen.

   On the other hand, passive targeting includes the passive accumulation in tumors, 
for instance implanted subcutaneously, and considered to be undergone through the 
enhanced permeation and retention effect (EPR effect), targeting. EPR effect results 
from the passive accumulation of drug or nanocarriers due to their extravasation 
through leaky vasculature. It is well established that for certain pathologies like 
tumors, infarctus, infl ammation areas, and under certain circumstances, the endo-
thelial lining of the blood vessel wall becomes more permeable than in the normal 
state (Hobbs et al.  1998 ; Jain  1999 ). Thus, large molecules and nanoparticles rang-
ing from 10 to 500 nm can leak from the vessel and accumulate in interstitial space, 
 i.e.  co-localize with the pathology. Actually, the effi ciency of the passive EPR tumor 
accumulation is basically related to the time of the agent in bloodstream: the higher 
is the exposure, the higher is the accumulation. Thus, a prolonged time in blood is 
obtained with non-renal clearable entities (size > 5 nm) (Fang et al.  2001 ) decorated 
with well solvated and fl exible polymer chain (PEG) was shown to slow down their 
opsonization and clearance by the RES (Klibanov et al.  1990 ; Torchilin and 
Trubetskoy  1995 ). The major examples reported in literature refer to liposomal for-
mulations that accumulate in subcutaneous xenografted tumors (Karathanasis et al. 
 2009 ; Zheng et al.  2009 ; Anayama et al.  2013 ). The direct visualization of this accu-
mulation phenomenon is provided by X-ray imaging techniques, and reveals the 
gradual enhancement of the contrast over time in the tumor surrounding regions. 
Some examples of EPR targeting with nano-emulsions were reported and have 
proved the compatibility of lipid droplets with EPR effect in general. For instance, 
in Ref. (Khalid et al.  2006 ), the authors report the formulation of nano-emulsions 
made with PEGylated surfactants (PEG 660-hydroxystearate) stabilizing medium 
chain triglyceride core. These lipid nano-droplets encapsulated anticancer mole-
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cule, docetaxel (DTX), at a concentration of 3 wt.% of the nano-droplet. The pas-
sive EPR accumulation the model tumor occurred thanks to the nano-carriers, 
studied and compared to a commercial control formulation ( i.e.  solubilized in 
micelles) of DTX (Taxotere ® , TXT). C26 colon adenocarcinoma cells in growth 
medium were injected subcutaneously in three different locations on the back of 
each mouse, which produced three separate tumors. The formulations were admin-

  Fig. 11.5    (adapted from Ref. (Attia et al.  2014 )) Quantifi cation of the droplet concentration in 
liver, spleen and kidneys (through X-ray attenuation, ΔHU) after i.v. administration of iodinated 
nano-emulsions with similar size and physicochemical properties, but different oil cores made 
with iodinated vitamin E, iodinated castor oil, and iodinated monoglyceride. To illustrate the dif-
ferences in contrast at 24 h post-injection, transverse slices through the liver and spleen are pre-
sented. Liver is indicated by orange arrows and spleen by blue arrows (n = 3 mice/group)       
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istered when each tumor grew to a volume of about 20 mm 3 , approximately 10 days 
after cell inoculation. These results are reported in Fig.  11.6 , where the two above- 
described formulations were injected at similar doses of 15 mg/kg, comparing the 
pharmacokinetics and biodistributions of DTX in tumor. The results disclose a 
clear-cut and signifi cant accumulation in tumor of the DTX encapsulated in nano- 
emulsions compared to the control roughly constant, while in liver, spleen and kid-
ney the two curve profi les are similar. This clearly evidences the EPR effect induced 
by the lipid nano-carrier.

   Actually in literature, EPR accumulation is generally illustrated with liposomes, 
for example in biomedical imaging (Karathanasis et al.  2009 ; Zheng et al.  2009 ; 
Anayama et al.  2013 ; Li et al.  2014 ). Herein for nano-emulsions, a similar size 
range and lipid nature gives rise to the similar effi ciency in the passive accumulation 
of lipid nano-emulsion droplets in tumors, that can allow to draw a realistic parallel 
with the liposomes EPR accumulation. As a last remark, the active targeting of 
nano-emulsions, performed with post-insertion in nano-emulsion droplets of func-
tion lipids, remains anecdotal and not very effi cient (Béduneau et al.  2008 ), likely 
due to the diffi culty to increase the ligand concentration decorating the particle 
surface.  

  Fig. 11.6    (adapted from Ref. (Khalid et al.  2006 )) Illustration of the passive targeting of nano- 
emulsions to xenografed subcutaneous tumor in mice after i.v. administration of nano-emulsions 
encapsulating DTX ( closed circles ) and of control injection of TXT ( open circles ). The drug dose 
level of 15 mg/kg and the concentration in the nanocarrier is 3 wt.% (n = 4 mice/group)       
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11.3.2     Clinical Applications of Nano-emulsions 

 Some nano-emulsions have already clinical applications and are authorized in dif-
ferent countries. We will present you in this part, different applications of such com-
mercialized emulsions. Then, a description of current clinical assays on 
nano- emulsions will be performed. Mainly, nano-emulsions in commercialized for-
mulations are used to improve drug solubility in water and therefore drug bioavail-
ability. To illustrate these facts one can mention two examples. The fi rst is Neoral ®  
(Novartis Pharma, Rueil-Malmaison, France), an oral cyclosporine emulsion for 
transplantation ( ANSM ). The second is Propofol Lipuro ®  (B Braun AG, Melsungen, 
Germany), an emulsion of propofol in soy oil for intravenous administration 
( ANSM ). This last is used for anesthesia in intensive care units. Another advantages 
of nano-emulsions are the possibility to inject oil intravenously and to improve 
emulsion stability. This is for example the case for Medialipide ®  (B Braun Medical, 
Boulogne, France), a commercialized oil-in-water emulsifi ed lipid utilized for par-
enteral nutrition ( ANSM ). To be administrated, strictly speaking oil droplets size 
should be less than 5 microns but in practice the characterizing size is the average 
size of the lognormal distribution meaning that the population contains droplets 
much bigger than the average size. It follows that nano-emulsions to be compatible 
with parenteral administration have a size range below the micrometer. 

 We identifi ed the current clinical assays on nano-emulsions using the Cochrane 
library. It is noteworthy that in this part, we will not present the assays using nano- 
emulsions as model for the evaluation of different treatments or drugs on hyperlip-
idemia. Experiments based on  ex vivo  model like explanted human tooth are likewise 
not considered. 

 Actually, these clinical assays could be classifi ed in 3 applications: anesthesiol-
ogy, dermatology and vaccines. One publication concerned a comparative study of 
emulsifi ed propofol with Solutol ®  HS15 (BASF) in nanometric size and propofol in 
soybean oil emulsion for anesthesia during endoscopy. This phase II assay was per-
formed on 150 patients (being 33–54 years old) (Rodrigues et al.  2012 ). The authors 
observed equivalence between emulsifi ed propofol and propofol in nanometric 
emulsion form concerning its effi cacy, safety and the side effects. However, it is 
worth to note that it was a lower incidence of pain during injection with propofol in 
nanometric emulsion form: 53.3 % of patients instead of 82.7 % with propofol in 
soybean oil emulsions. In additions, the incidence of nausea and vomiting was 
reduced with nano-emulsifi ed propofol from 10.7 to 2.7 % of the patients. A lack of 
this work is the absence of comparative study with Propofol Lipuro ® , propofol 
emulsion containing medium-chain triglycerides (Dubey and Kumar  2005 ). Indeed, 
this last formulation induced less injection pain than non-lipid forms of propofol. A 
hypothesis was a reduction or an absence of free propofol with Propofol Lipuro ® . 
With a comparative study between Propofol Lipuro ®  and nano-emulsifi ed propofol 
with Solutol ®  HS15 could be a good approach to verify this hypothesis. 

 Concerning dermatological applications, different applications of nanometric 
emulsion based drugs are clinically tested. A fi rst clinical assay was conducted on 
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482 subjects for the development of drug against cold sores (Kircik et al.  2012 ). The 
developed active substance (NB-001) was formulated at different dosages (0.1, 0.3 
or 0.5 wt.%) in nanometric emulsions. At the fi rst signs or symptoms of a cold sore 
episode, this medicine was applied 5 times per day, approximately 3–4 h apart, for 
4 days. Emulsions at a drug concentration of 0.3 wt.% showed the best effi ciency by 
a 1.3 days improvement in the mean time to healing compared to placebo (p = 0.006). 
This could be explained by a better skin penetration of the active substance at this 
concentration. Concerning drug safety, no serious side effects or dermal irritation at 
any concentration were observed. In additions, no active substance was detected in 
subject bloods. Compared to other medicine for cold sores, the observed effi cacy 
was similar to oral nucleoside analogues and greater than topical formulations 
which present a reduction of healing time by only one half day. The originality of 
this new formulation is the lack of drug distribution in blood preventing most of 
side effects for an effi cacy comparable to oral formulations. 

 The two next studies focused on drug evaluation for the treatment of distal sub-
ungual onychomycosis (Ijzerman et al.  2010a ,  b ). The formulation consisted of 
emulsions with a mean droplet size of 180 nm containing a new active substance 
(NB-002). The fi rst study corresponds to a phase II assay on 432 subjects having 
mild to moderate subungual onychomycosis of the toenails (Ijzerman et al.  2010a , 
 b ). The treatment was applied to all toenails and on 5 mm of adjacent skin for 
42 weeks. The droplet size and emulsion composition allow selective uptake into 
the skin without irritation via hair follicles and skin pores. In additions, the droplet 
size of the formulation destabilized fungal hyphae and spores leading to a formula-
tion effi ciency of 84 % compared to 13 % with blank emulsion. No serious side 
effect was observed during this assay. Nevertheless, the most observed side effect 
was nail discoloration and concerned globally 10 subjects on 432. The second assay 
is a post-hoc analysis of the fi rst study on 227 subject to assess the post-treatment 
mycologic cure and effective treatment rates of a 42-week treatment regimen of 
NB-002 compared to vehicle (Ijzerman et al.  2010a ,  b ). At 4 and 8 weeks post- 
treatment, an evaluation of the treatment effi ciency. At all emulsion concentration 
of NB-002, the mycologic cure rates 8 weeks post treatment was ranged from 4.2 to 
16.9 % versus 5.3 % in blank emulsion. These assays showed clear antifungal activ-
ity with clinically signifi cant nail clearing of NB-002. For more, the emulsion form 
had also an activity on treatment effi cacy. 

 Several phase III assays concerned the use of nano-emulsions of BF200 
5- aminolaevulinic acid (BF200 ALA) for actinic keratosis (AK) photo-treatment 
compared to a registered 5-aminolaevulinic acid cream (MAL) or placebo (Szeimies 
et al.  2010 ; Dirschka et al.  2012 ; Dirschka et al.  2013 ; Neittaanmäki-Perttu et al. 
 2014 ). BF-200 ALA (Biofrontera Bioscience GmbH) is a gel formulation of 
5- aminolaevulinic acid (ALA) with nano-emulsion. This formulation was designed 
to prevent ALA instability and improve skin penetration (Szeimies et al.  2010 ; 
Dirschka et al.  2012 ). For the illumination, different devices were used 3 h after 
drug administration: narrow emission spectrum LED (590–670 nm; Aktilite 
CL128 ® ) or broad emission spectrum LED (580–1400 nm; PhotoDyn 750 ® ). These 
assays were performed on 13–663 patients presenting a light to mild AK on face 
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and/or bald scalp. The protocol included one drug application followed by a LED 
luminescence. In cases of residual AK lesions corresponding mostly to grade II and 
III AK, a second treatment was performed 12 weeks after the fi rst (Dirschka et al. 
 2013 ; Neittaanmäki-Perttu et al.  2014 ). Then, patients where followed during 
3–12 months to determine infl uence of different treatment protocols on AK recur-
rence (Szeimies et al.  2010 ; Dirschka et al.  2013 ; Neittaanmäki-Perttu et al.  2014 ). 
Concerning the results, since 2010 and confi rmed by all other works, the authors 
concluded that treatment effi cacy depends on both drug design and luminescence 
technique. Narrow spectrum light sources presented the best results. For example, 
on 600 patients with MAL or BF200 ALA, this technique had a healing rate com-
pared to broad spectrum lamps of 71.5 % versus 61.3 % and 84.8 % versus 65.7 % 
respectively (Dirschka et al.  2013 ). It was to note that only with placebo broad spec-
trum lamps had better results 21.6 % versus 12.8 % with narrow spectrum light 
sources. In point of view of used drug formulations, BF200 ALA presented the best 
effi cacy compared to MAL and placebo in all assays. The healing rates on 600 
patients for BF200 ALA compared to MAL were 78.2 % versus 64.2 % (p = 0.05) 
with a remission rate at 3 months for BF200 ALA of 90.4 % (Dirschka et al.  2013 ). 
This difference could be explained by the observation on 13 patients of better histo-
logical clearance at 3 month with BF200 ALA compared to MAL: 61.5 % compared 
to 38.5 % (p = 0.375) (Neittaanmäki-Perttu et al.  2014 ). At 12 months after last treat-
ment, BF200 ALA showed the best remission rates at 47 % versus 36 % for MAL 
(Dirschka et al.  2013 ). Concerning the safety of BF200 ALA, the observed side 
effects were similar with MAL (Dirschka et al.  2013 ; Neittaanmäki-Perttu et al. 
 2014 ). All these results demonstrated that BF-200 ALA is a very effective and supe-
rior to a registered MAL. In additions effi cacies and adverse events are also 
depended to the different light sources used. 

 Two publications report vaccines against infl uenza (Stanberry et al.  2012 ; 
Treanor et al.  2013 ). In both assays, emulsions had the role of adjuvant. In the fi rst 
work, the authors used a glucopyranosyl lipid A, an emulsion designed to be an 
intramuscular vaccine (Treanor et al.  2013 ). They performed a phase I/II assay on 
392 patients (being 18–49 years old) receiving two administrations at D1 and D21. 
Forty two days after the fi rst vaccine administration, up to 82 % of the tested patients 
presented seropositivity to the different infl uenza stems. Concerning vaccine secu-
rity, this study revealed that the half of patients presented light to mild side effects. 
In some cases, the authors determined serious side effects requiring the use of anti-
hypertensive drugs. In the second work, the author used a new adjuvant W805EC 
corresponding to nano-emulsion. Indeed, nasal mucosa is the main entry for infl u-
enza virus (Stanberry et al.  2012 ). The authors performed a phase I assay on 199 
patients receiving a single intra-nasal administration of vaccine for 3 different infl u-
enza strains. The innovation was to design a vaccine for an intra-nasal administra-
tion in order to induce both systemic and mucosal immunity. Despite immunization 
process with a single administration through an original administration route, more 
than 70 % of the volunteers were sero-protected for the 3 infl uenza strains through 
systemic and mucosal immunity. W805EC as adjuvant presented a good tolerance 
during this clinical assays: absence of serious side effects and observation of side 
effects similar with intra-nasal administration of PBS (Phosphate buffer saline).  
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11.3.3     Nano-emulsions in Biomedical Imaging 

 Another fundamental application of nano-emulsions concerns their use as contrast 
agents for biomedical imaging. The formulations strategies can be actually close to 
the formulations of medicines, with on the whole different purposes. Imaging is an 
important preliminary aspect of some treatments like cancer treatment, providing 
real-time monitoring with minimal invasiveness and tissue destruction. Biomedical 
imaging is often used for prediction, screening, staging, prognosis, biopsy guid-
ance, therapy planning, and guidance. Computed X-ray tomography, magnetic reso-
nance imaging, fl uorescence and ultrasound have been traditional techniques of 
anatomical imaging. Ultrasound is commonly used as an external stimulus due to its 
accessibility, cost-effectiveness, and ability to be used in conjunction with multi-
modal systems. Besides, optical imaging tools, PET, SPECT, and photoacoustic 
imaging techniques, nano-emulsions have been widespread used in biomedical 
fi elds, daily consuming, particularly in cosmetics and even food industry owing to 
the huge stability, the encapsulation effi ciency, and the high safety of these 
nano-emulsions. 

 As mentioned above, the key to their success hinges on their oily cores which act 
as reservoir allowing solublization and nano-encapsulation of hydrophobic mole-
cules like drugs, contrast agents, organic fl uorophores, and/or inorganic NPs at very 
high concentrations. Other fundamental point for their applications  in vivo  is the 
non-toxicity since there are lonely fabricated with parenteral-compatible materials. 
Herein we will shed more light on specifi c examples to show the importance of the 
excellent behaviors of nano-emulsions as contrast agent for imaging. And this could 
be categorized into integrated classes: 

11.3.3.1     Nano-emulsions in X-ray Imaging 

 One of the earliest developed contrast agents-based nano-emulsions for micro- 
computed tomography (CT) are Fenestra VC ®  and Fenestra LC ®  in order to over-
come the incompatibility of clinic products like small hydrophilic iodinated 
molecules. These latter undergo a rapid elimination from the kidneys causing renal 
failure and do not allow performing scans in preclinical studies. 

 Introducing the nanotechnology into the medicine made signifi cant progress in 
micro-CT imaging. Over the last few years, our group has developed several effi -
cient formulations of nano-emulsion-based contrast agents for preclinical X-ray 
imaging. The ideal solution to ensure a high encapsulation and prevent any release 
is the synthesis of oily molecules grafted with X-ray contrasting atoms like iodine, 
and then formulated as nano-emulsions. These droplets are coated with hydrophilic 
polymer (PEG) to reduce their opsonization that prolongs their residence time in the 
blood stream. For these applications, as discussed above, the size in the range is 
50–250 nm, avoiding a fast clearance by the reticulo-endothelial system (Kulkarni 
and Feng  2013 ), but as well large enough to prevent a rapid elimination by kidneys 
(Choi et al.  2007 ). From these considerations, some examples of iodinated nano- 
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emulsions were proposed as contrast agents for X-ray micro CT such as iodinated 
α-tocopherol nano-emulsions (Li et al.  2013 ), iodinated monoglyceride nano- 
emulsions (glyceryl monocaprylate), iodinated triglyceride nano-emulsions (castor 
oil) (Attia et al.  2014 ), and iodinated cholecalciferol nano-emulsions (Attia et al. 
 2015 ) and studied  in vivo . The preclinical investigations, briefl y discussed in the 
previous sections, concerned the pharmacokinetics, biodistributions, toxicity and 
contrasting effi ciencies of nano-emulsions, eventually disclosing their outstanding 
effi cacy for X-ray biomedical imaging.  

11.3.3.2     Nano-emulsions in Magnetic Resonance Imaging (MRI) 

 It is approved that some moieties like iron oxide nanoparticles (IONPs), Gd 3+  che-
lates, and/or perfl uorocarbons PFCs in combination with MRI modality are able to 
enhance the imaging performance. We will restrain here on the nano-emulsion for-
mulations loading those contrast agents, and it is as well to note that many other 
examples reports association of MRI contrast agent combined with imaging agents 
for other modalities. 

 Recently, a multifunctional and biodegradable nanocarrier system based on oil- 
in- water nano-emulsions with three different mean diameters (30, 60, and 95 nm) 
were developed, and used as tumor targeting agent through EPR effect (Jarzyna 
et al.  2009 ). The formulation is performed with iron oxide nanoparticles having a 
hydrophobic coating, dispersed in the soybean oil, solubilizing simultaneously a 
near infrared fl uorophore. These nano-emulsions are injected in nude mice and their 
accumulation in subcutaneous tumors followed. The optimized quantity of iron 
oxide nanocrystals induces a remarkably high transverse relaxivity (R2), which is 
desirable for T2-weighted MRI imaging. The multimodal  in vivo  MRI and fl uores-
cence imaging is shown in Fig.  11.7 .

   Another example of MRI imaging with nano-emulsions concerns the use of per-
fl uorocarbons (PFCs) as oily phase. PFCs are synthetic organic compounds in 
which all or most of the hydrogen atoms have been replaced with fl uorine atoms. 
The  19 F isotope of PFC’s is biologically and chemically inert and thus provides 
excellent sensitivity  in vivo . PFCs nano-emulsions have been used for  19 F MRI cell 
tracking (Nöth et al.  1997 ; Ahrens et al.  2005 ; Lanza et al.  2005 ; Partlow et al.  2007 ) 
as an alternative to superparamagnetic iron oxide (SPIO) agents, thanks to the high 
Nuclear magnetic resonance (NMR) sensitivity of the  19 F atom. As well, they have 
been shown to label  in vivo  the monocytes and macrophages ,  and give positive sig-
nals at sites of infl ammation (Nöth et al.  1997 ; Flögel et al.  2008 ).  

11.3.3.3     NEs as Fluorescent Probes in Fluorescent Imaging 

 Fluorescence is one of the most powerful and commonly used tools in biophysical 
studies of biomembrane structure and dynamics that can be applied on different 
levels, from lipid monolayers and bilayers to living cells, tissues, and whole 
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  Fig. 11.7    (adapted from (Jarzyna et al.  2009 )) MRI images of nude mice bearing subcutaneous 
EW7 tumors, injected with the three different nano-emulsions of 30 nm, 60 nm and 90 nm. ( a ) 
T2-weighted MRI images of the pre-scans,, after 24 h after intravenous injection, and 3D images 
that show the proton density MR image ( grey ), the whole tumor in 3D ( transparent green ) and the 
areas of iron oxide deposition in red. ( b )  In vivo  near infrared ( NIR ) fl uorescence imaging series 
showing the accumulation of the 30 nm nano-emulsion       
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animals. Nano-emulsions are also very suited for encapsulating fl uorescent probes 
at high concentrations either organic dyes or inorganic quantum-dots (QDs), thus 
enabling a multimodal imaging as shown previously in Fig.  11.7 . We have shown 
that the slight modifi cation of classical dyes enable the increase of their concentra-
tion in oil without an excessive loss of quantum yield, resulting in ultrabright nano- 
droplets with no dye leakage (Klymchenko et al.  2012 ). This can be performed 
using classical dyes derivatives, like Nile Red. Actually, we disclosed that in living 
animal model (zebrafi sh), classical Nile Red dye encapsulated in nano-emulsions 
shows a strong release towards the surrounding tissues, whereas modifi ed lipophilic 
Nile Red does not leak and allows accurate imaging of the blood. In 2010, Goutayer 
et al. ( 2010 ) were able to formulate a lipid nanoparticles (LNP) loading lipophilic 
fl uorescent dye (DiD), then functionalized with the cRGD peptide binding to αvß 3  
integrin, a well-known angiogenesis biomarker, allowing their  in vivo  tracking 
using fl uorescence imaging.  In vitro  study on HEK293(β3) cells over-expressing the 
αvβ 3  integrins demonstrates the functionalization, specifi c targeting, and internal-
ization of cRGD-functionalized LNP in comparison with LNP-cRAD or LNP-OH 
used as negative controls. Following their intravenous injection in Nude mice, 
LNP-cRGD can accumulate actively in slow-growing HEK293(β3) cancer 
xenografts, leading to tumor over skin fl uorescence ratio of 1.53 ± 0.07 (n = 3) 24 h 
after injection. Figure  11.8  indicates the  in vivo  imaging in the study.

  Fig. 11.8    (adapted from (Goutayer et al.  2010 ))  In vivo  injection of LNP-cRGD ( a ), LNP-cRAD 
( b ), or LNP-OH ( c ) in HEK293(β3) xenografted nude mice       
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11.3.3.4        Nano-emulsions as Multimodal Imaging Probes 
and Theragnostics 

 The main characteristic of nano-emulsions is their cargo structure that allows solu-
bilizing and dispersing lipophilic compounds in the droplet’s core, even if the mol-
ecules are very different. This property allows encapsulating different contrast 
agents for different imaging modalities, but also contrasts agents and drugs, so- 
called theragnostics agents. 

 A study has been performed by Jiali Ding et al. ( 2013 ) to design CT/fl uorescence 
dual-modal nano-emulsion platform for investigating atherosclerotic plaques. 
Hydrophobic QDs were embedded in iodinated oil, which subsequently were dis-
persed in water to form multimodal contrast agent. The simultaneous X-ray con-
trasting properties and fl uorescence properties were proved. These authors show 
that the nano-emulsion droplets entered murine macrophage cells and human liver 
cells, conferring them bimodal imaging properties.  In vivo  evaluation on 
 atherosclerotic rabbits showed that bimodal nano-emulsions are detected to target 
specifi cally macrophages and allows visualizing atherosclerotic plaques. 

 On the other hand, the co-encapsulation of contrast agent and drug,  i.e.  therag-
nostics, has seen a real emergence in the last decade since it opens a real chance to 
monitor the actual dosage and amount of drug delivery in real time. This is even 
more interesting when non-invasive imaging techniques are more and more effi -
cient, thus offering the possibility to follow quantitatively the drug targeting within 
a living organism. An interesting example reports a multimodal theragnostics nano- 
emulsion, containing MRI and fl uorescent contrast agent (IONPs and Cy7, respec-
tively), along with a glucocorticoid prednisolone acetate valerate (PAV) used for 
cancer treatment (Gianella et al.  2011 ). The droplets were functionalized with αvβ 3 - 
specifi c RGD peptides, and administrated in subcutaneous tumors-bearing mice (at 
doses of 30 mg of FeO/kg and 10 mg of PAV/kg). The results, reported in Fig.  11.9  
show a signifi cant accumulation of the contrast agents in the tumor region, while 
tumor growth profi les revealed a potent inhibitory effect in all of the PAV containing 
nano-emulsion (compared to the control without PAV).

   Another study (Tiwari et al.  2006 ) was reported for fabrication of DTPA-PE-Gd 3+  
(diethylenetriaminepentaacetic acid phosphoethanolamine) complexes nano- 
emulsions encapsulating paclitaxel hydrophobic drug and their T1 relaxation times 
measured. Based on NMR and MRI results, it was concluded that this system could 
act as a contrast agent.  In vitro  cell experiments also confi rmed the drug delivery 
effi cacy of the nano-emulsions, since they penetrated the cell membrane and killed 
the cancerous cells. O’Hanlon  et al.  (O’Hanlon et al.  2012 ) have synthesized the 
NIR-labeled perfl uoropolyether (PFPE) nano-emulsions for drug delivery and 
imaging. In brief, PFPE-tyramide was successfully formulated into a non-steroidal 
anti-infl ammatory drug, celecoxib (0.2 mg/mL)-carrying nano-emulsions with dual 
imaging modalities,  19 F MR and NIR. The results obtained by Dynamic light scat-
tering (DLS),  19 F NMR, NIR fl uorescence microscopy, and biological studies indi-
cate that the nano-emulsion formulation may be useful for parenteral administration 
of celecoxib.    
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  Fig. 11.9    ( a - d )  In vivo  MRI imaging of xenografted tumor in mice (transverse sections),  red cir-
cles  indicate the tumors; ( a ) Selected MR images of PAV nano-emulsions and ( b ) control nano- 
emulsions. ( c ) MR images of PAV + FeO nano-emulsion and ( d ) FeO NE injected mice.  Red circles  
indicate the tumors. In ( a ) and ( b ) tumors appeared bright compared to surrounding muscle tissue, 
and in ( c ) and ( d ), tumor areas appeared hypo-intense, indicative of FeO accumulation. Starting at 
day 6, tumor growth profi les showed statistically signifi cant tumor growth inhibition (P < 0.001) in 
all of the PAV nano-emulsions treated groups compared to saline, control nano-emulsions, FeO 
nano-emulsions, and free PAV injected groups.  Bottom: In vivo  NIRF images of a mouse injected 
with unlabeled NE ( left ) and mice (two different sized tumors) injected with Cy7 NE ( middle  and 
 right ) at the end of the study. (adapted from.(Ding et al.  2013 ))       
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11.4     Conclusion 

 To summarize, we can say that nano-emulsions are stable nano-cargo with impor-
tant loading capability. These unique features open the doors of mixing the nature 
of encapsulating materials, enable a wide range of applications from biomedical 
imaging to therapies. In addition, any application of nanoparticulate systems is con-
ditioned by the toxicity, biodistribution, pharmacokinetics and potentialities to tar-
get specifi c sites, and this chapter has been precisely focused on these different 
points to show the extent in which nano-emulsions are promising in many fi elds 
related to nanomedicines and imaging.     
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    Chapter 12   
 The Tumor Microenvironment in Nanoparticle 
Delivery and the Role of Imaging to Navigate 
Roadblocks and Pathways                     

     Dmitri     Artemov      and     Zaver     M.     Bhujwalla    

    Abstract     Effective delivery and distribution of nanoparticles (NPs) are at the core 
of successful applications of the exciting new advances being made in nanomedi-
cine to achieve precision medicine in cancer. The tumor microenvironment (TME) 
can pose a barrier but can also be exploited for delivery and distribution. Here we 
have outlined the characteristics of the TME and the infl uence that different aspects 
of the TME such as vascularization, permeability, the extracellular matrix (ECM), 
and stromal cells can have on NP delivery and distribution. We also discuss TME 
modifi cation strategies to improve delivery and distribution of NPs.  

  Keywords     Nanoparticle delivery   •   Tumor microenvironment   •   Molecular imaging  
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  PEG    Polyethylene-glycol   
  SHG    Second harmonic generation   
  TAMs    Tumor-associated macrophages   
  TME    Tumor microenvironment   

12.1         Introduction 

 The promise of nanomedicine for precision medicine in cancer has resulted in 
remarkably innovative strategies in the design of nanoparticles (NPs) and approaches 
to deliver these with a high degree of specifi city to cancer specifi c targets. The 
unique tumor microenvironment (TME) has presented barriers as well as opportuni-
ties in the delivery and targeting of NPs in cancer. Here we have provided examples 
of NPs that are currently available together with advantages and disadvantages. 
Aspects of the TME and their modifi cation in the delivery of NPs are discussed. We 
also discuss the role of molecular imaging in NP delivery and in cancer 
theranostics.  

12.2     Nanoplatforms 

 Successful delivery of nanoparticles (NPs) to the target of interest is one of the pre-
requisites of nanomedicine and an important component of precision medicine. 
Despite exquisitely specifi c targeting abilities in culture, this specifi city rapidly 
diminishes once NPs encounter the complexities of the TME, highlighting the 
importance of noninvasive imaging to visualize their movement  in vivo . Several NP 
platforms with a typical size of 5–400 nm are currently available with the patent 
advantages of a high payload capacity that enables carrying imaging reporters as 
well as therapeutic cargo. The plasma pharmacokinetics of NPs can be optimized 
for long circulation and minimal clearance by the reticuloendothelial system. NPs 
can be functionalized for high affi nity binding to molecular targets expressed in 
cancer, as well as to respond to unique physiological signals present in the TME to 
activate various physicochemical processes, such as changing the surface charge, 
shedding a protective sheath and exposing functional moieties, and decomposing to 
release the cargo. NPs can be directly used for therapeutic applications using their 
unique optical or magnetic properties to damage target cells or environments. 
Typical matrix materials used to synthesize NPs and their properties are summa-
rized in Table  12.1 .
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   Table 12.1    Nanoparticle types   

 Type  Shape  Size  Loading capacity 
 Inherent 
functionality 

 Iron oxide NP  Spherical  20–1000s nm  Low, primarily in 
the surface layer 

 MRI contrast; 
 Magnetism for 
MPI*; 
 Hyperthermia in 
AMF**; 
 Mechanical moment 
in AMF 

 Gold nanoshells  Spherical  1.5–200 nm  Low, surface 
conjugation 

 Light absorption by 
SPR***; produce 
hyperthermia 

 Gold nanorods  Needle- 
shape 

 Diameter 
10–50 nm; length 
20–250 nm 

 Low, surface 
conjugation 

 Light absorption by 
SPR; produce 
hyperthermia 

 Liquid-metal 
core-shell 
nanospheres (Lu 
et al.  2015 ) 

 Spherical  ~100 nm  Low to moderate, 
shell surface 
loading via 
conjugated 
cyclodextrin 

 Biodegradable GaIn 
core under mild 
acidic conditions 

 Polymer NP  Various  1–1000 nm  High, chemical 
linkage or 
encapsulation in 
the matrix 

 Dendrimers  Spherical  2 (G1)- 15 (G10) 
nm, monodisperse 

 High, multiple 
surface functional 
groups 

 Carbon 
nanotubes 

 Needle- 
shape 

 Single wall:  High 
 Diameter 
1–1.5 nm; length 
>10 μm 
 Multiwall: 
 Diameter 
10–30 nm; length 
1–5 μm 

 Micelles  Spherical  5–100 nm  High for lipophilic 
agents 

 Liposomes  Spherical  Unilamellar: 
20–400 nm 

 High for both 
lipophilic and 
hydrophilic agents 

  * – MPI – magnetic particle imaging Gleich et al. ( 2005 ) and Goodwill et al. ( 2012 ) 
 ** – AMF – alternating magnetic fi eld 
 *** – SPR – surface plasmon resonance Bedford et al. ( 2012 )  
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12.3        Tumor Microenvironment 

 The TME is a complex milieu consisting of stromal cell populations intertwined 
within a complex extracellular matrix (ECM). Spatial and temporal heterogeneities 
in vascularization, lymphatics, oxygenation, acidic extracellular pH, stromal cell 
traffi cking, cytokines, and proteolytic enzymes make the TME uniquely different 
from the environment of normal tissues, and underline the importance of imaging in 
following these heterogeneities. 

12.3.1     Tumor Vasculature 

 The TME is characterized by disorganized vasculature with immature capillaries 
that are leaky and tortuous and cannot provide suffi cient oxygen and nutrients to 
cells within the tumor resulting in hypoxia, acidic extracellular pH, and necrosis. 
A comparison between a regularly arranged vasculature in the muscle tissue and the 
chaotic vascular network in tumors is shown in Fig.  12.1 .

   When a cluster of cancer cells exceeds a few millimeters in size, nutrients sup-
plied by diffusion become insuffi cient and the cancer cells induce neovasculariza-
tion. Cancer cells induce neovascularization by co-opting existing vasculature and 
remodeling it  via  intussusceptive angiogenesis (Burri et al.  2004 ) by stimulating 
angiogenesis and inducing sprouting of new blood capillaries from existing ones 
(Gerhardt et al.  2003 ; Kalluri  2003 ), or by vasculogenesis, which is formation of 
 de novo  capillaries from endothelial progenitor cells (angioblasts) recruited from 
the host (Jin and Patterson  2009 ; Lancrin et al.  2009 ). Tumor angiogenesis occurs 
as a stress response to low oxygen and nutrients resulting in the overproduction of 
pro- angiogenic cytokines, such as VEGF, by cancer cells and by stromal cells 

  Fig. 12.1    Multiphoton intravital microscopy of vasculature in ( a ) muscle tissue and ( b ) in a 
human xenograft grown in a nude mouse. A fl uorescent dextran probe was used as a vascular 
marker       
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 present in the tumor (Claesson-Welsh and Welsh  2013 ; Semenza  2001 ). The high 
interstitial concentration of cytokines is one reason for disregulation of the normal 
angiogenic cascade that is driven by the interplay between VEGF receptors 
VEGFR1, VEGFR2, and the neuropilin receptor NPR1 (Imoukhuede and Popel 
 2011 ; Vempati et al.  2014 ). As a result there is multiple sprouting of endothelial 
cells and the formation of a disorganized capillary network. These immature highly 
permeable blood vessels are leaky to macromolecules, have reduced blood fl ow, and 
are unable to support oxygen and nutrient supply for the bulk of the tumor, causing 
formation of hypoxia and necrosis (Dudley  2012 ). The immature vasculature is also 
susceptible to collapse from the high interstitial pressure that exists in tumors result-
ing in diffusion limited hypoxia and necrosis as well as acute hypoxia due to vascu-
lar collapse (Stylianopoulos et al.  2013 ). Intermittent hypoxia has also been observed 
in tumors (Toffoli and Michiels  2008 ). 

 The spatial relationship between tumor vascular volume, vascular permeability, 
hypoxia, and tissue viability is demonstrated in Fig.  12.2  in a study that combined 
fl uorescence detection of hypoxia with MRI characterization of vascular volume 
and permeability of albumin-GdDTPA (Raman et al.  2006 ). Hypoxic tumor areas 
detected by green fl uorescence protein expression under control of hypoxic response 

  Fig. 12.2    Maps of ( a ) vascular volume and ( b ) permeability-surface area product obtained from a 
central slice of an HRE-EGFP PC-3 tumor. ( c ) fl uorescent microscopy (1×) of a fresh tissue slice 
obtained from the imaged slice, using a Nikon TS100-F microscope with a wavelength of 512 nm. 
( d ) H&E-stained section from the central MR-imaged slice. The region exhibiting EGFP consisted 
of viable cells. The small necrotic area of dying cells is marked by  black arrow  (From Raman et al. 
 2006 )       
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  Fig. 12.3     Panel 1  ( a )  Ex vivo  16 bright-fi eld and fl uorescence image overlay showing the locations 
of hypoxic ROIs on the tumor section. 3D visualization of ( b ) hypoxic and ( c ) normoxic FOVs; 
hypoxic regions are displayed in  red  and Col1 fi bers in  green . The FOV image size was 
335 × 335 × 60 μm 3  with a voxel size of 0.44 μm 3 . ( d ) Hypoxic FOVs showed a signifi cantly lower 
fi ber volume as compared to normoxic FOVs. ( e ) Hypoxic FOVs have a signifi cantly larger inter- 
fi ber distance as compared to normoxic FOVs.  Panel 2  ( a ) Displays of the distribution of vascular 
parameters ( VV  vascular volume,  PS  permeability surface area product), transport parameters ( DR  
draining rate,  DV  draining volume,  PR  pooling rate,  PV  pooling volume) and optical imaging 
parameters ( OP_Bf  optical bright fi eld,  OP_Fl  optical fl uorescence fi eld,  Col1  collagen 1 fi bers) in 
hypoxic regions (top panel), ~100 μm around hypoxic regions ( middle panel ), and in normoxic 
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elements have low vascular volume and high vascular permeability, whereas nor-
moxic tumor regions have high vascular volume but low permeability. These data 
suggest that relatively low interstitial delivery of macromolecular agents will occur 
in well vascularized viable tumor regions (Raman et al.  2006 ).

12.3.2        Tumor Lymphatics 

 Most tumors do not have a functional lymphatic system resulting in impaired clear-
ance of interstitial fl uid with reduced or absent macroscopic fl ow of interstitial fl uid 
(Jain  1997 ). Functional lymphatics are missing in solid tumors despite an increased 
expression of VEGFR-C, the factor that stimulates proliferation of lymphatic endo-
thelium and is a risk factor for lymphatic tumor dissemination (Ciobanu et al.  2013 ; 
Decio et al.  2014 ; Gogineni et al.  2013 ). This results in the buildup of the interstitial 
hydrostatic pressure preventing vascular delivery of macromolecules such as NPs that 
depend on the gradient between the vasculature and interstitial pressure rather than on 
pure diffusion for interstitial movement (Jain and Stylianopoulos  2010 ). On the other 
hand, non-functional lymphatics result in the prolonged retention of macromolecules 
and NPs in the tumor interstitium because of slow or absent lymphatic drain.  

12.3.3     The Extracellular Matrix 

 The extracellular matrix (ECM) is composed of fi ber proteins and glycosaminogly-
cans. Glycosaminoglycans are carbohydrate proteins, such as proteoglycans (hepa-
ran sulfate, chondroitin sulfate, keratin sulfate) and hyaluronic acid that play a role 
in cell signaling and in sequestering and releasing multiple growth factors and cyto-
kines in the tumor interstitium (Multhaupt et al.  2016 ). Fiber proteins consist of col-
lagen (Type I – XIV), fi bronectin, and elastin that provide structure to the tumor 
(Friedl and Brocker  2000 ). These proteins form an interlocking mesh that theoreti-
cally should prevent diffusion of NPs through the tumor interstitium. On the other 
hand, recent work suggests that collagen 1 fi bers can in fact mediate macromolecular 
transport (Kakkad et al.  2013 ). A similar effect of augmented transport of dislodged 
cancer cells along the fi bers can explain the association between collagen I fi ber 
density and lymph node metastasis observed in breast cancer (Kakkad et al.  2013 ). 

 Signifi cantly reduced transport of high-molecular weight contrast agent in the 
hypoxic tumor areas, which are also characterized by a lower density of the collagen 
1 fi bers measured by second harmonic generation (SHG) multiphoton microscopy, 
is shown in Fig.  12.3 .

Fig. 12.3 (continued) regions ( bottom panel ) of a representative tumor section from a breast 
 cancer xenograft. ( b ) Tile scan of SHG microscopy of Col1 fi bers of the same section, showing 
Col1 fi ber patterns in the magnifi ed inserts. ( c ) Quantifi cations of draining voxels in percent show-
ing a signifi cant increase in percent draining voxels in areas surrounding hypoxic regions. Adapted 
from Kakkad et al. (Kakkad et al.  2013 )           
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12.3.4        Stromal Cells 

 Stromal cells are frequently co-opted by cancer cells and the TME is characterized 
by the presence of several types of cancer associated stromal cells, such as tumor- 
associated macrophages (TAMs) (Komohara et al.  2016 ; Vinogradov et al.  2014 ) 
and cancer-associated fi broblasts (CAF) (Shiga et al.  2015 ; Jung et al.  2016 ). These 
cell populations play a role in NP delivery by expressing remodeling cytokines. The 
potential phagocytosis of NPs by TAMs can infl uence the distribution and avail-
ability of NPs for cancer cells (Chen et al.  2014 ).   

12.4     NP Delivery in Tumors 

 The delivery of NPs can be active or passive (Sharma et al.  2013 ). Passive delivery 
is attributed to increased accumulation of nanomaterials in the tumor due to the 
enhanced permeability and retention (EPR) effect (Maeda  2001 ; Nehoff et al.  2014 ) 
that depends on the enhanced permeability of the tumor neovasculature and reduced 
lymphatic drain and is most pronounced for hydrophilic nanoparticles in the range 
of 100 nm. The penetration of NPs into the tumor interstitium is a passive process 
in which the NP circulates in the blood stream, translocates across the endothelial 
lining of the tumor blood vessels, and fi nally diffuses to the target site. 

 Spherical NPs that have molecular sizes optimal for EPR delivery have negligi-
ble diffusion within the tumor interstitium (Du et al.  2015 ). Therefore, their delivery 
is typically limited to the perivascular space and the delivery pattern forms “hot 
spots” with very little amount of nanomaterial in the rest of the tumor mass. An 
example of extravasation patterns of a nonspecifi c mAb and 50 nm microspheres in 
tumor sections 6 h after injection is shown in Fig.  12.4  (Nakahara et al.  2006 ). 
However, as discussed in the subsequent section, elongated NPs seem to traverse the 
ECM and attach to targets on the cancer cell more effi ciently despite sizes of 
~200 nm (Chen et al.  2016 ). 

 There are several important consequences of this non-uniform pattern of nanode-
livery. Firstly, in nanomedicine applications, the therapeutic NP should either induce 
a strong bystander effect by affecting not just the neighboring cells but also those at 
a distance of several hundred microns, or upon extravasation into the tumor, release 
small molecular weight agents that can effectively diffuse into the tumor. Secondly, 
many activation-based delivery strategies that are discussed in the next section rely 
on the unique properties of the TME such as acidic pH, low oxygen, or high concen-
trations of proteolytic enzymes. These important characteristics of TME may not be 
present in the “hot spot” areas of the tumor that are in fast exchange with plasma 
through the leaky walls of tumor associated blood capillaries. For instance, serum is 
a potent inhibitor of multiple proteases and may signifi cantly reduce the activation 
effi ciency of NP designed to be sensitive to these enzymes.
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   Target-specifi c NP delivery is a valuable strategy for specifi c imaging to detect 
expression of the target. This approach has been explored in several reports for spe-
cifi c imaging of tumors using targeted NPs (Bai et al.  2016 ; Bakhtiary et al.  2015 ; 
Weissleder et al.  1990 ,  2000 ). The mechanisms for nanomaterial retention at the 
target site can be passive or active. Passive retention is facilitated by dysfunctional 
lymphatics, or by changes in the polarity and hydrophilicity of the particle. Active 
delivery is achieved by trapping the NP in the tumor by a specifi c process such as 
binding to a molecular target, internalization into the target cell, or the disassembly 
of the NP and release of the cargo in specifi c environments.  

  Fig. 12.4    Confocal micrographs showing the distribution of extravasated nonspecifi c IgG and 
50-nm microspheres at 6 h after injection in RIP-Tag2 tumors. Extravasated IgG is shown under 
baseline conditions ( a ) and after treatment with AG-013736 for 7 days ( b ). Extravasated IgG 
( arrows ) had a patchy distribution with only vague association with CD31 stained blood vessels 
( a ). After AG-013736, the number of tumor vessels was markedly reduced ( b ) but extravasated 
IgG still had a patchy distribution ( b ,  arrows ). Some IgG was associated with tumor vessels and 
some was not. Extravasated microspheres were closely associated with focal regions of tumor ves-
sels both under baseline conditions ( c , arrows) and after AG-013736 ( d , arrows). Fewer tumor 
vessels were present after treatment ( d ). Microsphere extravasation was reduced more than the 
vasculature ( d ). Bar, 50 μm (From Nakahara et al.  2006 )       
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12.5     Improving Tumor Delivery of Nanoparticles 

12.5.1     Optimization of Circulation Time 

 Prolonged systemic circulation time is a prerequisite for effi cient tumor delivery of 
NPs. To achieve a slow systemic clearance the NP size should be within a range of 
approximately 5 nm – the normal endothelium pore size and cutoff size for renal 
clearance by glomerular fi ltration (Longmire et al.  2008 ), to several hundred nano-
meters to minimize hepatic clearance by Kupffer cells and hepatocytes. Particle 
charge also plays a major role in determining the clearance rate; charged particles 
rapidly adsorb serum protein inducing rapid opsonization and hepatic clearance. 
Modifi cation of the NP surface with highly hydrophilic neutral polyethylene-glycol 
(PEG) chains was shown to be an effi cient means to prevent serum protein adsorp-
tion, opsonization and clearance (Choi et al.  2007 ). On the other hand, PEGylation 
suppresses internalization of NPs by target cells. Therefore, if endocytosis is a 
desirable feature of the NP design, PEGylation can hinder this process and this cre-
ates a so-called “PEG dilemma” (Hama et al.  2015 ; Hatakeyama et al.  2007 ; Mishra 
et al.  2004 ).  

12.5.2     NP Extravasation 

 The walls of mature functional blood vessels are comprised of several layers of 
endothelial cells, basement membrane, and blood vessel-associated pericytes. 
Although in tumors many angiogenic blood capillaries lack this complex structure 
and are simply formed by a relatively leaky single layer of endothelial cells, the 
uniform delivery of NPs can require improved transcapillary transport. As shown in 
Fig.  12.5 , using a specifi c antibody to target caveolae in the tumor endothelium can 
provide an effective mean to pump NPs across the endothelial layer from the blood 
into the tumor interstitium (Oh et al.  2014 ).

12.5.3        NP Shape and Size 

 While spherical NPs have severely limited diffusion and movement through the 
tumor interstitium, signifi cantly improved delivery and diffusion properties have 
been observed for elongated nanoconstructs such as nanorods, nanotubes, or lin-
ear polymer chains due to easier extravasation because of their ‘string-like’ struc-
tures and potentially faster diffusion through the ECM (Raphael et al.  2015 ). 
Increased tumor targeting by elongated nanoworms compared to spherical NP was 
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reported by Park et al. that was also attributed to the prolonged circulation time 
and multivalent interactions between homing moieties and their  in vivo  targets 
(Park et al.  2009 ). String-like NPs with a poly-l-lysine backbone, called nano-
plexes, showed an effi cient delivery despite having a molecular weight of 355 kDa 
and an average size of 55 nm in a preclinical model of human breast and prostate 
carcinomas, starting 4 h after systemic injection (Chen et al.  2016 ; Li et al.  2008 , 
 2010 ). These nanoplexes (Fig.  12.6 ) were used to deliver, under image-guidance, 
the prodrug enzyme bacterial cytosine deaminase (bCD) together with small 
interfering siRNA (siRNA) to downregulate choline kinase (chk) for specifi c 
molecular targeting (Fig.  12.7 ).

  Fig. 12.5    Fluorescence intravital microscopy imaging of H2B-mCherry–expressing N202 mam-
mary tumors ( red ) in mice after intravenous injection of tumor endothelial caveolae targeting anti-
body, mAnnA1, shows rapid and pervasive tumor penetration. Time series imaged after tail vein 
injection of 4 μg of mAnnA1 ( a ) and control isotype-matched mouse IgG (mIgG) ( c ). The static 
images shown in ( a)  and ( c)  were captured in the  red  or  green  fl uorescence channel at the indicated 
times. The overlap of  red - and  green -channel images (tumor and mAnnA1 probe, respectively) is 
shown at 60 min in ( a)  (From Oh et al.  2014 )       

  Fig. 12.6    Schematic structure of the nanoplex (From Li et al.  2010 )       
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12.5.4         TME Modifi cation Strategies 

 Although the ECM may present a barrier for diffusion of NPs, strategies are being 
developed to improve NP diffusion using enzymatically-induced degradation of 
ECM components such as hyaluronic acid with hyaluronidase (Eikenes et al.  2010 ; 
Scodeller et al.  2013 ; Zhou et al.  2016 ) or collagenase (Netti et al.  2000 ). A signifi -
cant increase in the transport of 54 nm fl uorescent NP was detected after pre- 
infusion of a rat brain with hyaluronidase (Neeves et al.  2007 ). In addition, 
therapeutic targeting of CAFs can also help to remodel the tumor ECM and poten-
tially improve nanodelivery (Narunsky et al.  2014 ). 

 A novel strategy to improve extravasation and delivery of NP to tumors is apply-
ing mild hyperthermia. Hyperthermia has multiple biological functions and is 
known to signifi cantly enhance the permeability of the vasculature (Hildebrandt 
et al.  2002 ; Emami and Song  1984 ). The putative mechanism of this effect is non-
specifi c shrinkage of endothelial cells lining the capillaries due to a rapid rearrange-
ment of the actin cytoskeleton of the endothelial cells subjected to the hyperthermic 
shock (Hildebrandt et al.  2002 ; Bagley et al.  2015 ; Clark et al.  1983 ). Other biologi-
cal response mechanisms that can potentially contribute to hyperthermia-induced 
permeability of the tumor vasculature may include modulation of the tumor blood 
fl ow, paracrine effects of cytokines such as histamine, bradykinin, and TNF-α, and 
modifi cation of the tumor ECM (Hildebrandt et al.  2002 ). Thermal exposure of 

  Fig. 12.7    Representative in vivo tCho maps and color coded tCho intensity maps overlaid on cor-
responding T1-weighted images of a tumor before and at 24 and 48 h after NP injection (300 mg/
kg, i.v.) (From Li et al.  2010 )       
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tumors to 41.5 0  C for 30 min induced a signifi cant increase in the uptake of vaccinia 
virus (an average diameter of 250–300 nm) (Chang et al.  2005 ). A signifi cant 
increase in the accumulation of NPs with diameters in the range of 100–400 nm in 
SKOV-3 tumors was observed within the fi rst 15–30 min after exposure of the tumor 
to mild HT at 42 °C (Kong et al.  2000 ). Interestingly, the uptake of smaller NPs with 
a diameter of 100 nm was signifi cantly higher than for NPs with diameters of 200 
and 400 nm, suggesting a “sieve” effect of the pore size in the tumor endothelium 
(Kong et al.  2000 ,  2001 ). Increased permeability persisted for at least 4 h after the 
end of hyperthermia, and the vascular permeability was completely restored to the 
basal state after 6 h (Kong et al.  2001 ). 

 Hyperthermia can be induced by various means including direct heating of the 
tissue, high intensity focused ultrasound, as well as using unique inherent properties 
of nanomaterials. For instance, superparamagnetic NPs can generate heat when 
exposed to alternating magnetic fi elds due to hysteresis losses in the magnetic mate-
rial (Ivkov  2013 ). Special gold NPs called “nanoshells” are capable of producing 
signifi cant heat through absorption of NIR irradiation by the surface plasmon reso-
nance (SPR) (Zhao et al.  2014 ). NIR-absorbing PEGylated gold nanorods were 
used as “activators” of the delivery of doxorubicin-loaded liposomes  in vivo  (Park 
et al.  2010 ). These nanorods provided effi cient heating of the tumor to a surface 
temperature of 45 °C (NIR light, 810 nm at 0.75 W/cm 2  for 30 min), which signifi -
cantly increased tumor uptake of NPs such as superparamagnetic nanoworms and 
therapeutic liposomes, with a corresponding increase in the therapeutic effi cacy 
(Park et al.  2010 ). Unfortunately, HT-induced nanodelivery is complicated by the 
effect of thermotolerance, which manifests itself as reduced sensitivity of endothe-
lial cells to repetitive cycles of hyperthermia. Physiologically, thermotolerance pre-
vents extravasation of nanoparticles from the tumor vasculature that previously 
experienced HT (Bagley et al.  2015 ; Kong et al.  2001 ).   

12.6     TME Targeting Strategies 

 Specifi c targeting can signifi cantly modify pharmacokinetics of NPs within the 
tumor, resulting in increased tumor accumulation. For an extensive review of varies 
strategies for development of NP specifi cally targeted TME we refer the readers to 
the review by Du et al. ( 2015 ). Table  12.2  presents a brief summary of the available 
methods and related properties of the nanomaterials. Generally, molecular targets 
expressed on the surface of cancer cells and in the TME are used for high-affi nity 
binding of functionalized NPs. NP internalization is activated, or tumor environ-
mental conditions induce structural changes in NPs causing their trapping and pro-
longed retention in the tumor. In addition, an important concept in targeting of the 
TME is development of specifi c agents, which recognize unique targets expressed 
by the tumor microvasculature. These targets are exposed to circulating blood. As a 
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   Table 12.2    Mechanisms of targeting, activation, and retention of nanomaterials   

 Target  Targeting principle 
 Mechanisms of activation and/or 
retention 

 Acidic extracellular pH e  in 
TME 

 (i) Hydrophilic- 
hydrophobic transition 

 (i) Dissociation of micelles 

 (ii) Electrostatic 
associating between 
polymer chains 

 (ii) On-demand ligand exposure 
on the surface of NP 

 (iii) pH catalyzed bond 
cleavage 

 (iii) Internalization of NP 
undergoing transition form neutral 
or negative to positively charged 

 (iv) peptides with 
membrane insertion 
sequences 

 (iv) Shedding PEG layer from NP 
by cleavage of the linker 
 (v) Insertion of the protonated 
C-terminal of a peptide chain into 
the cell across the plasma 
membrane 

 Hypoxia or low pO 2   Hypoxia responsive 
electron acceptor, such as 
nitroimidazole 

 (i) Photoactivated drug release 
 (ii) Disassembly of nitroimidazole 
derivate carboxymethyl-dextran 
micelles 
 (iii) Detaching PEG sheath from 
NP 

 High activity of proteolytic 
enzymes 

 Cleavage of MMP-specifi c 
peptide chains 

 (i) Release of chemically linked 
moieties 
 (ii) Removal of protective caps 
from porous NP releasing the 
encapsulated cargo 
 (iii) Detaching PEG protective 
layer from NP 

 Matrix metalloproteinases 
(MMPs), phospholipase A2 
(PLA2)  (iv) Exposing cell-penetrating 

peptides, which induce NP 
internalization 
 (v) Enzymatic degradation of 
gelatin nanogels 

 Cancer cell surface receptors 
(HER2, PSMA, EGFR, TfR, 
CD44) 

 Specifi c high affi nity 
binding of an antibody, 
peptide, or chemical ligand 
to the specifi c receptor 

 Immobilization of the NP on the 
cell surface followed by rapid 
internalization 

 Cancer associated stromal 
cells (CAF, TAM) 

 (i) High affi nity ligands for 
FAPα expressed on CAF 

 Internalization of the NP by the 
stromal cells 

 (ii) Phagocytosis of NP by 
CAF Ernsting et al. ( 2015 ) 
 (iii) Mannosylated NP to 
target TAM 

 Cancer associated 
neovasculature (α V β 3 , 
VEGFR, PSMA) 

 High affi nity ligands such 
as mAb or peptide and 
proteins 

 Attachment of circulating NP to 
endothelial cells with subsequent 
internalization and/or 
translocation across the tumor 
endothelium 
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result systemically injected NPs do not have to traverse any barriers to reach and 
bind the target epitope. On the other hand, vascular targets are localized to a two- 
dimensional surface made up by blood vessel walls within a tumor volume. For a 
typical blood volume of 5 %, the concentration of vascular targets is at least an order 
of magnitude lower compared to cancer cell targets with a similar number of mol-
ecules expressed per cell. Direct applications of this approach can either be diagnos-
tic imaging of cancer associated vascular markers (Zhu et al.  2010 ; Pan et al.  2011 ; 
Carbary-Ganz et al.  2014 ; Anderson et al.  2010 ), or delivery of a therapeutic cargo 
to tumor capillaries in the context of antiangiogenic therapy (Blankenberg et al. 
 2011 ; Rusckowski et al.  2016 ). 

 Another important aspect of cell surface epitope targeting is possible formation 
of a “binding site barrier” in the vasculature or in the tumor periphery and perivas-
cular space that can further retard penetration of targeted NPs into the interstitial 
space (Saga et al.  1995 ; Juweid et al.  1992 ). This effect can explain somewhat para-
doxical results obtained when comparing the delivery of vascular-receptor VEGFR2 
targeted liposomes to untargeted ones (Kato et al.  2015 ). In these studies a reduced 
accumulation of magnetically labeled liposomes in the tumors was detected when 
the surface was modifi ed with single-chain VEGF constructs to provide high- 
affi nity binding to VEGFR2 expressed in the tumor neovasculature (Imoukhuede 
and Popel  2014 ).

12.7        Molecular Imaging in Optimizing NP Delivery 
and in Theranostics 

 The spatial and temporal heterogeneities that exist in the TME call for the use of 
molecular and functional imaging to visualize NP targeting and determine the func-
tional effects of NPs. Clinically available imaging technologies such as MRI, PET, 
and ultrasound that transition easily from benchtop to bedside are making signifi -
cant inroads in such applications (Glunde and Bhujwalla  2011 ; Glunde et al.  2007 ; 
Stasinopoulos et al.  2011 ). Nuclear imaging technologies such as PET and SPECT 
provide quantitative measurements of tracers  in vivo  in the pM range but with rela-
tively low spatial resolutions in the millimeter range. MRI provides a higher resolu-
tion of about 50 μm in preclinical models using high-fi eld scanners, however 
sensitivity is an issue. Typically MRI molecular imaging agents have to be used at 
concentrations in the 1–100 μM range that far exceed tracer concentration limits 
and result in high target occupancy by the probe (Penet et al.  2013 ). Similarly,  in 
vivo  fl uorescence and bioluminescence imaging is an important tool for high sensi-
tivity preclinical imaging, however true 3D localization and quantitation, as well as 
depth of imaging limitations present signifi cant problems for these modalities. 

 Targeted contrast-enhanced ultrasound (US) is gaining signifi cant ground as an 
imaging modality that is fi nding increasing applications in molecular imaging of 
tumor targets. Traditional US uses unique properties of micro- or nanobubbles to 
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generate an acoustic signature. Nanobubbles can be prepared with the average 
diameter of 0.5–1 μm (Cai et al.  2015 ) and can be functionalized with high affi nity 
probes for specifi c binding to molecular targets (Yeh et al.  2015 ). A relatively large 
diameter practically restricts applications of microbubbles contrast to US imaging 
of vascular targets (Yan et al.  2015 ; Payen et al.  2015 ). More recently, hybrid tech-
nologies such as photoacoustic imaging are attracting attention for biological and 
translational applications (Liu et al.  2016 ). The major advantages of photoacoustic 
imaging are the ability to use light-absorbing probes with optimized molecular size 
and structure to generate an acoustic signature that can be detected with high spatial 
and temporal resolution (Chen et al.  2015 ), a relatively large penetration depth for 
whole-body preclinical imaging in small animals (Kimbrough et al.  2015 ), and the 
potential for multiplexing to detect more than one NP within the region of interest. 
This technology was recently extended to clinical applications, where the combina-
tion of high specifi city and sensitivity of detection can potentially provide a nonin-
vasive imaging technology for cancer detection (Chen et al.  2015 ). 

 Macroscopic imaging provides important information to develop and optimize 
NP delivery. Important parameters such as kinetics of accumulation at the target 
site, background specifi c and nonspecifi c uptake, and clearance from the systemic 
circulation can be readily measured longitudinally in the same animal, which can 
also be used as its own control. On the other hand, information regarding the fi ner 
microstructural details of the interaction of functionalized NPs with their targets at 
the microscopic level is often required and is usually beyond the capability of the 
whole-body imaging technologies. 

 Intravital microscopy provides the ability to directly visualize fl uorescent NPs
 in vivo  with a minimal effect on the biological microenvironment. Traditional 
 methods of  in vivo  microscopy include the use of optically transparent windows, 
such as dorsal skin-fold chambers (Koehl et al.  2009 ; Dunphy et al.  2009 ) or intra-
cranial glioma models with a cranial window (Masamoto et al.  2013 ; Sckell and 
Klenke  2009 ). While these models provide unique information about the fundamen-
tal properties of the TME, they cannot fully recapitulate the TME without direct 
contact with a coverslip window (Koehl et al.  2009 ). Intravital multiphoton laser 
scanning microscopy (MPLSM) can be performed using minimally invasive proce-
dures, such as opening a skin fl ap or inserting needle-shaped microprobe objectives 
to generate images at the depth of up to a millimeter below the surface. Examples of 
intravital MPLSM shown for liver accumulation of positively and negatively 
charged mesoporous silica nanoparticles (MSNs) (Fig.  12.8 ) and VEGFR2 targeted 
peptides in MDA-MB-231 human triple negative breast tumor models (Fig.  12.9 ) 
demonstrate the use of this technology in tracking NPs in the vasculature and the 
TME. In combination with SHG microscopy detection of collagen 1 fi bers, the tech-
nology can be used to understand the role of fi bers in the ECM to facilitate or pose 
a barrier to NP delivery and distribution.

    Another exciting development in the combination of imaging and therapy with 
NP delivery is theranostic imaging. This rapidly expanding fi eld has resulted in the 
development of several innovative classes of NPs for theranostics of cancer cells 
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and the TME (Stasinopoulos et al.  2011 ). There are several possible modes of 
 theranostic applications of NPs. Physical phenomena (often similar to those used 
for imaging) can be used for activating therapeutic properties of nanomaterials. 
Photothermal therapy can be used in combination with photoacoustic imaging (Liu 
et al.  2016 ; Lyu et al.  2016 ). Ultrasound cavitation of microbubbles can induce cell 
membrane or vascular (Nejad et al.  2016 ; Kiessling et al.  2014 ) or US-triggered 
drug delivery (Min et al.  2015 ; Paefgen et al.  2015 ). Similarly, fl uorescent imaging 
can be combined with photoimmunotherapy (Mitsunaga et al.  2011 ; Maawy et al. 
 2015 ) or NIR hyperthermia and NIR-driven drug release (Jabeen et al.  2014 ; Zhao 
et al.  2015 ). Iron oxide NPs are important platforms for the development of high- 
sensitivity MRI-detectable agents (Schleich et al.  2015 ) that can also be used to 
generate AMF-induced hyperthermia using magnetic NPs that specifi cally accumu-
late in the tumor (Ivkov  2013 ; Attaluri et al.  2015 ). 

 Specifi c delivery of biologically active nanostructures under image guidance for 
prodrug activation therapy (Li et al.  2008 ,  2010 ; Chen et al.  2012 ), or multistep 
formation of cross-linked nanocarriers that have improved cell targeting and inter-
nalization properties via  in situ  chemical ligation (Hapuarachchige et al.  2014 ; Zhu 
et al.  2007 ), are other examples of theranostic application of NPs in cancer 
therapy.  

  Fig. 12.8    Real-time hepatic visualization of negatively and positively charged FITC-labeled 
MSNs. Time-lapsed multiphoton images acquired approximately 30 μm below the capsule. Time 
(in minutes) indicates period postinjection of ( a ) FITC-MSN ( yellow arrows ) and ( b ) FITC- 
MSN- 3X ( white arrows ) (scale bars: 50 μm). Images were merged from three channels.  Red : rho-
damine/dextran R6G(MW70 000) staining of sinusoids.  Green : fl uorescence of FITC-MSNs. 
 Blue : hepatocyte nuclei labeled with Hoechst 33342 (From Chen et al.  2012 )       

  Fig. 12.9    Examples of labeling of blood capillaries (visualized by the blood pool dextran marker) 
with a VEGFR2-specifi c fl uorescent probe. Complete clearance of the probe from circulation was 
detected after 30 min of perfusion       
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12.8     Conclusion 

 Nanomedicine using NPs is the new frontier in medicine, providing a virtually lim-
itless scope of highly specifi c targeting for precision medicine and early detection. 
Future developments in nanomedicine will also include preventive nanomedicine 
where reporter systems can alert a person on changes in the tissue even prior to the 
development of malignant cells. At the core of successful nanomedince is effective 
delivery. Tumor microenvironments with their continually changing landscapes and 
heterogeneities continue to present a challenge in NP delivery. The incorporation of 
molecular and functional imaging with NP delivery will advance the effective appli-
cations of nanomedicine in cancer through detection of NPs, in the evaluation of 
strategies to modify the TME to improve NP delivery, and in the rapidly expanding 
fi eld of theranostic imaging.     
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    Chapter 13   
 Microscopic Mass Spectrometry 
for the Precise Design of Drug Delivery 
Systems                     

     Yasuhiro     Matsumura      and     Masahiro     Yasunaga   

    Abstract     To bring drugs formulated in drug delivery systems (DDS) successfully 
into the clinic, preclinical studies have to be conducted which are aimed at obtaining 
pharmacological data relevant to the clinical application of such drugs. For such 
preclinical studies high- performance liquid chromatography (HPLC) or liquid chro-
matography mass spectrometry (LC-MS) is generally used. However, these meth-
ods do not generate data about the drug distribution in a specifi c target area, although 
obtained data allow optimizing the drug design in order to achieve a more effi cient 
targeted delivery. 

 Microscopic mass spectrometry (MMS), in which a microscope is coupled to an 
atmospheric pressure matrix-assisted laser desorption/ionization (MALDI) and 
quadruple ion trap time-of-fl ight (TOF) analyzer has been developed for the inves-
tigation of the distribution of molecules such as small peptide metabolites and low-
molecular weight drugs. The matrix-coated drug sample is ionized and then 
separated based on its mass-to-charge ratio (m/z). Images are acquired from imag-
ing mass spectrometry or tandem mass spectrometry (MS/MS) data, respectively. 

 Here we introduce a drug imaging system with enhanced resolution and sensitiv-
ity which is based on using MMS. In our analysis, MS and MS/MS were used for 
quantifi cation and validation, respectively. Our short review describes how the use 
of MMS allows the analysis of the precise distribution of a DDS drug complex 
including both, active and passive targeting systems. Notably, we successfully visu-
alized and quantifi ed the distribution of a non- radiolabeled and non-chemically 
modifi ed drug in various frozen tissue slices microscopically. 

 In conclusion, MMS may provide a new strategy for facilitating the design of 
DDS with incorporated low-molecular weight drugs.  

  Keywords     Microscopic mass spectrometry   •   DDS   •   Active targeting   •   Passive 
 targeting   •   EPR effect  
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  Abbreviations 

   DDS    Drug delivery system   
  MALDI    Matrix-assisted laser desorption/ionization   
  MMS    Microscopic mass spectrometry   
  EPR    Enhanced permeability and retention   
  RES    Reticuloendothelial system   
  ADC    Antibody drug conjugate   
  ACA    Anticancer agent   
  MMAE    Monomethyl auristatin E   
  PTX    Paclitaxel   
  CHCA    α-cyano-4-hydroxycinnamic acid   
  DHB    2,5-Dihydroxybenzoic acid   

13.1         Introduction 

 Tumor-targeted delivery of therapeutic agents has been a longstanding pharmaco-
logical goal to improve the treatment selectivity and the therapeutic index. The ‘pas-
sive’ targeting afforded by the “Enhanced Permeability and Retention (EPR) effect” 
provides a versatile and non-saturable approach for tumor-selective delivery 
(Matsumura and Maeda  1986 ; Maeda et al.  2000 ). Small molecules easily leak from 
normal blood vessels in the body, which gives small molecules a short plasma half- 
life. On the other hand, macromolecules have a long plasma half-life because they 
are too large to pass through the normal vessel walls, unless they are trapped by the 
reticuloendothelial system (RES) in various organs. In solid tumor tissues, it was 
found that solid tumors generally possess several pathophysiological characteris-
tics: hypervasculature, secretion of vascular permeability factors stimulating extrav-
asation of macromolecules within the cancer, and absence of effective lymphatic 
drainage from tumors that impedes the effi cient clearance of macromolecules accu-
mulated in solid tumor tissues. These characteristics of solid tumors are the basis of 
the EPR effect (Fig.  13.1 ). Several techniques have been developed to maximally 
utilize the EPR effect such as modifi cation of drug structures and development of 
drug carriers. Polymeric micelle-based anticancer drugs were originally developed 
by Kataoka et al. in the late 1980s or early 1990s (Yokoyama et al.  1990 ,  1991 ; 
Kataoka et al.  1993 ). Polymeric micelles were expected to increase the accumula-
tion of drugs in tumor tissues by utilizing the EPR effect as well as to incorporate 
various kinds of drugs into their inner core with relatively high stability by chemical 
conjugation or physical entrapment. Also, the size of micelles can be controlled 
within the diameter range of 20–100 nm to ensure that they do not permeate normal 
vessel walls. With this development, it is expected that the incidence of drug- 
induced side effects may be decreased due to the reduced drug distribution within 
normal tissues. Polymeric micelles are ideally suited to exploit the EPR effect, and 
are now under clinical evaluations (Fig.  13.2 ) (Matsumura et al.  2014 ).
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  Fig. 13.1    Diagram of the EPR effect. Solid tumors generally possess several pathophysiological 
characteristics, namely, hypervasculature, secretion of vascular permeability factors stimulating 
extravasation of macromolecules within the cancer, and absence of effective lymphatic drainage 
from tumors that impedes the effi cient clearance of macromolecules accumulated in solid tumor 
tissues. These characteristics of solid tumors are the basis of the EPR effect       

  Fig. 13.2    Preclinical and clinical study of ACA incorporating micelles. NK105 is a PTX incorpo-
rating micelle. The phase 3 trial of NK105 is now underway in patients with metastatic breast 
cancer. NC-6004 is a CDDP incorporating micelles. The phase 3 trial of NC-6004 is now under-
way in patients with metastatic pancreatic cancer. NC-6300 is an epirubicin incorporating micelles. 
The phase 1 trial is now underway       
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    Recent developments of antibody drug conjugate (ADC) for active tumor target-
ing are promising. ADCs as high molecular weight proteins (Matsumura and Maeda 
 1986 ) passively accumulate in solid tumor tissue due to the EPR effect and in addi-
tion actively accumulate in targeted malignant cells due to specifi c antibody-antigen 
binding. This ADC strategy should be confi ned, however only to highly toxic anti-
cancer agents (ACA) such as monomethyl auristatin E (MMAE) but not to ordinary 
ACA such as paclitaxel (PTX) or Adriamycin due to the limit loading capacity of 
antibodies. Generally less than three ACA molecules should be conjugated to a 
single mAb in order to preserve the antibody’s affi nity. Too many ACA molecules 
conjugated to a single mAb may severely diminish its biological activity, i.e. affi nity 
to its corresponding antigen (Junutula et al.  2008 ). Subsequently, an unrealistically 
high dose of ADC would have to be administered if ordinary ACA are conjugated to 
mAbs. As alternative, ordinary ACA should be formulated into nanoparticle or 
nanovesicle-based DDS, both of which allow for a much higher payload in compari-
son to using mAb as DDS. In both passive and active targeting, it is pivotal to know 
whether DDS formulations can deliver their payloads to cancer cells in the cancer 
tissues. 

 Pharmacokinetics (PK) and pharmacodynamics (PD) studies are very important 
not only for evaluation of the effi cacy and toxicity of such drugs but also for optimal 
drug design. For these purposes, tissue homogenate samples are generally used and 
analyzed by high-performance liquid chromatography (HPLC) or liquid chroma-
tography mass spectrometry (LC-MS) (Garrett and Workman  1999 ). 

 Although many HPLC or LC-MS-based studies have indicated that drugs formu-
lated into DDS accumulate selectively in tumor tissue in comparison to the free 
drug, the question whether DDS could deliver the drug to cancer-cell clusters within 
the tumor tissue remained open. Solid tumor tissue is heterogeneous and consists 
not only of cancer cells but also of abundant tumor stroma, which in turn can 
severely impede the diffusion of macromolecules, including micelles and ADCs, 
within the tumor tissue (Matsumura  2012 ). 

 Another name for MMS is Matrix-assisted laser desorption ionization imaging 
mass spectrometry (MALDI-IMS) which has been developed for analyzing the bio-
distribution of molecules such as small peptides, drugs, and their metabolites 
(Cornett et al.  2007 ; Schwamborn and Caprioli  2010 ; Castellino et al.  2011 ; Saito 
et al.  2011 ; Lorenz et al.  2013 ; Römpp and Spengler  2013 ). Moreover, this method 
can be used to assess the distribution of numerous molecules in a single measure-
ment without having to employ any specialized probes. Therefore, this method 
allows the direct observation of a drug as well as its metabolites within tissue sam-
ples. We have developed a mass microscopy method in which a microscope is cou-
pled to a high-resolution atmospheric pressure-laser desorption/ionization and 
quadruple ion trap time-of-fl ight (TOF) analyzer, which results in an enhanced tis-
sue resolution of MALDI-IMS. We investigated the ability of our mass microscopy 
technique to visualize the tissue distribution of ACA released from micellar formu-
lation (Yasunaga et al.  2013 ) or ADCs (Fujiwara et al.  2016 ) and we obtained pre-
cise regional information about the drug distribution in a specifi c anatomical area.  
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13.2     Principle of Microscopic Mass Spectrometry (MMS) 

 Figure  13.3  shows a schematic representation of our MMS-based drug imaging sys-
tem. All imaging data were acquired using MMS. In the analysis, mass spectrome-
try (MS) and tandem mass spectrometry (MS/MS) were used for quantifi cation and 
validation, respectively (Fig.  13.3 ).

   Although the delivered drug content per weight of tissue can be determined by 
conventional HPLC or LC-MS, the detailed drug distribution within the tumor and 
normal tissue cannot. Therefore, we used our drug imaging system to assess the 
distribution of the drug within the target tissue. 

 Recent progress in MMS analysis, including the new features present in our 
instrument, has achieved a MMS resolution of 10 μm or less, which is advantageous 
for analyzing the drug distribution in specifi c cells or areas of interest within tissues 
(Castellino et al.  2011 ; Saito et al.  2011 ; Lorenz et al.  2013 ; Römpp and Spengler 
 2013 ). The improved resolution also allows an MMS image to be overlaid on an 
optical image of the same sample. In fact, we were able to distinguish the nerve 
component from the surrounding tissue and evaluate the specifi c distribution of free 
drug in the region (Yasunaga et al.  2013 ). Tissue samples should be frozen in the 
absence of any liquids to avoid diffusion or loss of the drug from the tissue. For 
effi cient ionization of the drug molecules to be analyzed, the sample was spray- 

  Fig. 13.3    Diagram of the microscopic mass spectrometry. A schematic illustration of the drug 
imaging system. The matrix-coated drug sample is ionised and then separated on the basis of its 
m/z. Images from MS or MS/MS analysis are recorded       
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coated with a suffi cient quantity of matrix. An optimal matrix should be selected to 
facilitate the effi cient ionization of the drug. We are currently attempting the use of 
several matrix materials to enhance the sensitivity of our MMS technique. Moreover, 
we also used a combination of MS and MS/MS for the imaging analysis. In the MS 
analysis, accurate quantifi cation of the drug under investigation was demonstrated 
in vivo. In the MS/MS analysis, the presence of that drug was validated by a 
fragment- specifi c signal, which does not overlap with any other signals. The com-
bination of MS and MS/MS thus facilitates the accurate identifi cation of the drug- 
originated signal by distinguishing the drug signal from endogenous metabolites 
with a similar m/z (Yasunaga et al.  2013 ).  

13.3     MMS for Analysis of Drugs Delivered Via Active 
Targeting 

 Antibody-drug conjugates (ADCs) are a class of immunotherapeutic agents that 
enable the delivery of cytotoxic drugs specifi cally to malignant cells. ADCs pas-
sively accumulate in solid tumor tissue due to the EPR effect (Matsumura and 
Maeda  1986 ) and subsequently target malignant cells based on the specifi c antibody- 
antigen binding (Hellstrom et al.  2013 ). The proper selections of a suitable mono-
clonal antibody (mAb), an anticancer agent (ACA) as well as a linker have been 
proven to be crucial for the clinical success of ADCs (Sievers and Senter  2013 ). The 
ADC strategy should be confi ned to highly toxic ACAs and not applied to ordinary 
ACAs, such as taxane, adriamycin, and others, because fewer than four ACA mol-
ecules should be conjugated to the mAb to prevent a decrease in the affi nity of the 
mAb which would be the case if too many ACA molecules were attached to a single 
antibody macromolecule (Junutula et al.  2008 ). MMAE is one of the most useful 
and potent ACAs for the clinical development of novel ADCs (Zolot et al.  2013 ). 
MMAE inhibits cell division by blocking the polymerization of tubulin. 

 In our laboratory, we have developed an anti-human tissue factor (TF) mAb 
which is attached to valine-citrulline (Val-Cit)-MMAE (human TF ADC) and we 
have reported its antitumor effect against xenografts of a human pancreatic cancer 
cell line, BxPC-3 (Koga et al.  2015 ). The Val-Cit-MMAE has been designed for 
maximum serum stability and effi cient release into the tumor environment 
(Sanderson et al.  2005 ). Once human TF ADC binds to the target malignant cells, it 
is internalized via receptor-mediated endocytosis, and subsequently MMAE is sup-
posed to be released into the tumor environment via hydrolysis of the linker by.
lysosomal enzymes. TF is a transmembrane glycoprotein involved in the initiation 
of the extrinsic pathway of blood coagulation (Mackman  2009 ), it is expressed in 
various types of cancer, and it plays a role in cancer progression, angiogenesis, 
tumor growth, and metastasis (van den Berg et al.  2012 ). Because pancreatic cancer 
tissue expresses high levels of TF, it is a useful target antigen for this condition 
(Flossel et al.  1994 ; Nitori et al.  2005 ; Khorana et al.  2007 ). 
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 To assess the effi cacy of an ADC against TF-positive solid tumors, preclinical 
pharmacological studies of the ADC have to be performed to determine whether the 
human TF ADC has been designed optimally. With respect to their antitumor effects, 
ACAs must effi ciently penetrate the tumor tissue and be retained there at a high and 
biologically active concentration (Minchinton and Tannock  2006 ; Kim et al.  2013 ) 
For such analyses, high-performance liquid chromatography (HPLC) or liquid 
chromatography mass spectrometry (LC-MS) are generally used. However, these 
techniques do not provide information about the drug distribution in a specifi c target 
area, although they allow optimization of the drug design to some extent, which 
might result in a more effi ciently targeted delivery. While autoradiography can be 
used to examine the tissue distribution of radiolabelled small molecules (Solon 
 2012 ), this method cannot distinguish between a radiolabelled drug conjugated to 
an ADC and free radiolabelled drug released from the ADCs (Fig.  13.4 ) (Xie et al. 
 2004 ).

   There are two types of MMS: One type can detect larger molecules (Rowinsky 
et al.  1993 ), although it is currently diffi cult to directly ionize high-molecular weight 
proteins, such as mAbs. The other type, which was used in our study, is specifi cally 
designed for low-molecular weight substances, such as ACAs. 

 Although it is diffi cult to determine the distribution of ADCs from a technical 
standpoint, MMS is a useful analytical tool for verifying whether the ADCs release 
their cytotoxic agents at a specifi c target area within the tumor tissues as designed. 
Mass spectrometry (MS) and tandem MS (MS/MS) do not require labelling reagents, 
and MMS can provide accurate maps of the target molecules in tissue specimens 
directly (Yasunaga et al.  2013 ). 

 For the application of MALDI to MMAE analysis, α-cyano-4-hydroxycinnamic 
acid (CHCA) was selected as a matrix. The chemical formula of MMAE is 
C39H67N5O7, and its monoisotopic mass is 717.504. Three positive-ion peaks 
derived from MMAE were observed by MS analysis: single-charge hydrogen, and 
the sodium and potassium adducts, denoted as [M + H]+, [M + Na]+, and [M + K]+, 

Detection of non-labelled drug
By MMS

Detection of radiolabelled drug
by Autoradiography

release release

  Fig. 13.4    Difference between MMS and Autoradiography. The MMS can distinguish released 
drug from drug conjugated to an ADC. On the other hand, Autoradiography cannot distinguish free 
radiolabelled drug from the radiolabelled drug conjugated to an ADC       
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respectively (Fig.  13.5a ). The main fragment at m/z 496.3 was observed when m/z 
740.4 was used as a precursor ion in the MS/MS analysis (Fig.  13.5b ). MMAE was 
semi-quantitatively detected at different concentrations with MMS (Fig.  13.6a ). 
Then, 0.2-mg/kg MMAE alone was injected intravenously into the tail vein of mice 
bearing a BxPC-3 xenograft. The 5.0-mg/mL CHCA solution was applied by pin-
point spray gun to the tissue sections. The signals originating from the MMAE were 
detected in the tumor tissues at 3, 24, and 72 h after the administration of MMAE 
alone. The MMAE signal decreased in a time-dependent manner (Fig.  13.6b ). 
Tissue sections serial to those used for MMS were also quantifi ed using LC-MS/MS 
(Fig.  13.6c ), and the results were consistent with the IMS data from MMAE.

    Anti-TF ADC and its control ADC, which did not bind the TF antigen, were 
prepared with a drug-to-antibody ratio (DAR) of the ADCs of 2–4 (Fig.  13.7a ). The 
ADCs were crystallized with the CHCA solution. MMS was performed on the ADC 
sample and on MMAE alone in MS mode (Fig.  13.7b–c ). The signal intensity of 
MMAE increased in a concentration-dependent manner, and the signal intensity 
obtained from 1.0 μL of 1.0-μM MMAE alone was signifi cantly higher than that 
from 1.0 μL of 1.0-μM human TF ADC and the control ADC (Tukey-Kramer, 
P < 0.01).

   The MALDI analysis was capable of distinguishing between MMAE alone and 
ADCs conjugated with MMAE. The signals originating from the MMAE released 
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  Fig. 13.5    MS and MS/MS of MMAE. ( a ) To defi ne the MS and MS/MS analyses of MMAE, the 
matrix, CHCA in 75 % acetonitrile, 0.02 % trifl uoroacetic acid, 2.0-mM sodium acetate and a 
1/1000 dilution of aniline (10 mg/mL, 1.0 μL) was used for the ionization of the MMAE standard 
(1.0 μM, 1.0 μL). [M + H]+, [M + Na]+, and [M + K] + were m/z 718.4, 740.4, and 756.4, respec-
tively. ( b ) The MMAE-specifi c MS/MS fragment, m/z 496.3, was determined when [M + Na] + was 
used as a precursor ion in the MS/MS analysis       
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from ADCs were detected in the tumor tissues at 3, 24, and 72 h after the adminis-
tration of the ADCs. The MMAE signal detected following the accumulation of the 
human TF ADC in the tumor tissue was greatest at 24 h after administration, com-
pared with the control ADC at the same time (Tukey-Kramer, P < 0.01, Fig.  13.8a–b ). 
Tissue sections serial to those for MMS were also quantifi ed with LC-MS/MS 
(Fig.  13.8c ), and the results were consistent with the IMS data from MMAE.

   These data indicate that MMS can be a powerful tool for optimizing the design 
of ADCs in the preclinical stage.  
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  Fig. 13.6    Semi-quantitative analysis of MMAE using MMS. ( a ) Only CHCA was used as a nega-
tive control. From  left  to  right , the concentrations of MMAE were 0.10, 1.0, 10, 100, and 
1000 nM. The CHCA solution (10 mg/mL, 1.0 μL) was used for the ionization of each MMAE 
sample (1.0 μL). MMAE was semi-quantitatively detected in a concentration-dependent manner 
using MALDI-IMS. ( b ) The  yellow rectangles  on the bright fi eld show the measurement area 
(2500 × 2500 μm). Pixel size, 20 μm; original magnifi cation, ×5; scale bar, 200 μm. The images 
obtained from m/z 496.3 using MALDI-IMS for MMAE detection in tumor tissues are shown as a 
pseudo-colour image ( Red-Purple ). The 5.0-mg/mL CHCA solution was applied with a pinpoint 
spray gun. Minimum intensity, 4; maximum intensity, 10. Each merged image superposed the IMS 
image on the measurement area image obtained 3, 24, or 72 h after the administration of MMAE 
alone. ( c ) LC-MS/MS analysis quantifi ed the MMAE concentration in the tumors 3, 24, and 72 h 
after the administration of MMAE alone. The contents of MMAE in the tumor tissues 3, 24, and 
72 h after administration were 1155 ± 609, 736 ± 319, and 413 ± 88 fmol/g (mean ± SD, N = 5 for 
each group), respectively       
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13.4     MMS for a Passive Targeting 

 PTX is a mitotic inhibitor and an ACA that is used to treat various cancers. However, 
PTX is associated with peripheral neuropathy, a serious adverse effect (Rowinsky 
et al.  1993 ). NK105, a PTX-incorporating micelle, was developed to address this 
limitation of PTX14–17. Due to the EPR effect (Matsumura and Maeda  1986 ; 
Maeda et al.  2000 ), NK105 preferentially accumulates in a solid tumor, which in 
turn results in both, an enhanced antitumor effect and a reduction of adverse effects 
including peripheral neuropathy. The high effi cacy and low toxicity of NK105 have 
been demonstrated in both preclinical and clinical studies (Hamaguchi et al.  2005 ; 
Hamaguchi et al.  2007 ; Kato et al.  2012 ; Matsumura and Kataoka  2009 ). Although 
the administered drug content per tissue weight was determined by conventional 
HPLC or LC-MS, the detailed drug distribution within the tumor and normal tissue 
has not yet been examined. Therefore, we used our drug imaging system to evaluate 
the difference in the distribution of NK105 and free PTX within tumor and normal 
peripheral neuronal tissue (Yasunaga et al.  2013 ). To achieve effi cient ionization, 
the sample was spray-coated with a suffi cient amount of 2,5-Dihydroxybenzoic 
acid (DHB) as the chosen matrix. (Yasunaga et al.  2013 ). 
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  Fig. 13.7    Selective detection of MMAE alone over MMAE conjugated to mAb using MMS. ( a ) 
The DAR of the ADCs was 2–4. A CHCA solution (10 mg/mL, 1.0 μL) was used for the ionization 
of mAbs (1.0 μM, 1.0 μL), ADCs (1.0 μM, 1.0 μL) and MMAE (1.0 and 3.0 μM, 1.0 μL). ( b ) The 
mass spectrum of human TF ADC (1.0 μM, 1.0 μL) is indicated. ( c ) The intensities (m/z 740.4) of 
the mAbs, ADCs, and each MMAE sample were measured with MS (Tukey-Kramer, ** P < 0.01, 
N = 3 for each group). The intensity was expressed as the mean ± SD. Pixel size, 20 μm; measure-
ment area, 200 × 200 μm       
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 NK105 or free PTX was administered at a PTX equivalent dose of 50 mg/kg/day 
to mice bearing BxPC3 pancreatic cancer xenografts on days 0, 4, and 8. NK105 
showed signifi cantly higher antitumor activity than the control (saline) and free 
PTX (Fig.  13.9a ). To confi rm the correlation of the distribution with the antitumor 
effect, the corresponding tumor sections were subjected to MMS. A drug signal 
originating from PTX was detected in the tumors at 15 min and 1 h after the admin-
istration of PTX, but this signal decreased at 6 h and was below the limit of  detection 
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  Fig. 13.8    Visualization of MMAE released from ADCs in tumor tissues using MMS. ( a ) H&E 
staining is shown in the  left column  (original magnifi cation, ×5). The  yellow rectangles  on the 
bright fi eld show the measurement area (2500 × 2500 μm). Pixel size, 20 μm; scale bar, 200 μm. 
( a – b ) The images obtained from m/z 496.3 using MALDI-IMS for detection of MMAE in tumor 
tissues are shown as pseudo-colour images ( Red-Purple ). The 5.0-mg/mL CHCA solution was 
applied with a pinpoint spray gun. Minimum intensity, 4; maximum intensity, 10. Each merged 
image was superposed with the IMS image on the measurement area image obtained 3, 24, and 
72 h after the administration of the ADCs. At 24 h after the administration of the ADCs, the accu-
mulation of MMAE released from human TF ADC was visibly higher than that of the control 
ADC. ( c ) The contents of MMAE in the tumor tissues 3, 24, and 72 h after the administration of 
the control ADC were 985 ± 500, 504 ± 222, and 92 ± 31 fmol/g (mean ± SD, N = 5 for each group), 
respectively. The contents of MMAE in the tumor tissues 3, 24, and 72 h after the administration 
of the human TF ADC were 785 ± 354, 2399 ± 637, and 353 ± 125 fmol/g (mean ± SD, N = 5 for 
each group), respectively. There was a signifi cant difference between the contents of the control 
ADC and human TF ADC 24 h after administration (Tukey-Kramer, ** P < 0.01, N = 5 for each 
group)       
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after 24 h (Fig.  13.9b ). By contrast, the signal originating from the PTX released 
from NK105 (rPTX) following the accumulation of NK105 in the tumor was 
detected at 15 min as well as at 1, 24, 48, and 72 h after the administration of NK105. 
The signal intensity was greatest at 24 h (Fig.  13.9c ). Tissue sections serial to those 
for MMS were also quantifi ed by LC-MS (Fig.  13.9d, e ), the results of which cor-
related with the drug imaging results (Fig.  13.9b–e ). The data did not contradict 
previous data obtained by HPLC (Hamaguchi et al.  2005 ). The results of the MMS 
analysis demonstrate that signifi cant levels of PTX were present in the tumor clus-
ters, including within the center of the tumor tissue.

   A mechanical stress test that measured the degree of peripheral neurotoxicity 
demonstrated that the mice in the PTX treatment group exhibited a signifi cantly 
stronger hypersensitive reaction to the mechanical stress test than those in the con-
trol and NK105 treatment groups (Fig.  13.10a ). To confi rm the correlation of the 
distribution with the abnormal neurological reaction, we also applied MMS and 
examined the distribution of PTX in peripheral neural tissue at 30 min, 1 h, and 24 h 
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  Fig. 13.9    Antitumor activity and visualisation of PTX and NK105 distribution with MS analysis. 
( a ) Antitumor activity was examined in an animal model with BXPC3 xenografts. NK105, PTX, 
or saline (as a control) was administered at a PTX equivalent dose of 50 mg/kg on days 0, 4, and 
8. *P < 0.05 (PTX vs. NK105), ***P < 0.001 (saline vs. NK105). Bar = SD. ( b )( c ) Imaging of PTX 
within the tumor was performed after PTX ( a ) or NK105 ( b ) administration at a dose of 100 mg/
kg. The  upper ,  middle , and  lower  columns display the optical images, reference substance (an 
arbitrary signal of m/z 824.6), and PTX (specifi c signal of m/z 892.3 [M + K]+), respectively. Bar, 
1 mm. ( d ) ( e ) LC-MS analysis of the PTX concentration in the tumors treated by PTX ( d ) or 
NK105 ( e ). Tissue sections serial to those shown in ( b ) and ( c )       
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  Fig. 13.10    Peripheral neurotoxicity and visualisation of PTX and NK105 distribution by MS 
analysis. ( a ) Mechanical sensory stress was assayed in an animal model of PTX-induced periph-
eral neuropathy. NK105, PTX, or saline was administered at 30 mg/kg on days 0, 2, 4, 7, 9, and 11. 
**P < 0.01 (PTX vs. NK105), ***P < 0.001 (saline vs. PTX). Bar = SD. ( b ) ( c ) PTX within neuronal 
tissue was imaged after PTX ( b ) or NK105 ( c ) administration at a dose of 50 mg/kg. The  upper , 
 middle , and  lower  columns show the optical images, a neuronal marker (sphingomyelin-specifi c 
signal of 851.6 m/z), and PTX (specifi c signal of m/z 892.3 [M + K]+), respectively. The neuronal 
area is delineated by a white line. Bar, 200 μm. ( d ) Analysis of the PTX concentration by 
LC-MS. Tissue sections serial to those shown in ( b ) and ( c )       

after administration. The signals surrounding and inside the nerve were lower after 
NK105 injection than after PTX injection (Fig.  13.10b,c ). LC-MS analysis of the 
neural samples revealed that the concentration of rPTX after NK105 injection was 
also lower than that after PTX injection (Fig.  13.10d ). Signifi cant levels of PTX, 
even in the core of the tumor tissue, were observed following NK105 administra-
tion, and the NK105 was retained for a long period of time.

   Low molecular weight (LMW) ACAs, including molecular targeting agents, can 
easily extravasate from normal blood vessels and cause various adverse effects. 
DDS drugs such as NK105, which exhibit low short-term accumulation in normal 
tissues that lack the EPR effect, can minimize this drug toxicity. Our data clearly 
demonstrate that the distribution of released PTX from NK105 in the peripheral 
nerve and surrounding tissues was quite low compared with PTX alone. These 
observations support the low incidence of observed peripheral neuropathy when 
PTX is administered as NK105.  
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13.5     Conclusion and Future Prospect 

 We successfully visualized and quantifi ed the distribution of a non-radiolabeled and 
non-chemically modifi ed drug in various frozen tissue slices microscopically. In 
addition to MMAE and PTX, we also have successfully visualized other anticancer 
agents (data not shown). Our achieved success indicates that the MMS technique 
can be applied to clinical biopsy specimens or surgically resected tissues after neo- 
adjuvant chemotherapy. In addition, the data obtained by MMS can be utilized to 
facilitate the design of drugs formulated into a wide variety of DDS.     
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    Chapter 14   
 Pharmacokinetics and Pharmacodynamics 
of Nano-Drug Delivery Systems                     

     Amit     Ranjan     Maity     and     David     Stepensky    

    Abstract     Incorporation of drugs into nano-drug delivery systems (nano-DDSs) 
leads to profound changes in their disposition (distribution and elimination) and 
pharmacological activity (magnitude of desired and adverse effects). Nano-DDSs of 
different types (liposomes, particles, drug conjugates, etc.) and of different compo-
sition are intensively investigated nowadays in pre-clinical and clinical settings. 
Specifi cally, the relationships between the nano-DDSs composition, effi ciency of 
their targeting to the intended site of action, and the magnitude of the desired vs. 
adverse effects are examined. In this chapter, the pathways of nano-DDSs disposi-
tion at the systemic, local, and intracellular levels are described, and the formulation 
properties that affect the drug targeting effi ciency at each of these levels are dis-
cussed. Complexity of the nano-DDSs disposition pathways and limitations of drug 
targeting approaches are illustrated using specifi c examples: (1) delivery of anti-
genic peptides to the endoplasmic reticulum (ER) of the antigen presenting cells 
using PLGA-based nano- DDSs for the purpose of anti-cancer vaccination, (2) 
delivery of analgesic peptides to the brain using bolavesicle-based nano-DDSs.  

  Keywords     Nano-drug delivery systems   •   Disposition   •   Targeting effi ciency   • 
  Pharmacokinetics   •   Pharmacodynamics  
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   AChE    Acetylcholine esterase   
  BBB    Blood–brain barrier   
  B-CSF-B    Blood-cerebrospinal fl uid barrier   
  CNS    Central nervous system   
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  DDS    Drug delivery system   

        A.  R.   Maity    •    D.   Stepensky      (*) 
  Department of Clinical Biochemistry and Pharmacology, Faculty of Health Sciences , 
 Ben-Gurion University of the Negev ,   POB 653 ,  84105   Beer-Sheva ,  Israel   
 e-mail: davidst@bgu.ac.il  

mailto:davidst@bgu.ac.il


342

  EPR    Enhanced permeability and retention effect   
  ER    Endoplasmic reticulum   
  PD    Pharmacodynamics   
  PK    Pharmacokinetics   

14.1         Introduction 

 Pharmacological effects of drugs are mediated by their interactions with specifi c 
targets (receptors, channels, soluble proteins, lipids, etc.) located in different organs, 
tissues, or body fl uids. Effective and safe drug treatment requires effi cient interac-
tion of the drug with the targets located at the intended site of action and lack or 
limited interactions with the targets located elsewhere. Many pharmacological 
agents distribute to different parts of the body following their administration and 
interact with the desired, as well with the undesired targets, leading to the unfavor-
able balance of intended vs. adverse effects. In this case, targeted delivery of the 
drug to its intended site of action can enhance its interaction with the intended tar-
gets and diminish the undesired effects. Such targeted delivery is possible using 
specialized nano-drug delivery systems (nano-DDSs) that mask the drugs’ physico-
chemical properties and alter its disposition (distribution and elimination) pathways 
in the body following administration. To this end, the drug can be either encapsu-
lated or chemically modifi ed to generate different types of nano-DDSs that can be 
classifi ed according to their structure and composition into nanoparticles, lipo-
somes, micelles, polymer conjugates, and other formulation types (see Table  14.1 ).

   During the last decades, targeted drug delivery using different nano-DDSs 
types was the topic of extensive investigation by numerous research groups. 
Especial emphasis was set on the nano-DDSs (the formulations with dimensions 
in the 1–1000 or 100–1000 nm range; there is no consensus among the researchers 
regarding the exact defi nition of the nano-size range (Keck and Muller  2013 ; 
Naahidi et al.  2013 )) which are in the focus of this chapter. Specifi cally, different 
formulations, formulation components, external targeting signals, and self-trig-
gered targeting approaches were proposed to enhance the nano-DDSs targeting 
effi ciency (see Table  14.1 ). For the detailed description of the different formula-
tions and targeting approaches, we refer the readers to the several excellent recent 
reviews on this topic (Lammers et al.  2008 ; Steichen et al.  2013 ; Babu et al.  2014 ). 

 Results of numerous investigations report development, characterization, and 
 in vitro  and  in vivo  assessment of nano-DDSs (Weissig et al.  2014 ; Weissig and 
Guzman-Villanueva  2015 ). On a weekly and even on a daily basis, new promising 
experimental results are reported, especially in the ‘hot’ research fi elds, such as 
delivery of anticancer agents. Usually, these publications contain claims regarding 
effi cient drug targeting using different types of nano-DDSs, and expectations of 
their future applications for diagnosis and therapy. However, the current clinical 
impact of nano-DDSs is limited and does not match the level of expectations from 
this technology on behalf of researchers and non-scientists. It appears that only a 
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small fraction of the administered drug is capable of exerting the pharmacological 
effect at the intended site of action in the body, and the overall targeting effi ciency 
of the nano-DDSs is low, leading to their limited clinical effectiveness and safety. 

 This limited clinical impact of nano-DDSs stems from the fact that, despite the 
scientifi c advances, the knowledge on the relationship between the nano-DDSs for-
mulation properties and their pharmacokinetics and pharmacodynamics is still lim-
ited. Different types of nano-DDSs (see Table  14.1 ) vary in their properties that 
affect their disposition (Danhier et al.  2010 ; Kanapathipillai et al.  2014 ; Wicki et al. 
 2015 ): (a) size and composition, (b) ability to encapsulate different drugs (e.g., 
hydrophilic and lipophilic small molecular weight drugs, nucleic acids, therapeutic 
proteins, etc.), (c) drug loading effi ciency and release kinetics, (d) stability in differ-
ent locations in the body (in the body fl uids and inside cells), and ability to control 
it. Specifi cally, effi ciency of drug delivery using nano-DDSs is highly dependent on 
the surface properties and drug release kinetics of the specifi c formulation. Indeed, 
nano-DDSs surface is the major site of interaction between the nano-DDSs and 
biological systems, and the surface properties of a specifi c nano-DDS have impor-
tant effect on its disposition pathways (see below), such as endocytosis (by the 
endothelial, phagocytic and target cells), interaction with the soluble factors (activa-
tion of complement, formation of ‘corona’ made of endogenous proteins), etc. In the 
next sections of this chapter, we will describe in a detailed fashion the major phar-
macokinetic and pharmacodynamic properties of nano-DDSs at different levels (in 
the systemic circulation, in the tissues/organs/body fl uids, and inside the cells), and 
will illustrate using specifi c examples the complexities of nano-DDSs targeting to 
the intended site of action.  

     Table 14.1    The major approaches for nano-DDSs targeting to the intended site of action   

 Formulation 
types 

 Administration 
routes 

 Approaches for 
self-triggered 
targeting 

 DDS formulation 
components that 
can affect targeting 
effi ciency 

 Approaches 
for externally- 
activated 
targeting 

 Nanoparticles 
 Liposomes 
 Micelles 
 Bolavesicles 
 Polymer 
conjugates 
 Dendrimers 
 Carbon nanotubes 
 Pasty polymers 
 Hydrogels 

 Intravenous 
 Intraarterial 
 Intraperitoneal 
 Intranasal 
 Local (focal) 
injection 

 Nano-DDS size 
 Decoration with 
targeting residues 
that can interact 
with molecules 
overexpressed at the 
intended site of 
action 
 pH-dependent drug 
release 
 Enzyme- dependent 
drug release 

 Magnetic or 
paramagnetic 
components 
 Sheddable 
PEGylation 
 Multistage drug 
release (e.g., 
nano-DDS 
disintegration into 
smaller particles) 
 Promoter drugs 
(vascular damage, 
apoptosis induction, 
TGF-beta blockade, 
etc.) 
 Permeation 
enhancers 

 Magnetic fi eld 
 Ultrasound 
 Local heating 
 Light-induced 
chemical 
activation 
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14.2     The Pharmacokinetics and Pharmacodynamics 
of Systemically-Administered Nano-DDSs 

 Pharmacokinetics (PK) describes the time course of drug concentrations that are 
attained in different locations in the body following drug administration. 
Pharmacodynamics (PD) refers to the pharmacological effects elicited by the drug, 
including the mechanisms of these effects at different locations in the body and 
concentration-effect relationships. Nano-DDSs possess substantially different phar-
macokinetic properties, as compared to the ‘classical’ drugs (small-molecular drug 
compounds), which also affect their pharmacodynamics. Specifi cally, many nano- 
DDSs do not pass effi ciently the biological barriers, which necessitates their paren-
teral administration (usually  via  intravenous route). 

 In the bloodstream, the major disposition pathways of the ‘classical’ drugs (e.g., 
permeation into the extracellular fl uids and into the cells, liver and kidney elimina-
tion) are less relevant to the pharmacokinetics of nano-DDSs, which are exposed to 
other distribution and elimination processes instead. These processes operate in dif-
ferent ways in different locations in the body, and in this chapter we will describe 
the three levels of disposition that are typical for many nano-DDSs and for the 
pharmacological effects induced by them (see Fig.  14.1 ). The fi rst level takes place 
in the systemic circulation, where preferential nano-DDS distribution (targeting) to 
a specifi c organ/tissue of interest can be benefi cial for the treatment effi ciency. 
Subsequently, at the organ/tissue level, nano-DDSs targeting to the specifi c cells 
may be desirable. Ultimately, for the drugs that act on the intracellular targets (such 

  Fig. 14.1    The 3 levels of drug targeting using nano-DDSs. Parts of this fi gure were adapted from 
(Holzel et al.  2013 ) by permission from Macmillan Publishers Ltd, and from ASU Ask A Biologist, 
Arizona Board of Regents (  https://askabiologist.asu.edu/content/cell-parts    )       
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as nucleic acids, many anti-cancer agents, etc.) nano-DDSs targeting to the specifi c 
organelle may lead to enhanced effi ciency on the subcellular level.

   It should be noted that at each one of the above-mentioned levels, both the nano- 
DDS and the drug exist in multiple forms, with each one of those exposed to a dif-
ferent extent to the individual disposition pathways. For instance, the 
nano-DDS-encapsulated drug can be released to the body fl uids (plasma, extracel-
lular or intracellular fl uids), bind to proteins or other endogenous components, 
undergo metabolism, return back to the nano-DDS (via surface absorption or 
reloading processes) (Das et al.  2016 ), etc. These processes complicate the under-
standing the concentration-effect relationships for nano-DDSs, and may introduce 
bias in the results and conclusions of pharmacokinetic studies that apply analytical 
methods that do not discriminate between the different drug/nano-DDSs forms. 

 In the next sections, we will describe the major disposition pathways of nano- 
DDSs at the individual levels, and the obstacles for effi cient targeting to the intended 
site of action on each one of them (see Fig.  14.1 ). 

14.2.1     PK and PD of Nano-DDSs in the Systemic Circulation 

 Following systemic administration and permeation into the bloodstream, nano- 
DDSs are exposed to numerous disposition pathways (see Table  14.2 ), only one of 
which mediates their permeation to the intended site of action. Specifi cally, nano- 
DDSs can release the encapsulated drugs (decapsulate) in the systemic circulation 
prior to reaching the target tissue, aggregate in the bloodstream (with subsequent 
deposition in capillaries or uptake by the phagocytic cells in the bloodstream), 
undergo elimination via hepatic and renal elimination pathways, endocytosis and 
metabolism by the cells that are circulating in the blood or lining the blood vessels, 
etc. For detailed analysis of the factors that affect the disposition pathways of free 

      Table 14.2    The major 
pathways of nano-DDSs 
disposition following 
systemic administration  

 Pathway 
 Release of the encapsulated drug 
 Interaction with the endogenous 
compounds (formation of ‘corona’) 
 Aggregation in the bloodstream 
 Degradation in the systemic circulation 
 Elimination via the liver and/or the 
kidneys 
 Uptake by mononuclear phagocyte 
system (MPS) cells 
 Uptake by the endothelial cells 
 Uptake by the red blood cells 
 Permeation to the target organ 
 Permeation to other organs and tissues 
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and nano-DDS-encapsulated drugs, the readers are referred to several excellent 
recent reviews (Ruenraroengsak et al.  2010 ; Moghimi et al.  2012 ).

   It can be seen that the chances of the individual nano-DDS to reach the target 
tissue are low and drug targeting to the intended site of action requires blocking or 
avoiding the above-mentioned interfering pathways. Effi ciency of the individual 
disposition pathways (see Table  14.2 ) can be substantially affected by the dimen-
sions (size and shape) and the surface properties (charge, surface residues) of the 
nano-DDSs. For instance, the cells of the mononuclear phagocyte system (MPS) 
cells have their ‘preferences’ for the size, shape, and charge of the nano-DDSs and 
will preferably endocytose charged (with positive or negative surface charge) nano- 
DDSs with diameter bigger than 200 nm (Decuzzi et al.  2010 ; Moghimi et al.  2012 ). 
An addition, sinusoidal endothelium of selected organs and tissues (liver, spleen, 
bone marrow, endocrine organs), in combination with presence of specifi c cells 
(e.g., sinusoidal endothelial cells and Kupffer cells in the liver) capture and elimi-
nate from the bloodstream nano-DDSs of certain size ranges. For instance, liver 
effi ciently captures and eliminates nano-DDSs 10–20 nm diameter in size. On the 
other hand, urinary excretion is rapid and effi cient for nano-DDSs with hydrody-
namic radius smaller than ~5 nm (Longmire et al.  2008 ). Nano-DDSs targeting to 
the liver, therefore, is not a very challenging task, and systemically-administered 
formulations with the diameter of 10–20 nm will tend to accumulate in the liver 
(and other above-mentioned MPS organs). On the other hand, formulations with the 
diameter of 20–200 nm may have higher chances to arrive to the intended site of 
action that is located elsewhere (not in the liver or other MPS organs). 

 During their presence in the systemic circulation, nano-DDSs can interact with 
and adsorb endogenous compounds such as albumin, transferrin, lipoproteins, and 
other plasma components (Moghimi et al.  2012 ; Dufort et al.  2012 ; Bigdeli et al. 
 2016 ; Palchetti et al.  2016 ). As a result of this interaction, coating or ‘corona’ is 
formed on the surface of nano-DDSs which affects their surface properties and effi -
ciency of their disposition pathways (see Table  14.2 ), and can further reduce the 
chances for effi cient drug targeting to the intended site of action. A popular strategy 
to block these pathways and to avoid ‘corona’ formation is nano-DDSs decoration 
( via  non-covalent adsorption or covalent conjugation) with polyethylene glycol 
(PEG) residues. PEGylated nano-DDSs are often referred to as ‘stealth’ formula-
tions, and PEGylation technology that forms ‘inert’ steric barrier on the nano- 
DDSs’ surface can indeed be used to prolong their residence in the bloodstream 
(Parveen and Sahoo  2006 ; Barenholz  2012 ; Perry et al.  2012 ). However, repeated 
administration of PEGylated nano-DDSs can provoke immune reactions of the host 
against the PEG residues,  via  formation of anti-PEG IgM antibodies and comple-
ment activation, that can increase the nano-DDSs clearance and diminish their accu-
mulation at the target site (Ishida and Kiwada  2008 ; Schellekens et al.  2013 ). These 
immunogenic aspects of PEGylation require more detailed investigation, and com-
bination of PEGylation with ‘active’ targeting approaches may lead to enhanced 
effi ciency of nano-DDSs targeting to the intended site of action. 
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 Systemic nano-DDSs disposition can be substantially altered in some disease 
states. For instance, formation of gaps or openings in the vascular endothelium will 
lead to enhanced extravasation of nano-DDSs at these locations, at expense of other 
disposition pathways (see Table  14.2 ). Such gaps or openings can form in some 
solid cancers or in infl ammatory diseases (leading to the so-called enhanced perme-
ability and retention effect, EPR) (Maeda  2012 ; Maeda et al.  2013 ; Nichols and Bae 
 2014 ), in the brain tissue (due to the physical trauma, stroke, severe and prolonged 
epileptic attacks, etc.) and in other conditions (Azzopardi et al.  2013 ; Boyd et al. 
 2015 ). It is plausible that nano-DDSs disposition can be altered due to perfusion 
changes (in congestive heart failure, edema, burns), but these alterations have not 
been characterized in suffi cient detail yet. 

 Effi cient drug targeting at the systemic level (i.e., effi cient or preferential drug 
delivery to the specifi c organ/tissue/body fl uid) is claimed in many experimental 
studies with nano-DDSs. However, few of these studies report quantitative data on 
the drug targeting effi ciency. Due to the complexity of the disposition pathways (see 
Table  14.2 ), only a small fraction of the administered nano-DDSs apparently accu-
mulates in the target organ/tissue. For instance, only in rare cases >5–6 % of the 
administered nano-DDSs distribute to the solid tumors following intravenous 
administration to the human patients, even in rapidly growing tumors with promi-
nent EPR effect (Ruenraroengsak et al.  2010 ; Lammers et al.  2012 ; Taurin et al. 
 2012 ; Nichols and Bae  2014 ). The targeting effi ciency can be higher in the animal 
models of cancer disease, due to the exaggerated EPR effect, which can be seldom 
attained in the clinical settings. 

 The brain-targeting ability of the currently available nano-DDSs is also limited, 
and in many cases the brain tissue is exposed to lower amounts of drug, as compared 
to the internal organs and tissues (Kozlovskaya and Stepensky  2013 ). Effi ciency of 
brain drug delivery depends on the drug formulation: intravenously-administered 
nanoparticle-based nano-DDSs appear to be more effi cient than the liposome- or 
conjugate-based nano-DDSs (Kozlovskaya and Stepensky  2013 ). Incorporation of 
specialized reagents, such as PEG residues and surface-active agents, decoration 
with specifi c targeting residues, use of external targeting signals apparently can 
increase the effi ciency of nano-DDS delivery to the brain and can lead to brain- 
targeted drug delivery. Moreover, nano-DDSs administration  via  a nasal route can 
also enhance their brain targeting effi ciency due to existence of direct nose-to-brain 
traffi c routes (via olfactory and trigeminal cranial nerves) (Kozlovskaya et al.  2014 ). 
A more detailed quantitative analysis of the nano-DDS disposition and its mecha-
nisms following systemic and nasal administration is required to identify the limit-
ing factors for drug brain delivery and the drug formulations that are the most 
suitable for this purpose (Kozlovskaya and Stepensky  2013 ; Kozlovskaya et al. 
 2014 ).  
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14.2.2     PK and PD of Nano-DDSs in the Tissues 

 Following arrival to the target or non-target tissue/organ/body fl uid, nano-DDSs are 
exposed to several disposition pathways, which are summarized in Table  14.3 . Due 
to these multiple disposition pathways, nano-DDSs (and the drug that is released 
from them) are become distributed in a highly non-homogeneous fashion on the 
organ/tissue level. For instance, the majority of the extravasated nano-DDSs accu-
mulate in close proximity to the blood vessels, while penetration to the more ‘deep’ 
layers is limited (Stepensky  2014 ; Zhang et al.  2013 ), leading to a gradient of drug/
nano-DDS concentrations in the specifi c organ or tissue.

   Usually, it can be assumed that the desired pharmacological effects are mediated 
by specifi c targets expressed by a selected type of cells (e.g., the cancer cells in the 
tumor, the neurons in the brain, etc.; see Fig.  14.1 ). Therefore, many of the path-
ways listed in Table  14.3 , such as adsorption to the capillary wall, local metabolism 
or elimination with the venous blood or with the lymph, prevent or interfere with 
effectiveness of nano-DDSs. On the other hand, diffusion, convection, binding and 
uptake processes, depending on their location and direction, can either contribute to 
the desired effects, or interfere with them. For instance, overexpression of effl ux 
pumps (e.g., Pgp, BCRP and others) and of xenobiotic metabolizing enzymes, can 
reduce the drug accumulation inside the target cells (e.g., the cancer cells in the 
tumor tissue) and diminish the treatment effi ciency (Rochat  2009 ). On the other 
hand, overexpression of specifi c surface receptors (e.g., HER-2, EGFR, etc.) by the 
target cells can serve for ‘active targeting’ of the nano-DDSs to these cells using 
specifi c targeting residues (Li et al.  2012 ; van der Meel et al.  2013 ). Such ‘active 
targeting’ seldom succeeds since it can limit the nano-DDSs permeability to the 
‘deep’ parts of the tissue and reduce the treatment effi ciency (Lammers et al.  2012 ; 
Popilski and Stepensky  2015 ), or since the targeting residues on the nano-DDSs 
surface can be degraded or masked by the ‘corona’. 

 For a more detailed discussion of the factors that affect nano-DDSs disposition 
at the tissue level, especially for the purpose of targeted drug delivery to the solid 

     Table 14.3    Pathways of nano-DDS disposition at the intended site of action and in other organs/
tissues/body fl uids   

 Pathway 
 Adsorption to the capillary wall 
 Extravasation (can be enhanced due to the infl ammation or in solid tumors – the enhanced 
permeability and retention effect) 
 Diffusion 
 Convection 
 Binding to the cells and/or extracellular matrix 
 Uptake by the cells 
 Metabolism outside and/or inside the cells 
 Lymphatic elimination 
 Venous elimination 
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tumors, the readers are referred to several recent reviews of this topic (Minchinton 
and Tannock  2006 ; Ruenraroengsak et al.  2010 ; Danquah et al.  2011 ; Nichols and 
Bae  2012 ; Ernsting et al.  2013 ; Stepensky  2014 ; Popilski and Stepensky  2015 ).  

14.2.3     Intracellular PK and PD of Nano-DDSs 

 Many drugs act on intracellular targets within specifi c organelles, and effi cient pen-
etration of these drugs to specifi c intracellular site of action is a pre-requisite for its 
pharmacological activity. In order to reach the intracellular targets, nano-DDSs (that 
encapsulate an active drug) usually need to undergo endocytosis and to release the 
drug in its free form inside the cell. The resulting effi ciency of drug interaction with 
its target can be low due to a high degree of compartmentalization of the cells’ inte-
rior (organelles separated by biological membranes) and complexity of the intracel-
lular traffi cking pathways. Specifi cally, sequence of the following intracellular 
pharmacokinetic processes is needed for mounting the desired effects of 
intracellularly- acting drugs: nano-DDS endocytosis by the target cells, endosomal 
escape, traffi cking to (or in vicinity of) the specifi c organelle of interest, release of 
the encapsulated drug, and drug-target interaction in the organelle of interest. Each 
one of these processes can pose a barrier for drug accumulation in the target organ-
elle (Stepensky  2010 ). For instance, many types of cells possess low endocytic 
behavior that precludes the subsequent targeting stages. Moreover, nano-DDSs 
which enter cells via endocytosis tend to trap inside endosomes and undergo degra-
dation during their maturation into late endosomes and lysosomes, which prevents 
nano-DDS permeation to the cytosol and their accumulation in the target organelle 
(Paillard et al.  2010 ). 

 Nano-DDSs formulation properties can affect intracellular drug pharmacokinet-
ics at multiple stages. It is known, for instance, that the nano-DDS formulation 
properties (formulation type, size, charge, type and density of surface residues, their 
stability) affect the effi ciency of the nano-DDS uptake and intracellular traffi cking 
mechanisms. The best investigated process appears to be the nano-DDS endocytosis 
by some types of cells where some important discoveries regarding the effects of 
nano-DDS size/shape/charge have been made recently (Decuzzi et al.  2010 ; 
Moghimi et al.  2012 ; Ernsting et al.  2013 ). On the other hand, effi ciency of nano- 
DDS endosomal escape, spontaneous or mediated by specifi c endosome- 
destabilizing formulation components, is much less characterized. Moreover, it is 
not clear how the intracellular traffi cking mechanisms can be modulated for prefer-
ential delivery of nano-DDSs to the organelle of interest (i.e., for the purpose of 
subcellullarly-targeted drug delivery), which types of surface targeting residues are 
best suited for this, and to which extent the effi ciency of this subcellular targeting 
differs between cells of different origin (Maity and Stepensky  2015 ,  2016b ). 

 During the recent years, targeting of nano-DDSs to the specifi c intracellular 
organelles (i.e., subcellular targeting) was investigated in numerous publications, 
but targeting effi ciency of these systems was seldom reported (Maity and Stepensky 
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 2016b ). It appears that specialized nano-DDSs decorated with specifi c targeting 
residues or active groups can alter the ‘passive’ pathways of drug intracellular dis-
position (distribution and elimination) and lead to ‘active’ targeting of the drug to 
specifi c organelle (i.e., leading to higher drug concentration in the target organelle, 
as compared to its concentrations in other organelles). Nucleus and mitochondrion 
were applied more frequently, as compared to other organelles, as intracellular tar-
gets of drug delivery, and discussion of nano-DDS designed to target these organ-
elles appears in several recent reviews (Torchilin  2006 ; D’Souza and Weissig  2009 ; 
Duncan and Richardson  2012 ). 

 Different chemical approaches can be used to decorate nano-DDSs surface with 
specifi c subcellular targeting residues (Yu et al.  2012 ), and intracellular disposition 
of nano-DDSs can be studied using a variety of biochemical and imaging-based 
approaches (such as subcellular fractionation based on density gradient centrifuga-
tion, colocalization analysis of fl uorescently-labeled nano-DDSs and fl uorescent 
organelle markers, etc.) (Torchilin  2005 ; Seib et al.  2006 ; Sneh-Edri and Stepensky 
 2011 ; Gilleron et al.  2013 ). Despite the technological advances that allow quantita-
tive analysis of nano-DDSs formulation properties, their endocytosis and intracel-
lular disposition, our understanding of relationships between nano-DDSs properties 
and their biofate is only partial (Breunig et al.  2008 ; D’Souza and Weissig  2009 ; 
Stepensky  2010 ; Fu et al.  2014 ). Extensive research is needed to clarify these issues, 
and to identify the formulation properties that lead to effi cient subcellular targeting. 
This research should involve detailed investigation of nano-DDS uptake and intra-
cellular disposition in the target and non-target cells, in different experimental set-
tings. Otherwise, the expectations regarding targeted drug/nano-DDS delivery can 
turn out to be exaggerated. 

 Overall, it appears that conjugation of specifi c targeting residues can affect intra-
cellular fate of nano-DDSs and result in preferential drug accumulation within an 
organelle of interest. Studies that quantitatively assess the mechanisms, barriers and 
effi ciencies of subcellularly-targeted drug delivery and of the associated toxic 
effects are required to determine the therapeutic potential of subcellular nano-DDSs 
targeting, and to translate the research results into clinical applications.   

14.3     Targeted Delivery of Analgesic Peptides to the Brain 
Using Bolavesicle-Based Nano-DDSs 

 Analgesic peptides (such as leu-enkephalin and kyotorphin) act on the opioid recep-
tors that are involved in pain transmission and control in many regions of the central 
nervous system, including spinal cord, midbrain and thalamus (Snyder and Pasternak 
 2003 ; Law et al.  2000 ). Similar to other biopharmaceuticals, analgesic peptides pos-
sess limited stability in the body fl uids and tissues, and ineffi cient permeability  via  
the biological barriers, including the blood–brain and blood-cerebrospinal fl uid bar-
riers (the BBB and the B-CSF-B). Targeted drug delivery to the site of action in the 
brain can overcome these pharmacokinetic limitations of the analgesic peptides, and 
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enhance the effi ciency of their analgesic effects. For this purpose, targeted delivery 
to the selected parts of the brain is desired (i.e., targeting on the organ and cell lev-
els; see Fig.  14.2a ). The third intracellular targeting levels is not necessary in this 
case, since analgesic peptides do not need to permeate the cells in order to exert 
their pharmacological effects (which are mediated by interaction with the extracel-
lular parts of the opioid receptors that belong to the G-proteins family).

   For the purpose of brain delivery of analgesic peptides, we used bolavesicle- 
based nano-DDSs (Grinberg et al.  2005 ; Grinberg et al.  2008 ; Popov et al.  2010 ). 
Bolavesicles are monolayer membrane vesicles that are assembled from synthetic 
bolalipids containing two hydrophilic head groups at each end of a hydrophobic 
alkyl chain (see Fig.  14.2a ). Bolalipids form vesicles that possess high chemical and 
physical stability that can be useful for their permeation via the BBB and 
B-CSF-B. On the other hand, bolavesicles can be designed to be destabilized in a 
controlled fashion – enzymatic cleavage of the headgroups can trigger rapid 
 disruption of the vesicular structure, leading to preferential release of the encapsu-
lated material at the desired locations, including the brain (Gupta et al.  2015 ). 

  Fig. 14.2    Approach for brain delivery of analgesic peptides using bolavesicle-based nano-DDSs. 
(Part of this fi gure is reprinted from (Popov et al.  2013 ), with permission from Elsevier)       
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 In our studies, we used bolavesicles made of the GLH-20 bolalipid that is a sub-
strate of acetylcholine esterase (AChE) enzyme (Dakwar et al.  2012 ). This enzyme 
can be effi ciently inhibited in the bloodstream and in the different organs/tissues/
body fl uids by pyridostigmine, which is charged at the physiological pH and does 
not permeate to the brain tissue. Thus, pyridostigmine pretreatment can stabilize the 
GLH-20 bolavesicles in the systemic circulation, but allows their decapsulation 
upon permeation into the central nervous system, enhancing the delivery of 
bolavesicle- encapsulated drugs to the brain (see Fig.  14.2b ). We investigated the 
tissue distribution and the pharmacological effects induced by bolavesicles loaded 
with fl uorescent markers and/or analgesic peptides (see Fig.  14.2 ) (Dakwar et al. 
 2012 ; Popov et al.  2013 ). Apart from these components, the bolavesicle-based 
nano-DDSs contained stabilizing agents (cholesterol) and in some cases were also 
decorated with chitosan moieties that enhance bolavesicles permeation  via  the BBB 
and other biological barriers. 

 The experimental results indicated that the AChE-sensitive bolavesicles effi -
ciently distributed into various tissues with marked accumulation in the brain, 
whereas non-encapsulated (free) BSA-FITC possessed much lower permeability, 
especially to the brain tissues (see Fig.  14.3a ). The investigated bolavesicles deliv-
ered analgesic peptides to the brain in quantities suffi cient to elicit effi cient and 
prolonged analgesic activity, while the non-encapsulated peptides induced much 
lower pharmacological effects (see Fig.  14.3b ). Based on these data, we conclude 
that bolavesicle-based nano-DDSs, in combination with the pyridostigmine, alter 
substantially the pharmacokinetics of the analgesic peptides and enhance the effi -
ciency of their pharmacological effects. 

 The studied formulations possessed limited targeting effi ciency on the systemic 
level (lack of preferential accumulation in the brain vs. other tissues; see Fig.  14.3a ), 
and apparently also on the organ/tissue level (lack of preferential accumulation in 
the parts of the brain that mediate analgesic activity). Nevertheless, encapsulation of 
the investigated analgesic peptides into the bolavesicle-based nano-DDSs altered 
their pharmacokinetics to a substantial extent, and enhanced and prolonged their 
analgesic activity. We and our collaborators successfully applied bolavesicle-based 
nano-DDSs for brain delivery of other pharmacological agents, including small 
molecular weight drugs, biopharmaceuticals, and marker compounds, as described 
in detailed fashion in (Shechter et al.  2010 ; Dakwar et al.  2012 ; Philosof-Mazor 
et al.  2013 ; Popov et al.  2013 ; Gupta et al.  2015 ).

14.4        Targeted Delivery of Antigenic Peptides 
to the Endoplasmic Reticulum of the Antigen- 
Presenting Cells for Anti-Cancer Vaccination 

 Tumor antigens are antigenic substances (peptides, glycopeptides, etc.) produced in 
tumor cells that are able to trigger immune response in the host. Mounting effi cient 
anticancer vaccination can be possible by administration of tumor-associated 
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  Fig. 14.3    Results of brain delivery of analgesic peptides using bolavesicle-based nano-DDSs. 
(Reprinted from (Dakwar et al.  2012 ) and from (Popov et al.  2013 ), with permission from Elsevier)       

antigens to the host (in the form of antigenic peptides, proteins, or DNA that encodes 
for them). For effi cient anticancer vaccination, antigenic peptides should reach the 
intracellular organelles within the antigen-presenting cells which are capable of 
antigen cross-presentation process (dendritic cells, DCs) (Amigorena and Savina 
 2010 ; Segura and Villadangos  2011 ; Mantegazza et al.  2013 ). As a result of this 
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process, that takes place predominantly in the endoplasmic reticulum (ER) and 
endosomal compartments, DCs process and present tumor-associated antigens with 
MHC class I molecules to CD8+ T cells (cytotoxic T cells), which can become 
activated and exert cytotoxic anti-tumor responses. 

 DCs circulate in the bloodstream, are phagocytic, and possess specialized intra-
cellular antigen processing and cross-presentation machinery. Therefore, targeted 
delivery of antigenic material to the DCs is possible by encapsulating it into nano- 
DDSs that undergo phagocytosis by the DCs (in the central circulation following 
intravenous administration, or in the tissues following injection, e.g., by subcutane-
ous route). Thus, for the purpose of anti-cancer vaccination, targeting on the cell 
and intracellular (subcellular) levels is desired to deliver effi ciently the antigenic 
peptides to the cross-presenting organelles within the DCs (see Fig.  14.4 ), while the 
organ/tissue level of targeting is less important or is not required.

   We investigated targeting of the specifi c antigenic peptide (SIINFEKL) to the 
endoplasmic reticulum (ER) of the DCs for the purpose of anti-cancer vaccination. 
Choice of this peptide and of the  in vitro  experimental system for assessment of its 
targeting were based on the availability of specifi c and highly-sensitive reagents and 
experimental systems (antibodies and assays) for quantitative assessment of its 
intracellular fate and pharmacological effect (i.e., cross-presentation effi ciency). 
SIINFEKL peptide and fl uorescent marker were encapsulated into poly(lactic-co- 
glycolic) acid (PLGA)-based nano-DDSs to generate nanoparticles with the required 
size (~200–500 nm range) which undergo effi cient phagocytosis by the DCs 
(Bachmann and Jennings  2010 ; Foged et al.  2005 ), are loaded with suffi cient 
amount of antigenic peptide, and gradually release it over the desired time period 
(3–5 days) (Sneh-Edri et al.  2011 ). 

 We decorated the PLGA-based nano-DDSs with peptidic targeting residues 
using a 3-stage decoration approach based on carbodiimide and Click (azide-alkyne 
Huisgen cycloaddition using copper (I) catalysis) reactions (Sneh-Edri et al.  2011 ; 

  Fig. 14.4    Approach for targeted delivery of antigenic peptides to the endoplasmic reticulum (ER) 
of the antigen-presenting cells for anti-cancer vaccination using decorated PLGA nanoparticles       
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Kaplun and Stepensky  2014 ). As a targeting signal, we used a peptide containing 
specifi c ER-targeting moieties (KKXX signal) that was previously shown to target 
intracellular proteins to the ER (Andersson et al.  1999 ; Teasdale and Jackson  1996 ), 
or control (scrambled) peptide. We choose to assess targeting to the ER organelle 
since it is a major site of peptide loading on the MHC class I molecules, and effi -
cient delivery of exogenous antigenic peptide to this organelle can enhance dramati-
cally its cross-presentation effi ciency. 

 We characterized the size, morphology, surface properties and decoration effi -
ciency of the developed nano-DDS, and analyzed their endocytosis and intracellular 
traffi cking in the DCs  in vitro  and the resulting cross-presentation effi ciency of the 
antigenic peptide (Sneh-Edri et al.  2011 ). Decoration of the nanoparticles with pep-
tidic residues profoundly affected their uptake and intracellular traffi cking in the 
DCs (see Fig.  14.5 ), indicating substantial differences in the surface properties 
between the different formulations. Unexpectedly, following their endocytosis, 
nanoparticles decorated with the ER-targeting peptide accumulated to a lower 
extent in the ER as compared to the control peptide-conjugated nanoparticles. We 
attributed this fi nding to the effect of control and targeting peptides on effi ciency of 
the individual endocytosis pathways of the studied nano-DDSs and on their subse-
quent intracellular distribution.

   We concluded that decoration of nano-DDSs with specifi c targeting residues 
affects their endocytosis and intracellular traffi cking in the DCs, and can be benefi -
cial for anti-cancer vaccination (Sneh-Edri et al.  2011 ). Further studies that quanti-
tatively assess the mechanisms, barriers, and effi ciency of subcellular drug delivery 
are required to identify potent targeting residues and their density on the nano- 
DDSs surface that is required for effi cient subcellular targeting to the individual 
target organelles (Maity and Stepensky  2016a ). Subcellularly-targeted drug deliv-
ery is a promising new approach for enhancing and controlling the drug pharmaco-
logical activities for the purpose of anti-cancer vaccination (see Fig.  14.4 ) and for 
other therapeutic applications (Torchilin  2006 ; D’Souza and Weissig  2009 ), albeit 
the subcellular targeting effi ciency of the currently available nano-DDSs appears to 
be low (Stepensky  2010 ; Maity and Stepensky  2015 ; Maity and Stepensky  2016b ).  

14.5     Rational Design of Nano-DDSs 

 Design of nano-DDSs with the desired balance of the disposition pathways on the 
different levels (the systemic circulation, the tissue and intracellular levels; see 
Fig.  14.1 ) is not an easy task due to a limited understanding of the relationship 
between the nano-DDS formulation and the individual pathways effi ciency. 
Numerous parameters that originate from the physico-chemical properties of the 
specifi c drug, the formulation properties of the nano-DDS and the physiological and 
pathophysiological factors affect the nano-DDSs disposition on each one of the 
above-mentioned levels (see Table  14.4 ). Moreover, the drug and the nano-DDSs 
exist in multiple forms in the body (e.g., free drug, nano-DDS-encapsulated drug, 
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  Fig. 14.5    Results of targeted delivery of antigenic peptides to the endoplasmic reticulum (ER) of 
the antigen-presenting cells for anti-cancer vaccination using decorated PLGA nanoparticles. (Part 
of this fi gure is reprinted from (Sneh-Edri and Stepensky  2011 ) with permission from American 
Chemical Society)       
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protein-bound drug, uncoated and ‘corona’-coated nano-DDS, etc.) and there are 
analytical diffi culties with the quantitative analysis of nano-DDSs (and of the drug 
released from them) in the different locations.

   Formerly, drug concentrations in the individual organs and tissues following 
administration of nano-DDSs was measured mostly based on radioactivity, fl uores-
cence, or UV absorbance of tissue homogenates (with or without chromatography- 
based separation of the samples). Imaging-based approaches (e.g., fl uorescent 
imaging of excised organs) are more commonly applied for the same purpose. 
Unfortunately, these approaches do not detect separately the and un-encapsulated 
drug. As a result, the analytical assays applied for quantitative analysis of nano-
DDSs disposition in many studies appear to have limited robustness and reliability 
and may lead to artefacts and erroneous conclusions. For instance, absorption and 
scattering of the fl uorescent signal in the individual tissues can signifi cantly inter-
fere with the fl uorescence-based measurement outcomes (Liu et al.  2012 ). 
Fluorophore self-quenching and pH sensitivity of the fl uorescence intensity can also 
limit the robustness of the fl uorescence-based analytical methods (North  2006 ; 
Waters  2009 ), and lead to erroneous drug/nano-DDS concentration/amount mea-
surements. Analysis of nano-DDSs disposition at the intracellular level is prone to 

   Table 14.4    The major parameters that govern the nano-DDS disposition and affect the effi ciency 
of drug targeting to the intended site of action   

 Group  Parameter 

 Drug properties  Molecular weight 
 Water solubility 
 Lipophilicity (logP, logD 7.4 ) 

 Nano-DDS properties  Type and composition 
 Size and shape 
 Surface properties of the nano-DDS (ζ-potential, 
decoration with targeting residues, PEGylation, 
etc.) 
 Drug encapsulation effi ciency 
 Rate of drug release from the nano-DDS 

 Properties of the intended site of action and 
of other organs/tissues/body fl uids 

 Cells (types and properties: growth, renewal, 
endocytic behavior, metabolic activity, etc.) 
 Extracellular matrix (composition, density) 
 Vascularization (type of capillaries, perfusion and 
its heterogeneity, etc.) 
 Extracellular fl uid fl ow (effi ciency and directions 
of convective fl ow) 
 Lymphatic drainage (effi ciency and direction 
towards specifi c draining lymph nodes) 
 Expression of targets for drug action (e.g., 
specifi c receptors) 
 Presence of drug and nano-DDS-metabolizing 
enzymes 
 Sensitivity to the drug 
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all the above-described problems, and also suffers from the limited resolution (espe-
cially in the depth dimension) of the imaging-based analytical techniques. Therefore, 
outcomes of fl uorescence-based quantitative analysis should be interpreted with 
caution, and preferably referred to as qualitative and not quantitative 
measurements. 

 Part of the above-described problems with investigation and analysis of nano- 
DDSs disposition can be solved using mathematical ( in silico ) models. To this end, 
the major factors that govern the nano-DDS disposition (e.g., on the organ/tissue 
level, see Table  14.3 ) and the resulting pharmacological effects are encoded in the 
form of mathematical equations (see the review of such models for analysis of intra-
tumoral nano-DDSs disposition in (Popilski and Stepensky  2015 )). Subsequent 
investigation using specialized software packages allows to describe and analyze the 
experimental data (e.g., the extravasation and convection contribution to the local 
nano-DDS disposition), and to predict the impact of the individual factors (e.g., 
increased expression of the effl ux pumps or metabolizing enzymes) on nano- DDS 
disposition and effectiveness. It is expected that the imaging and the mathematical 
modeling approaches will be increasingly used for analysis of the nano-DDSs dispo-
sition, and that they will contribute in the future to design of nano-DDSs with more 
effi cient targeting effi ciency on the systemic, organ/tissue, and intracellular levels.  

14.6     Conclusion 

 Drugs can be encapsulated into nano-DDSs to mask their physicochemical proper-
ties, alter their pharmacokinetics and pharmacodynamics, and enhance treatment 
effi ciency. Nano-DDSs are exposed to complex pathways of disposition in the dif-
ferent locations in the body, including the central circulation, organs/tissues/body 
fl uids and inside the cells. More detailed and mechanistic understanding of the 
nano-DDSs disposition pathways and their modulation by the nano-DDSs formula-
tion properties is needed. More advanced analytical methods should be used for this 
purpose for precise and robust quantifi cation of the different forms of the nano- 
DDSs and of the released drugs at these locations. These methods, combined with 
the mathematical modeling techniques, will allow rational design of nano-DDSs for 
the purpose of targeted drug delivery to the intended site of action (on the tissue, 
cell, and intracellular levels), and their effi cient translation for different therapeutic 
applications.     
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Chapter 15
PBPK Modelling of Intracellular Drug 
Delivery Through Active and Passive 
Transport Processes

Lars Kuepfer, Christoph Niederalt, Thomas Wendl, Jan-Frederik Schlender, 
Michael Block, Thomas Eissing, and Donato Teutonico

Abstract Physiologically based pharmacokinetic (PBPK) models describe adsorp-
tion, distribution, metabolisation and excretion (ADME) of drugs in the body of an 
organism based on a large amount of prior anatomical and physiological knowl-
edge. In contrast to compartmental pharmacokinetic modeling which uses rather 
empirical model structures, PBPK models aim for a detailed mechanistic represen-
tation of physiological processes underlying drug pharmacokinetics within the 
body. That means that the relevant organs or tissues of an organism are explicitly 
represented in a PBPK model. Organs in PBPK models are usually divided in sub-
compartments such as plasma, interstitial space, intracellular space and red blood 
cells. Mass transfer between the different compartments which ultimately governs 
intracellular drug delivery is quantified either by so-called distribution models for 
the calculation of organ-plasma partition coefficients or by permeability-surface 
area products quantifying passive diffusion, respectively. Notably, both types of 
calculation methods are parameterized based upon the physicochemical properties 
of the investigated drug, respectively. These properties include amongst others lipo-
philicity and the molecular weight of the compound. Additional physiological 
information ranging from the whole body level (e.g. organ volumes, blood flow 
rates, tissue composition) to relative tissue-specific protein abundance is explicitly 
provided in the model. PBPK models are nowadays routinely used to analyze phar-
macokinetics in drug development Due to the large amount of mechanistic informa-
tion which is implicitly provided in the structural equations, PBPK models are in 
particular well-suited for both in-depth analyses of ADME processes underlying 
drug pharmacokinetics as well as for extrapolation to novel indications, patient 
populations or treatment designs. In this review we will present and discuss calcula-
tion methods used in PBPK model to describe and to quantify intracellular drug 
delivery.
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Abbreviations

ABCB11 ATP-binding cassette sub-family B member 11
ADME Adsorption distribution, metabolisation and excretion
ABCG2 ATP-binding cassette sub-family G member 2
P × SA Permeability surface area products
PBPK Physiologically-based pharmacokinetic modelling
PD Pharmacodynamic
PK Pharmacokinetic
Vmax catalytic activity [μmol/l/min]
kcat catalytic efficiency [1/min] and the total concentration of the catalyz-

ing protein 
E0 E0 total concentration of the catalyzing protein [μmol/l] at the organism 

level
erel,j relative protein expression in in tissue j
SLC22A8 Solute carrier family 22 member 8e carrier family 22 member 8

OATP1B3 organic anion-transporting polypeptide 1B3

15.1  An Introduction to Physiologically Based 
Pharmacokinetic Modelling

In the last decades, pharmacokinetic (PK) compartmental models have been widely 
used as guidance during the different steps of the drug development process. In such 
models, compartments do not have an explicit physiological meaning but represent 
simply volumes with homogenous composition. Parameters as well are not necessar-
ily related to any physical or biochemical meaning, but they can be transformed to 
provide clinically relevant parameters such as clearance or volume of distribution.

Alternatively, physiologically-based pharmacokinetic (PBPK) modelling aims 
for a detailed mechanistic representation of human or animal physiology at the 
whole-body level, in which prior information available on the biological system and 
on the drug are combined together to predict a priori the expected PK. Concerning 
the parameters included in the model, on the one hand PBPK models are based on 
large-scale collections of physiological parameters such as organ volumes or blood 
flows which build up the physiological database or organism properties for each 
species like mouse, rat, dog or human. On the other hand, physicochemical proper-
ties of the drug such as lipophilicity and molecular weight are used to parametrize 
the distribution model describing the steady state tissue concentrations as well as 
the corresponding permeation rates. Hence, even though PBPK models may 
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 comprise several hundreds of ordinary differential equations, the number of 
 independent model parameters is usually small (less than 5 per compound in most 
of the cases), due to the large degree of prior physiological information contained 
in the models.

A generic whole-body PBPK model (Fig. 15.1) can be built by combining indi-
vidual physiological models of the muscle, fat, skin, brain, liver, kidney and other 
tissues relevant for the drug distribution (Peters 2012). These models usually contain 
the most relevant organs and tissues from the physiological and pharmacological 
point of view, i.e. heart, lung, brain, stomach, spleen, pancreas, gut, liver, kidney, 
thymus, adipose, muscle, bone and skin. Each organ is characterized by an associated 
blood flow rate, organ volume, permeability and tissue partition coefficient and they 
are linked together by arterial and venous blood compartments. In some cases, if 
required, a more detailed mechanistic description of some organs may also be included 
in the model, for instance to describe brain distribution (Liu et al. 2005), liver (Hoehme 

Fig. 15.1 Generic workflow for the establishment of a PBPK modelling along the drug develop-
ment process. The drug specific parameters are used as input and combined with species-specific 
parametrization describing the organism physiology. Such predictions are then compared with 
experimental data and additional compound-specific parameters, e.g. on measured or assumed 
biochemical processes, can then be included in the model to explain possible deviations from 
experimental data. Once established, the model can also be scaled from preclinical species to 
human as well as from healthy to specific populations, such as diseased patients, or pediatric and 
elderly senior populations, providing insight and support along the drug development process. At 
the different stages, model predictions can be performed as individual simulations, for instance 
considering average physiological values, as well as population simulations, taking also into 
account assumed physiological the variability associated to the population in the predictions
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et al. 2010), kidney (Niederalt et al. 2012; Thomas 2009), lung (Tawhai et al. 2011; 
Tawhai and Bates 2011) or intestinal absorption (Agoram et al. 2001; Thelen et al. 
2011, 2012). Since the compartments in PBPK models correspond to organs and tis-
sues, the quantitative characterization of concentration-time profiles in the compart-
ments has high physiological relevance. In fact the underlying physiological 
component of the PBPK model allows the prediction of drug exposure at the site of 
action, including intracellular drug delivery, which may be difficult or impossible to 
measure in certain cases. Predictions of plasma concentration- time profiles or target 
exposure can then be compared with available measured data and any deviation of the 
predicted outcome can provide insights into the mechanisms of the underlying 
unknown physiological processes. When comparing model predictions with data, dif-
ferent hypothesis can be tested (e.g. metabolic pathways or possible binding partners) 
which provides insights and understanding of the in vivo behavior of the drug.

Since the establishment of whole body PBPK platforms requires measurements 
of the drug concentrations in numerous organs and tissues, the use of simplified 
models has been proposed, as for instance minimal-physiologically-based PK 
 models, where tissues that shows similar kinetic are “lumped” together to reduce 
the dimensionality and complexity of whole body PBPK models (Cao et al. 2013; 
Cao and Jusko 2012) or mechanism-based PK-PD models (Ploeger et al. 2009). To 
support the use of complex PBPK models, several commercial platforms also 
became available, integrating physiological databases and implementing PBPK 
modeling approaches, such as GastroPlus™ (Simulations Plus, Lancaster, USA), 
SimCyp® (SimCyp, Sheffield, UK) and PK-Sim® and MOBI® (Bayer Technology 
Services, Leverkusen, Germany).

These PBPK modelling platforms provide a generic model structure and param-
eterization for the physiology of predefined populations. The PBPK platforms then 
combine such physiological data with compound specific information as input and 
translate then such information to a full-blown model. The general structure of a 
typical PBPK model is composed of different type of information, which can be 
divided into three different building blocks: organism properties, drug properties 
and study protocol and formulation properties.

The organism properties include all the information related to the living organ-
ism considered in the model, i.e. mostly physiological and anatomical parameters. 
Examples of organism properties are organ volumes, organ composition, blood 
flows or surface areas. Such properties are related to the species considered as well 
as to the specific condition of the organism. For instance in the case of special popu-
lations, these organism properties would take into account the physiological differ-
ences of such populations (e.g. diseased or pediatric populations) with respect to the 
healthy adult population.

Drug properties represent the properties of the studied compounds, and these 
properties can in principle be defined at the beginning of the drug development 
process and carry-forward along the different preclinical and clinical development 
programs. Drug properties include the physico-chemical properties (such as com-
pound lipophilicity, solubility or molecular weight), which are fully independent 
from the organism physiology, as well as drug biological properties (such as frac-
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tion unbound, or tissue-plasma partition coefficient) which are also drug specific 
properties but they are defined by an interaction between the drug and the organism, 
and as consequence they also depend on the organism considered (e.g. animal spe-
cies or special population).

By combining the drug properties with the organism properties, it is possible to 
estimate the passive processes involved in the distribution of the drug in the body. 
Examples of such processes are the diffusion processes dependent on the physico-
chemical properties of the drug. On the other side, active processes, as for instance 
metabolic processes, active binding or active transporters have also a physiological 
location within the organism but they are heavily dependent on the specific drug, 
and for this reason they need to be specified on a drug-by-drug basis. Passive and 
active processes will be discussed in more details in the next sections.

Finally, information on the study protocol and formulation properties are needed 
to define a PBPK simulation. Considering typical applications of a PBPK modelling 
exercise, where the active ingredient (the drug) is already selected, these last com-
ponents of the model contains most of the aspects which can be actually optimized 
during a preclinical and clinical development program. For instance typical applica-
tion of a PBPK model for a single drug could be the optimization of the formulation, 
the evaluation of different routes of administration or the prediction of PK concen-
tration after different doses or different administration protocols.

15.2  Intracellular Drug Delivery in PBPK Modelling

Organs in PBPK are generally differentiated into four subcompartments represent-
ing the blood plasma, red blood cells, interstitium and the intracellular space 
(Fig. 15.2). Mass transfer between the different compartments is generally enabled 
by passive transport though diffusion or active protein-mediated transport. In the 
following the various processes underlying drug distribution in PBPK modelling 
are discussed.

15.2.1  Organ-Plasma Partitioning

Partitioning between blood plasma and the surrounding tissue largely governs drug 
distribution within the body. The quantification of these processes, however, is 
experimentally very labor-intensive (Blakey et al. 1997; Jones et al. 2009). In PBPK 
modelling, so-called distribution models allow the calculation of organ/plasma par-
tition coefficient to estimate the concentration ratio between the blood plasma and 
the adjacent tissue. Their calculation from easily accessible in vitro parameters such 
as lipophilicity or plasma protein binding is a major improvement of PBPK model-
ling. Different concepts for mechanistic correlations are nowadays available for the 
in silico prediction of organ/plasma partition coefficients. Binding to proteins and 
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lipids as the two major tissue constituents is generally taken into account. The cal-
culation methods deviate with respect to the kind of parameters used for the calcula-
tions. All known partition coefficient models include partition coefficients for 
water/protein and water/lipid and they all require specification of tissue composi-
tion. The overall organ/plasma partition component is calculated as a weighted sum 
of the partition coefficients multiplied by the volume fractions of each tissue com-
ponent. The first distribution model was developed by Poulin and co-workers 
(Poulin et al. 2001; Poulin and Theil 2000) who assumed that the lipo- hydrophilicity 
of organic tissue is calculated as a mixture of neutral lipids and phospholipds, 
respectively. Notably, drug binding is unspecific to neutral lipids yet specific (fup) 
for phospholipids. Poulin et al. (2001) suggest olive oil as a surrogate for lipids in 
adipose tissue, and n-octanol in all other organs. Additionally, Poulin et al. use volu-
metric tissue composition, and drug pKa for calculation of organ-plasma partition 
coefficients. Rodgers and co-workers extended the concepts of Poulin et al. to the 
binding of ionized compounds to acidic phospholipids at physiological pH (Rodgers 
et al. 2005; Rodgers and Rowland 2006). Their model explicitly considers partition-
ing of unionized drugs between neutral lipids and neutral phospholipids while ion-
ized fraction of a drug interacts with acidic tissue phospholipids. Berezhkovskiy 

Fig. 15.2 Transport processes in PBPK modelling governing intracellular drug delivery adapted 
from (Willmann et al. 2003). Organs are generally divided into plasma, red blood cells (rbc) and 
interstitial and cellular space, respectively. Organ/plasma partition coefficients Korg, together with 
permeation surface area (P × SA) products determine passive distribution within each organ. 
Notably, both parameters can be calculated from physicochemical properties of a compound. In 
addition, active drug transport contributes to uptake and secretion of drugs into and out of the cell
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(Berezhkovskiy 2004) proposed another extension of the concepts by Poulin et al., 
accounting for peripheral drug elimination. Likewise, Willmann and coworkers 
(Willmann et al. 2005) extended the concept by Poulin et al. by the consideration of 
proteins as tissue components. Their model for the calculation of plasma partition 
coefficients use membrane affinity (Loidl-Stahlhofen et al. 2001) to quantify parti-
tioning between water and an artificial cellular membrane. Finally, Schmitt (2008) 
calculated the organ/plasma partition coefficient for organic compounds, by further 
compartmentalizing tissue as water, neutral lipids, neutral phospholipids, acidic 
phospholipids and proteins. It should be noted that the different calculation methods 
for organ/plasma partition constituents lead to structurally different model equa-
tions, although they are conceptually very similar. An iterative testing of different 
distribution models during model development model hence provides a powerful 
tool to improve the predictive accuracy of a specific PBPK model.

15.2.2  Passive Transport: Permeability-Surface Area Products

In addition to the organ-plasma partition coefficients, permeability surface area 
(P × SA) products are the other key parameter determining passive diffusion for 
each organ which largely governs intracellular drug delivery. P × SA products quan-
tify the permeation across the cell membranes (interstitial-cell barrier) and are com-
posed out of a compound specific term (permeability) and a species- or 
physiology-specific term (surface area). P × SA products have been determined by 
estimating the organ specific kinetics of a cyclosporin A derivative by means of a rat 
PBPK model (Kawai et al. 1994).

Scaling of permeability can be obtained from the physicochemical properties of 
the drug through proprietary calculation methods (Willmann et al. 2003). In gen-
eral, the permeability P is considered to be proportional to the drugs’ permeability 
through the phospholipid bilayer as such representing cellular membranes. Small or 
lipophilic drugs pass more easily through the endothelial wall than larger or hydro-
philic drugs. All lipid membranes in the body are usually assumed to have the same 
permeability for a given substance in PBPK modelling.

15.2.3  Active Transport: First Order Kinetics and Michaelis- 
Menten Kinetics

In addition to passive diffusion across membranes, drugs can also be imported or 
secreted by active drug transporters. In PBPK modelling it is possible to quantify 
the relative abundance of transporters at the whole-body level by using relative 
tissue- specific gene or protein expression as a surrogate for protein abundance 
(Meyer et al. 2012). In brief, the catalytic activity of each active process is quanti-
fied by Vmax (μmol/l/min), which is in turn the product of the catalytic efficiency 

15 PBPK Modelling of Intracellular Drug Delivery Through Active and Passive…



370

kcat (1/min) and the total concentration of the catalyzing protein E0 (μmol/l) at the 
organism level:

 Vmax kcat E= * 0  

The relative protein expression erel,j can be used to estimate the catalytic activity 
Vmaxj of a specific protein in tissue j:

 
Vmax kcat E kcat E e kcat ej j rel j rel j= = =* * * *, ,

*
,0 0  

Note that kcat* is a global model parameter which needs to be adjusted during 
model development, whereas the erel,j can be obtained from different expression 
databases (Meyer et al. 2012). For example, tissue-specific expression of OATP1B1, 
OAT3 or MRP1 has been taken into account in PBPK models for pravastatin or 
simvastatin (Lippert et al. 2012; Meyer et al. 2012). In these studies, carefully vali-
dated models have been used to analyze the effect of a single nucleotide polymor-
phism in SLCO1B1, a gene encoding for the hepatic uptake transporter OATP1B1, 
on statin pharmacokinetics. In particular, it could be shown that plasma concentra-
tion profiles in heterozygous subgroups of patients could be predicted from 
OATP1B1 transporter activities identified in both homozygous subgroups of patients 
(Lippert et al. 2012).

Given the availability of adequate measurements both transcriptomics or pro-
teomics data can directly be incorporated in the PBPK model. Notably, relative 
protein abundance in different tissues is a physiological property which is highly 
specific for the individual organism. This has important implications for extrapola-
tion between different patient subgroups (Maharaj and Edginton 2014) or even spe-
cies (Thiel et al. 2015), thereby strongly supporting one of the key applications of 
PBPK modelling (Fig. 15.1).

15.3  Cross-Species Extrapolation

In a recent study analyzing feasibility of cross-species extrapolation for ten mar-
keted drugs, it could be shown, that neither enzyme or transporter kinetics nor 
tissue- specific expression profiles alone support a significant improvement in 
PBPK-based PK simulations (Thiel et al. 2015). It is only through the simultaneous 
consideration of kinetics and expression data, that an adequate agreement between 
experimentally measured drug plasma profile and simulated time-concentration 
curves could be achieved (Thiel et al. 2015). This is not unexpected since trans-
porter kinetics can be seen as a way of contextualizing expression data at the organ-
ism level. Notably, such expression profiles may be highly specific for each species 
and even more for each protein. For example, a comparison of relative and normal-
ized gene-expression data for humans (Meyer et al. 2012) and mice (Thiel et al. 
2015) shows only a modest agreement for the transporter gene ABCB11 (r = 0.51, 
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p < 0.05; ATP-binding cassette, sub-family B member 11) but in turn a high agree-
ment for the transporter genes SLC22A8 (r = 0.99, p < 1e-5; solute carrier family 22 
member 8e carrier family 22 member 8), OATP1B3 (r = 0.98, p < 1e-5; organic 
anion-transporting polypeptide 1B3) and ABCG2 (p = 0.7, r < 1e-3; ATP-binding 
cassette sub-family G member 2) (Fig. 15.3). These examples show that due to an 
unforeseeable number and functional equivalence of orthologues species-specific 
genetics rather than physiology may be a limiting factor in PBPK-based cross- 
species extrapolation.

15.4  Discussion

PBPK models are nowadays routinely used in pharmaceutical development and 
their application is increasingly supported by regulatory agencies (Jones and 
Rowland-Yeo 2013; Jones et al. 2009; Sager et al. 2015; Zhao et al. 2012). A major 
advance in PBPK is the possibility to calculate model parameters from physico-
chemical drug parameters such as molecular weight, fraction unbound or lipophilic-
ity, which are otherwise difficult to determine experimentally. Due to the various 
calculation methods available in PBPK software packages, the parametrization of 
PBPK models is hence comparatively easy, even though such models may comprise 
hundreds of parameters and an equally large systems of ordinary differential 
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sion is represented is normalized to the tissue or organ with the highest expression
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equations (Eissing et al. 2011). Calculation of organ-plasma partition coefficients 
and of permeability surface area (P × SA) products are the two key calculation meth-
ods in PBPK modelling (Fig. 15.2). They allow in particular to calculate passive 
drug distribution in organs. In addition to the passive processes, active drug trans-
port also contributes to intracellular drug delivery. The relative activity for each 
organ can be quantified by using omics measurements such as gene expression data 
as a surrogate for estimation of tissue-specific protein abundance (Meyer et al. 
2012). Organs in PBPK modelling are usually subdivided in plasma, red blood cells, 
interstitium or cellular space (Fig. 15.2). Diffusion from plasma to interstitial space 
across the endothelial wall or in turn diffusion across cellular membranes from the 
interstitium to the cellular space determines how fast drug distribution occurs. 
Notably, this detailed representation of organ physiology enables the quantification 
or identification of single steps during cellular drug delivery as such allowing the 
comprehensive differentiation between perfusion limited and permeability limited 
drug kinetics.

The large level of physiological detail which is implicitly included in the PBPK 
model structure and significantly supports mechanistic analyses of processes gov-
erning adsorption, distribution, metabolisation and excretion of a particular drug. 
Moreover, specific clinical subgroups such as cirrhotic patients (Edginton and 
Willmann 2008), different genotypes (Lippert et al. 2012) or age classes (Maharaj 
and Edginton 2014) can be explicitly considered. In addition to that, since the gen-
eral model structure in PBPK models supports a rigorous differentiation between 
physicochemical properties of the drug on the one hand and physiological proper-
ties of the organism on the other, PBPK modelling also greatly supports extrapola-
tion to different clinical cases from an established reference benchmark model.

An example for PBPK-based translation is cross-species extrapolation (Thiel 
et al. 2015): In a systematic consideration of species-specific physiology it could be 
shown that species-specific physiology is the most important information when 
using PBPK for the design of a first-in-man study. However, it also became obvious 
that ADME genetics may be difficult to translate across species due to an unknown 
number and function of gene orthologues (Fig. 15.3).

Pediatric extrapolation (Maharaj and Edginton 2014) and the model based design 
of pediatric investigation plans is another prominent application for PBPK-based 
translation. Here, switching between different age groups requires the collection 
and integration of age-specific physiological information which needs to be assem-
bled for example from literature and public databases. The medical benefit of apply-
ing computational modelling in the design of clinical research programs, improving 
efficacy and safety of clinical trials, is so high that pediatric extrapolation will cer-
tainly become a prominent use case of PBPK modelling in the future. Here and in 
many other applications of PBPK modelling, the detailed description of the various 
physiological processes governing intracellular drug delivery provides the platform 
which enable further mechanistic analyses in pharmaceutical development 
programs.
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    Chapter 16   
 Exploiting Nanocarriers for Combination 
Cancer Therapy                     

     Yi     Wen     Kong*    ,     Erik     C.     Dreaden*    ,     Paula     T.     Hammond     , and     Michael     B.     Yaffe    

    Abstract     Combination chemotherapy has vastly improved patient outcomes fol-
lowing treatment for cancer. Combining multiple drugs with non-overlapping 
mechanisms of action has been shown to forestall the development of drug resis-
tance, leading to increased effi cacy. Emerging insights into cancer pathophysiology 
from tumor genomics, metabolomics, and proteomics now present us with unprec-
edented opportunities to combine targeted molecular therapies together, or to com-
bine molecular therapies with cytotoxic chemotherapy in a rationally designed 
manner based on unique molecular signatures. However, the clinical implementa-
tion of these improved drug combinations is frequently limited by overlapping drug 
toxicities. By using new nanotechnology platforms to enhance tumor targeting, and 
provide precise spatial and temporal control of drug delivery for each agent within 
a multi- drug regimen, it should be possible to mitigate these toxicity limitations and 
treat tumors with increasing safety, effi cacy and durability. This chapter discusses 
recent efforts in developing nanoparticles to deliver multiple types of drugs for tem-
porally-sequenced concurrent or sequential combination chemotherapy.  

  Keywords     Nanomedicine   •   Systems pharmacology   •   Nanotechnology   • 
  Chemotherapy   •   Rational drug combinations   •   Synergy   •   Synthetic lethality   •   Cancer 
treatment   •   Mechanism of action   •   Molecular targeting   •   Silica nanoparticles   • 
  Micelles   •   Toxicity profi le  

        Y.  W.   Kong    
  Koch Institute for Integrative Cancer Research ,  Massachusetts Institute of Technology , 
  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA    

  Department of Biology ,  Massachusetts Institute of Technology , 
  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA     

    E.  C.   Dreaden    
  Koch Institute for Integrative Cancer Research ,  Massachusetts Institute of Technology , 
  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA    

  Department of Chemical Engineering ,  Massachusetts Institute of Technology , 
  77 Massachusetts Avenue ,  Cambridge ,  MA   02139 ,  USA     

 *Authors contributed equally to this work. 



376

  Abbreviations 

   17-AAG    17-allylamino-17-demethoxygeldanamycin   
  5-FU    5-fl uorouracil   
  6MP    6-mercaptopurine (6MP)   
  AlClPc    aluminum chloride phthalocyanine   
  dsRNA    double-stranded RNA   
  EGFR    epidermal growth factor receptor   
  EPR    enhanced permeability and retention   
  HMSNs    hollow mesoporous silica nanoparticles   
  LbL    Layer-by-Layer   
  miRNA    microRNA   
  mRNA    messenger RNA   
  MMs    macromonomers   
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  siRNA    small interfering RNA   
  SSRIs    serotonin reuptake inhibitors   
  TNBC    triple-negative breast cancer   
  UCNs    upconversion nanoparticles   
  UV    ultraviolet   
  VAMP    vincristine, amethopterin, 6MP, and prednisone   

16.1          Introduction 

 Cancer is a complex collection of diseases that through deregulation of myriad cel-
lular pathways achieves unchecked growth, metabolism, and migration, thus mak-
ing it the second leading cause of death in the United States. Solid tumors in 
particular have complex cyto-architecture and diverse microenvironments, making 
single-agent therapy largely ineffective due to sub-populations of cells that are 
resistant to a given agent (Burrell et al.  2013 ; Hainaut and Plymoth  2013 ; Hanahan 
and Weinberg  2000 ,  2011 ). Efforts have been taken to better understand the genetic 
alterations and complex molecular mechanisms in cancer to identify more effective 
therapies. 

 Due to the past failure of mono-therapies, most cancer patients now receive some 
form of combination therapy as the standard of care treatment for their tumor and 
this approach has improved patient outcomes. However, for the most part, current 
regimens were not “designed”, rather, they were empirically determined to be com-
binations of drugs with non-overlapping toxicities, so that each drug could be 
administered at near-maximal dosage. Since these drugs generally have different 
mechanisms of action, there tends to be minimal cross-resistance, decreasing the 
emergence of drug resistant tumors (Mayer and Janoff  2007 ; Harasym et al.  2007 ; 
Ramsey  2005 ; Zoli et al.  2001 ). Importantly, however, this does not mean that cur-
rent combinations are the best cocktail of drugs to achieve lasting remissions in 
patients. Rather they are the best cocktail of drugs identifi ed to date that avoid 
unmanageable toxicity. Recent advances in nano-scale drug carriers that can target 
tumors preferentially and limit systemic toxicity are now revolutionizing the way 
we approach combination therapy.  

16.2     Drug Combinations for Cancer Treatment 

16.2.1     A Brief History of Combination Cancer Therapy 

16.2.1.1     Combinations of Independently Active Drugs 

 Following the discovery of  cytotoxic chemotherapy  by Goodman et al. ( 1946 ; 
Gilman and Philips  1946 ) in 1943 and Farber et al. ( 1948 ) in 1947, researchers and 
clinicians began focusing on strategies to prolong cancer remissions in patients and 
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to delay drug resistance. Inspired by the observation of synergism between 
6- mercaptopurine (6MP) and azaserine (O-diazoacetyl- l -serine), as well as 6MP 
and antifolates (Skipper et al.  1954 ) in preclinical mouse models of leukemia, 
Burchenal and colleagues conducted pilot studies (Burchenal et al.  1954 ) and later 
a randomized trial (Heyn et al.  1960 ) in children with acute leukemia receiving 
sequential combinations of 6MP, azaserine, and steroids (Fig.  16.1 ). While wide-
spread improvements in overall survival were not observed, Frei et al. later demon-
strated greatly enhanced remission rates in children with acute leukemia treated 
with 6MP and antifolates in 1961 – noting that “advantage derives from the two 
drugs acting independently on the patient” (Frei et al.  1961 ). With the discovery of 
antineoplastic activity from plant alkaloids from  Vinca rosea  at Eli Lilly, Freireich 
et al. ( 1964 ) quickly developed a “quadruple combination therapy” known as VAMP 
(vincristine, amethopterin, 6MP, and prednisone) which augmented remission rates 
in patients with acute leukemia treated in 1964. VAMP soon gave way to MOMP 
(Devita et al.  1965 ) (nitrogen mustard with vincristine, methotrexate, and predni-
sone) and then to MOPP (Devita et al.  1970 ) (nitrogen mustard with vincristine, 
procarbazine, and prednisone), the latter of which demonstrated startling activity in 
patients with Hodgkin’s lymphoma – nearly 80 % displayed complete remission, 
and of these, 60 % demonstrated disease free survival. Throughout the advent of 
MOPP, the rationale for combination chemotherapy relied heavily on two funda-
mental underlying concepts: independent drug action and non-overlapping toxicity. 
As stated by Vincent DeVita: “ differing mechanisms of action and various dose-
limiting toxicities could presumably overcome [low therapeutic index] ” (Devita 
et al.  1970 ).

  Fig. 16.1    An early example of sequential combination cancer therapy c.1954. Treatment regimen 
and corresponding blood counts for a 4 year old male with 6-mercaptopurine-resistent acute leu-
kemia receiving amethopterin (antifolate), 6-mercaptopurine (purine antagonist), cortisone (ste-
roid), and azaserine/P-165 (purine antagonist) at the Sloan-Kettering Institute (Reproduced with 
permission from Burchenal et al. ( 1954 ) .  Copyright 1954 John Wiley and Sons)       
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16.2.1.2        Rational Drug Combinations Targeting a Shared Mechanism 
of Action 

 In 1982,  in vitro  studies demonstrated that pretreatment of cells with leucovorin 
(folinic acid), an innocuous nontoxic agent, to cancer cells could enhance the bio-
chemical effects of the nucleoside analog, 5-fl uorouracil (5-FU). Researchers found 
that leucovorin augmented inhibition of thymidylate synthase, the canonical target 
of 5-FU, depleting cellular nucleotide levels and inducing apoptosis (Pritchard et al. 
 2013 ; Longley et al.  2003 ). Preclinical studies in tumor xenograft-bearing mice, and 
later pilot studies in patients (Machover et al.  1982 ) showed clear benefi ts in 
response rates from the combination therapy versus that seen after treatment with 
5-FU alone, although the improvements in overall survival were more moderate. 
The combination, still applied today as part of FOLFOX, FOLFIRI, and 
FOLFIRINOX treatment regimens, marked a signifi cant departure from the strategy 
originally established by Frei, Freireich, and Zubrod. These drug combinations 
came about from “trial and error”/empirical testing in patients and are used not 
because they are the most effective treatment for tumor killing, but because they are 
capable of achieving the maximal tumor reduction within the maximal toxicity tol-
erated by patients. With the advancement of targeted drug delivery, “rational drug 
combinations” can now be used. Rather than combining drugs with independent 
activity or dose-limiting toxic effects,  rational drug combinations  could act coop-
eratively on overlapping molecular targets to selectively to kill cancer cells.  

16.2.1.3     Molecularly Targeted Therapies 

 The discovery that multidrug transporter proteins could play a key role in the devel-
opment of  adaptive resistance  to chemotherapy (Rothenberg and Ling  1989 ), led to 
the initiation of clinical trials in the late 1980s to concurrently inhibit promiscuous 
drug effl ux pumps during the administration of cytotoxic anti-tumor agents. Here, 
competitive substrates of the multidrug transporters – already approved to treat 
other conditions (e.g. cyclosporine and verapamil) – were co-administered in 
patients with refractory disease. Although these trials, and those that followed over 
multiple generations of inhibitors, were largely disappointing (Fletcher et al.  2010 ; 
Kaye  1993 ), the general strategy of identifying and preemptively blocking the bio-
logical mechanisms responsible for adaptive resistance continued to guide a signifi -
cant portion of subsequent work. 

 During this same period in the late 1980s, researchers were also beginning to 
understand structure-activity relationships for a novel small molecule contraceptive 
agent that showed unusually selective antitumor activity in breast cancer patients – 
tamoxifen (Jordan  2003 ). The drug was found to selectively inhibit the estrogen 
receptor, its ‘target’ protein, in breast tumors. These fi ndings led to a shift in the 
focus of commercial anti-cancer drug discovery away from enhanced non-specifi c 
cell killing towards rational target inhibition. So-called ‘molecularly  targeted ther-
apies ’ against the BCR-ABL fusion protein (i.e. imatinib/Gleevec) (Capdeville 
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et al.  2002 ),  monoclonal antibody  therapies (e.g. trastuzumab/Herceptin, and 
related molecules targeting EGFR family members) (Hudis  2007 ), and  recombi-
nant proteins  (e.g. interleukin-2) (Dranoff  2004 ) followed soon afterward. Rational 
drug combinations incorporating these molecularly-targeted drugs added further 
complexity to prior combination therapeutic approaches.  

16.2.1.4     Large-Scale Screens, Nucleic Acid Therapies, and Beyond 

 Later, with the discovery of RNA interference in mammalian cells in 2001 (Elbashir 
et al.  2001 ), large scale loss-of-function screens were used to identify a subset of 
new molecular targets for cancer therapy (Ngo et al.  2006 ; Luo et al.  2008 ), as well 
as new gene combinations whose pairwise loss blocked cancer cell survival, result-
ing in ‘ synthetic lethality ’ (Kaelin  2005 ; Luo et al.  2009 ). A number of these early 
discoveries were complicated by poor reproducibility, despite improvements in 
 small interfering RNA  (siRNA) and  messenger RNA  (mRNA) delivery (Kormann 
et al.  2011 ). Improvements in  CRISPR-Cas9  technology have overcome many of 
these diffi culties (Platt et al.  2014 ), further expanding this toolkit to include ampli-
fi ed or synthetic protein expression, in addition to genetic loss of function. Although 
it is currently unclear to what extent  epigenetic modifi ers  (e.g. chromatin regula-
tors) (Floyd et al.  2013 ; Keung et al.  2014 ),  immune checkpoint antagonists  
(Mahoney et al.  2015 ), or  chimeric proteins/receptors  (Kalos et al.  2011 ; Morsut 
et al.  2016 ) will contribute to future multiplexed combination therapies, the number 
of possible pairwise combinations of the above drug classes alone provides ample 
opportunities for the creation of new and highly potent therapies with durable treat-
ment responses.   

16.2.2     Challenges in Delivering Drug Combinations to Tumors 

16.2.2.1     Co-delivery 

 Implementation of drug combinations generally requires co-localization of each 
agent within the malignant cells for effi cient tumor cell killing. This presents a vari-
ety of complex intrinsic challenges due to the unique physiochemical properties of 
each drug such as size, charge, hydrophobicity, and stability, among others. For 
example, current frontline two-agent therapy for ovarian cancer requires co-delivery 
of cisplatin and paclitaxel. Although both drugs are roughly neutral at physiological 
pH, paclitaxel is more than double the molecular weight of cisplatin and its relative 
hydrophobicity (octanol:water partition coeffi cient) is more than fi ve logs higher 
than cisplatin. Cellular colocalization in the complex tumor microenvironment is 
thus severely constrained. Further challenges include colocalization of either drug 
with bevacizumab – a monoclonal antibody directed against the pro-angiogenic 
cytokine VEGF-A, which is 1000 times larger in molecular weight, as part of 
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platinum- sensitive disease therapy, or liposomal doxorubicin, a topoisomerase 
inhibitor whose nanoparticle is almost 10,000 times larger than the free small mol-
ecule paclitaxel – as part of platinum-insensitive disease therapy. Interestingly, 
Wittrup and coworkers (Schmidt and Wittrup  2009 ) have modeled tumor uptake 
data for biomolecules of varying size and affi nity and found that intermediate-sized 
targeting agents (ca. 25 kDa, 5.3 nm dia) exhibit the lowest tumor uptake, whereas 
higher tumor uptake levels are observed for either smaller agents (e.g. peptides and 
small molecules) and larger agents (e.g. IgG, liposomes). Bawendi, Jain, and 
Fukumura (Stylianopoulos et al.  2012 ) have similarly examined size-dependent 
penetration of nanoscale particles into the interstitium of tumor xenografts and 
found that drug size is inversely correlated with tumor penetration (Fig.  16.2a ). 
Because intratumoral distribution profi les of drugs are often heterogeneous, 
enhanced or diminished cell killing can thus occur in a spatially dependent manner. 
Using inorganic colloids as model drug carriers, Chan and coworkers also found 
that 20 nm particles effi ciently penetrate and are retained in the tumor interstitium 
at signifi cantly greater depths than comparable 40–100 nm particles (Perrault et al. 
 2009 ).

16.2.2.2        Stoichiometry/Ratiometric Dosing 

 Historically, combinations of free drugs are administered at their respective 
maximum- tolerated-doses (MTDs); however, it is now widely acknowledged that 
drug combinations can act synergistically at specifi c drug ratios, as well as addi-
tively or even antagonistically at other drug stoichiometries. For example, Dreaden 
et al. found that MEK and PI3K inhibitors, when co-administered, exhibit 
stoichiometry- dependent drug synergy  in vitro  (Fig.  16.2b ). Likewise, optimally 
synergistic pairwise combinations of irinotecan/fl oxuridine (Batist et al.  2009 ), 
cytarabine/daunorubicin (Tardi et al.  2009a ), irinotecan/cisplatin (Tardi et al. 
 2009b ), paclitaxel/tanespimycin (17-AAG) (Katragadda et al.  2013 ), and quercetin/
vincristine (Wong et al.  2010 ) have also been identifi ed.  

16.2.2.3     Drug Sequence and Timing 

 Cellular responses to perturbations occur in a time-dependent manner and drug 
combinations that exploit these response networks can often maximize therapeutic 
potential through sequence- and time-staggered delivery. Although conventional 
delivery methods such as intravenous or intraperitoneal infusion can be staged man-
ually, poor drug colocalization and unfavorable drug stoichiometry within tumors 
can abrogate the therapeutic potential of even the most potent rational combination 
therapies. Lee et al. ( 2012 ), for example, recently employed a systems-based 
approach to understand how targeted cancer therapies rewire oncogenic cell signal-
ing networks, and methods by which this ‘dynamic rewiring’ can be exploited to 
improve tumor cell killing (Fig.  16.2c ). Interesting, they found that time-staggered 
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inhibition of epidermal growth factor receptor (EGFR), but not simultaneous co- 
administration, could sensitize a subset of triple negative breast cancer cells to DNA 
damaging chemotherapy. Not only was sequence a critical determinant for enhanced 
cell death, but a time delay of as little as 4 h could dramatically alter apoptotic 
response  in vitro . In a related approach, Seino et al. ( 2016 ) recently found that JNK 
pathway may play a key role in adaptive resistance of ovarian cancer cells towards 
frontline platinum/taxane therapy. Although concurrent targeted inhibition of JNK 
induced contrasting effects on cisplatin (enhanced cytotoxicity) and paclitaxel 
(decreased cytotoxicity), time-staggered inhibition of JNK prior to chemotherapy 

  Fig. 16.2    Challenges in delivering drug combinations .  ( a ) Drugs with differing targets often dis-
play disparate physiochemical properties that, here, affect intratumoral distribution, but also phar-
macokinetics, pharmacodynamics, and tissue disposition. Model drug A is 10-fold smaller than B 
and penetrates more deeply into HT1080 tumor xenografts at 6 h as measured by fl uorescence 
microscopy of hitological tissue sections. ( b ) In many canses, multiplexed combinations exhibit 
optimally synergistic drug stoichiometry that is diffi cult to recapitulate using free drug compounds. 
Here, small molecule inhibitors of Mek and PI3K are synergistic toxic only over a narrow range of 
drug ratios  in vitro  as measured by CellTiter Glo. ( c ) The sequence and timing with which drugs 
modulate (rewire) complex cell signaling networks also determines capacity for cell killing. Here, 
combinations of the cytotoxic chemotherapeutic, doxorubicin, and erlotinib, an inhibitor of EGFR, 
optimally induce apoptosis (double positive fl ow cytometry) in a sequence-dependent manner 
 in vitro . ( d ) Dose-limiting toxic effects can also act synergistically, here increasing the relative risk 
of gastrointestinal bleeding 19 % beyond additivity when selective serotonin reuptake inhibitors 
(SSRIs) and nonsteroidal anti-infl ammatory drugs (NSAIDSs) are combined in patients 
(n = 223,336) (Reproduced with permission from ( a ) Stylianopoulos et al. ( 2012 ), ( b ) Dreaden 
et al. ( 2015 ), ( c ) Lee et al. ( 2012 ), (d) Anglin et al. ( 2014 ). Copyright ( a ) 2012 Elsevier, ( b ) 2015 
American Association of Cancer Research, ( c ) 2012 Cell Press, ( d ) 2014 Nature Publishing Group)       
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greatly augmented  in vitro  cell killing in a time-dependent manner. These fi ndings 
also suggest that basal JNK activity may correlate with drug resistance in ovarian 
cancer. Sengupta and coworkers (Goldman et al.  2015 ) have also examined drug- 
induced tumor cell perturbations and found that taxane therapy induces a transient 
cell state characterized by Src family kinase (SFK)/Hck pathway activation and 
suppression of apoptosis. By studying the  in vivo  induction kinetics of this transient 
state, the authors could preemptively block anti-apoptotic responses  in vivo  through 
targeted inhibition of SFK/Hck staggered approximately 6 days after taxane 
therapy.  

16.2.2.4     Compounding and Overlapping Toxicity 

 As the focus of combination cancer therapies shifts towards synergy and network 
rewiring, compounded dose-limiting toxic effects again present a signifi cant chal-
lenge to multi-drug treatment regimens. Drug interactions are often complex to pre-
dict, and dose-limiting toxic effects – like therapeutic effects – can occur 
synergistically. For example, combined administration of common therapeutics 
such as nonsteroidal anti-infl ammatory drugs (NSAIDSs) with selective serotonin 
reuptake inhibitors (SSRIs) increases the relative risk of gastrointestinal bleeding 
19 % beyond the additive expectation (Anglin et al.  2014 ) (Fig.  16.2d ). Similarly, 
doxocubicin and trastuzumab (anti-HER2/ErbB2; Herceptin) – commonly co- 
administered in breast cancer patients – are known to induce Type I and Type II 
cardiotoxicity, respectively, effects which compound the risk of dose-limiting car-
diotoxic events in patients (Cardinale et al.  2010 ). More recently, combined block-
ade of MAPK and PI3K pathway signaling has been shown to synergistically kill a 
variety of solid tumors  and  pre-emptively block resistance-associated signaling in 
preclinical animal models (Engelman et al.  2008 ). A retrospective Phase I clinical 
study of patients with advanced solid tumors receiving small molecule inhibitors of 
MAPK or PI3K pathway signaling, alone or in combination, found that simultane-
ous blockade signifi cantly decreased average tumor burden relative to monotherapy 
(Shimizu et al.  2012 ); however, these favorable outcomes were accompanied by a 
2.0-fold increase in the prevalence of dose-limiting toxicity and a 3.0-fold increase 
in the prevalence of drug-related high grade (>III) adverse events, primarily 
hepatic-related.    

16.3     Nanoparticle Formulations to Optimize Anti-cancer 
Combination Therapies 

 Nanomaterials can be used to co-deliver multimodal cancer therapeutic agents to 
achieve maximum therapeutic effects (Hu and Zhang  2012 ). Some of the nanoma-
terials used to study combination therapy include liposomes, polymer-drug conju-
gates, dendrimers, and polymeric micelles (Peer et al.  2007 ). We will discuss a few 
notable examples in detail below. 
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16.3.1     Mesoporous Silica Nanoparticles 

 Mesoporous silica nanoparticles (MSNs) exhibit a range of features that are 
amenable to drug delivery (Baek et al.  2015 ). They have high surface area, which 
allows for large amounts of drug loading, tunable porosity and size, structural diver-
sity, easily modifi able chemistry and suitability for functionalization, and are bio-
compatible. MSNs have been used extensively as multifunctional nanocarrier 
systems by combination or hybridization with biomolecules, drugs, and other 
nanoparticles, and can be stimulated by signals such as pH, optical signal, redox 
reaction, òr electric and magnetic fi elds (Baek et al.  2015 ). 

 Lipid-coated MSN have recently been used to delivery synergistic gemcitabine 
and paclitaxel to both subcutaneous and orthotopic pancreatic tumors in mice. Mice 
with both subcutaneous and orthotopic tumors receiving systemic gemcitabine and 
paclitaxel loaded MSN achieved more effective tumor shrinkage than those receiv-
ing individual or free drug. The authors also observed elimination of metastatic foci 
without evidence of local or systemic toxicity (Meng et al.  2015 ). 

 Another way to use MSNs is for the combination of photodynamic and chemo-
therapies. One such example is the use of MSNs loaded with aluminum chloride 
phthalocyanine (AlClPc) and cisplatin for cancer treatment. Vivero-Escoto and col-
leagues showed that these MSNs are taken up by HeLa cells, and upon light expo-
sure, the AlClPc-cisplatin-MSN combination was more cytotoxic then the 
AlClPc-MSN and cisplatin-MSN controls. These data suggest that there is great 
potential for the use of MSN platforms as nanocarriers for combination photody-
namic and chemotherapies to treat cancer (Vivero-Escoto and Elnagheeb  2015 ). In 
another example, Zhang and colleagues synthesized a polymeric prodrug 
(doxorubicin)-coated hollow mesoporous silica nanoparticles (HMSNs) with an 
NIR absorbing dye IR825 loaded into the hollow cavity of the HMSN to form a 
multifunctional hybrid HMSNs-DOX/IR825 (Zhang et al.  2016 ). Cancer cells effi -
ciently took up the hybrid nanoparticle, and the conjugated doxorubcin was suc-
cessfully released in the cellular environment.  In vitro  cytotoxicity study showed 
that anticancer activity of HMSNs-DOX/IR825 was signifi cantly improved by the 
NIR irradiation, suggesting that the hybrid nanoparticle could potentially be used 
for combined photothermal- chemotherapy of cancer (Zhang et al.  2016 ).  

16.3.2     Self-Assembly Copolymer Carriers – Micelles 

 Many self-assembling molecules are amphiphilic, comprising of both hydrophobic 
and hydrophilic domains. Amphiphilic copolymers can self-assemble into micelles, 
vesicles, and molecular gels composed of tubules, fi brils, and fi bers (Giddi et al. 
 2007 ; Nishiyama and Kataoka  2006 ; Rösler et al.  2001 ). 

 Micelles are amphiphilic molecules that self-assemble into a spherical structure 
with a hydrophobic core and hydrophilic exterior making it suitable for encapsulat-

Y.W. Kong et al.



385

ing hydrophobic cancer drugs (Jhaveri and Torchilin  2014 ). It is estimated that 
about 40 % of marketed drugs and up to 75 % compounds under development are 
poorly water soluble (Jhaveri and Torchilin  2014 ; Di et al.  2009 ; Williams et al. 
 2013 ). Polymeric micelles can be used for combination therapy by loading multiple 
anticancer agents in polymeric micelles in a one-step drug-loading process without 
chemical modifi cation of drugs (Shin et al.  2011 ). Multi-drug release may occur by 
simple hydrolysis or be triggered by an acidic pH and/or lysosomal enzymes, and 
can be tuned by chemical linkage for concurrent or sequential delivery (Duncan 
 2006 ; Greco and Vicent  2009 ). 

 Shin and colleagues showed that they could encapsulate paclitaxel, rapamycin, 
and 17-allylamino-17-demethoxygeldanamycin (17-AAG) in PEG- b -PLA micelles 
without changing the pharmacokinetics of each drug at low doses. The pharmacoki-
netic profi les were however altered when drugs are delivered at higher doses (Shin 
et al.  2012 ). Rapamycin and 17-AAG acts concurrently to inhibit the  PI3K/Akt/
mTOR and Ras/Raf/MEK/ERK signaling pathways, enhancing cancer cell killing 
by paclitaxel. Bae and colleagues directly conjugated doxorubicin and 17- hydroxy
ethylamino- 17-demethoxygeldanamycin (GDM-OH) to a poly(ethylene glycol)-
poly(aspartate hydrazide) block copolymers through acid-labile hydrazone bonds. 
The pH-sensitive micelles were combined and appeared to minimize a schedule- 
dependent change in combined drug effi cacy when compared to the free drug com-
bination (Bae et al.  2010 ). Karaca and colleagues, reported the use of methoxy 
poly(ethyleneglycol)-block-ploy(2-methyl-2-carboxyl-propylenecarbonate)-graft-
dodecanol (mPEG-b-PCC-g-DC) copolymer to conjugate gemcitabine and encap-
sulate a Hedgehog inhibitor, Vismodegib (GDC-0449) into its hydrophobic core for 
the treatment of pancreatic ductal adenocarcinoma (PDAC). The  in vivo  stability of 
gemcitabine increased signifi cantly after conjugation, and the drug combination, 
when administered to athymic nude mice bearing subcutaneous tumors generated 
using MIA PaCa-2 cells, effi ciently inhibited tumor growth (Karaca et al.  2016 ).  

16.3.3     Nanotechnology Approaches to Enhance Co-delivery 

 By physically confi ning drug combinations within a single carrier, pharmacokinet-
ics for multiple drugs can be unifi ed, ensuring all particle-treated cells receive a 
pairwise combination of drugs – maximizing therapeutic potential. One key chal-
lenge in this area involves combining three general categories of drugs, all of which 
display differing combinations of physiochemical properties: (i) large and hydro-
philic proteins, (ii) small and hydrophobic small molecules, and (iii) moderately 
sized, hydrophilic, and highly anionic nucleic acids. Targeted, nanoscale delivery of 
therapeutic proteins remains an area currently underexplored in cancer therapy – 
particularly immunotherapy. Fahmy and coworkers recently addressed this chal-
lenge in the development of a combination cancer immunotherapy that reverts 
immunosuppressive tumor microenvironments (Fig.  16.3a ) (Park et al.  2012 ). Using 
the cytokine, IL-2, which stimulates NK cell and cytotoxic T lymphocyte activity, 
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  Fig. 16.3    Nanomedicines Overcome Challenges in Combination Drug Delivery. ( a ) Bulky and 
hydrophilic proteins are notably diffi cult to co-deliver with small, hydrophobic molecular inhibi-
tors. Here, IL-2 is entrapped in a photo-polymerizable hydrogel matrix composed of poly(ethylene 
glycol), polylactide, and a small molecule/β-cyclodextrin inclusion complex. The hydrogel core is 
encapsulated by a liposomal shell and photocured under ultraviolet light. Systemically adminis-
tered ‘nanolipogels’ decreased tumor burden and improved overall survival better than single drug- 
loaded particles or intratumoral injection of free drugs in immunocompetent, subcutaneous tumor 
xenograft mouse models (B16-F10). IL-2 promotes a hostile tumor microenvironment by stimulat-
ing NK cell and cytotoxic T lymphocyte activity, while a TGF-β signal blockade (SB505124) does 
the same while additionally depleting tumor-promoting regulatory T lymphocytes (Tregs). ( b ) The 
delivery of synergistic drug ratios can also be ‘pre-programmed’ into nanoscale drug carriers. Here, 
a hydrophobic inhibitor of MAPK pathway signaling is co-encapsulated with a hydrophilic inhibi-
tor of the PI3K pathway at a pre-defi ned synergistic drug ratio. Layer-by-Layer (LbL) polymer 
assembly around the drug-containing liposomal core facilitated both affi nity-based and 
microenvironment- responsive tumor targeting, while simultaneously blocking both pathways and 
enhancing drug synergy beyond that of the free drug combination  in vitro  and  in vivo . ( c ) Time- 
staggared delivery can be achieved through structural partitioning of drugs within nanoscale drug 
carriers. Here, a hydrophobic inhibitor of EGFR (erlotinib) partitions into the lipid bilayer of a 
nanoscale lipid vesicle, while a hydrophilic genotoxic agent, doxorubicin, is loaded into the aque-
ous particle core. Initial release of erlotinib ‘dynamically rewires’ cell signaling in lung and breast 
tumors in a manner that enhances subsequent cell killing by doxorubicin in a time-dependent man-
ner. Systemically administered, folate receptor-targeting constructs induce a partial response in 
lung (A549) and breast (BT-20) tumor xenograft-bearing mice, while mice receiving single drug- 
loaded particles (doxorubicin) exhibit progressive disease. ( d ) Nanomedicines can also mitigate 
dose-limiting side effects of drugs with overlapping toxicity profi les. Although, doxocubicin and 
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in combination with TGF-β signal blockade, which does the same while addition-
ally depleting tumor-promoting regulatory T lymphocytes (Tregs), the authors were 
able to develop a systemically administerable drug carrier that decreased tumor 
burden and improved overall survival when compared to single drug-loaded parti-
cles or to intratumoral injection of free drugs in immunocompetent, subcutaneous 
tumor xenograft mouse models (B16-F10). To achieve this, IL-2 was entrapped in a 
photo-polymerizable hydrogel matrix composed of poly(ethylene glycol) (PEG), 
polylactide, and a small molecule/β-cyclodextrin inclusion complex. The hydrogel 
core is encapsulated by a liposomal shell and photocured under ultraviolet light to 
obtain PEG-stabilized ‘nanolipogels’. A variety of other novel co-delivered drug 
combinations are listed in Table  16.1 .

16.3.4         Nanotechnology Solutions: Stoichiometry/Ratiometric 
Dosing 

 Through ratiometric drug loading into nanoscale carriers, intracellular drug concen-
trations can be ‘pre-programmed’ for drug synergy, thus maximizing therapeutic 
potential and avoiding possible antagonistic interactions resulting from spatially 
and temporally heterogeneous delivery of free drug compounds. For example, 
Dreaden et al  2015  .  co-encapsulated a hydrophobic inhibitor of MAPK pathway 
signaling with a hydrophilic inhibitor of the PI3K pathway at a pre-defi ned syner-
gistic drug ratio (Fig.  16.3b ) (Dreaden et al.  2015 ). Layer-by-Layer (LbL) polymer 
assembly around the drug-containing liposomal core facilitated both affi nity-based 
and microenvironment-responsive tumor targeting, while simultaneously blocking 
both pathways and enhancing drug synergy beyond that of the free drug combina-
tion  in vitro  and  in vivo . A related therapeutic in clinical development, liposomal 
irinotecan/fl oxuridine (CPX-1, 1:1 mol; Celator), co-encapsulates drugs at a previ-
ously identifi ed synergistic drug ratio and maintains this drug stoichiometry both in 
plasma and in the tumor bed (Batist et al.  2009 ). Interestingly, effi cacy of the lipo-
somal formulation in tumor-bearing mice was superior to both free drugs dosed at 
their respective MTDs and the additive expectation from both singly loaded 

Fig. 16.3 (continued) trastuzumab (anti-HER2/ErbB2; Herceptin) – alone – induce Type I and 
Type II cardiotoxicity, respectively, the two are often co-administered in breast cancer patients. 
Engineering of an trastuzumab- doxorubicin antibody drug conjugate (ADC) rescues doxorubicin 
toxicity towards human primary cardiomyocytes by limiting cellular uptake to HER2-expressing 
cells. Here, a heterobifunctional linker (SMCC) containing an amine-reactive NHS ester and a 
thiol-reactive malimide crosslinks doxorubicin and IgG, respectively (Reprinted with permission 
from (a) Park et al.  2012 , (b) Dreaden et al.  2015 , (c) Morton et al.  2014 , and (d) Zhang et al.  2013 ). 
Copyright ( a ) 2012 Nature Publishing Group, ( b ) 2015 American Association of Cancer Research, 
( c ) 2014 American Association for the Advancement of Science, and ( d ) 2013 original authors 
under the Creative Commons Attribution License)       

16 Exploiting Nanocarriers for Combination Cancer Therapy



388

   Ta
bl

e 
16

.1
  

  Se
le

ct
ed

 e
xa

m
pl

es
 o

f 
na

no
te

ch
no

lo
gy

-e
na

bl
ed

 c
om

bi
na

tio
n 

ca
nc

er
 th

er
ap

ie
s   

 M
at

er
ia

l 
 C

yt
ot

ox
ic

 
 Sm

al
l m

ol
ec

ul
e 

 Pr
ot

ei
n 

 N
uc

le
ic

 a
ci

d 
 In

di
ca

tio
n 

 R
ef

er
en

ce
s 

 L
ip

os
om

e 
 5:

1 
cy

ta
ra

bi
ne

 a
nd

 
da

un
or

ub
ic

in
 

 A
cu

te
 m

ye
lo

id
 

le
uk

em
ia

 
 Ta

rd
i e

t a
l. 

( 2
00

9a
 ) 

 L
ip

os
om

e 
 1:

1 
ir

in
ot

ec
an

 a
nd

 
fl o

xu
ri

di
ne

 
 C

ol
or

ec
ta

l c
an

ce
r 

 B
at

is
t e

t a
l. 

( 2
00

9 )
 

 L
ip

os
om

e 
 7:

1 
ir

in
ot

ec
an

 a
nd

 
ci

sp
la

tin
 

 Sm
al

l-
ce

ll 
lu

ng
 

ca
nc

er
 

 Ta
rd

i e
t a

l. 
( 2

00
9b

 ) 
 L

ip
os

om
e 

 6-
m

er
ca

pt
op

ur
in

e 
an

d 
da

un
or

ub
ic

in
 

 A
cu

te
 ly

m
ph

oc
yt

ic
 

le
uk

em
ia

 
 A

gr
aw

al
 e

t a
l. 

( 2
00

5 )
 

 L
ip

os
om

e 
 1:

2 
qu

er
ce

tin
 a

nd
 

vi
nc

ri
st

in
e 

 B
re

as
t c

an
ce

r 
 W

on
g 

an
d 

C
hi

u 
( 2

01
0 )

 
 Po

ly
m

er
 n

an
op

ar
tic

le
 

 D
ox

or
ub

ic
in

 a
nd

 
do

ce
ta

xe
l 

 Pr
os

ta
te

 c
an

ce
r 

 Z
ha

ng
 e

t a
l. 

( 2
00

7 )
 

 Po
ly

m
er

 c
on

ju
ga

te
 

 Pl
at

in
um

, d
ox

or
ub

ic
in

, 
an

d 
ca

m
pt

ot
he

ci
n 

 O
va

ri
an

 c
an

ce
r 

 L
ia

o 
et

 a
l. 

( 2
01

4 )
 

 Po
ly

m
er

 c
on

ju
ga

te
 

 G
em

ci
ta

bi
ne

 a
nd

 
do

xo
ru

bi
ci

n 
 Pr

os
ta

te
 c

an
ce

r 
 L

am
m

er
s 

et
 a

l. 
( 2

00
9 )

 
 Po

ly
m

er
so

m
e 

(L
bL

) 
 5-

fl u
or

ou
ra

ci
l, 

ir
in

ot
ec

an
, o

xa
lip

la
tin

 
 Pa

nc
re

at
ic

 c
an

ce
r 

 L
i e

t a
l. 

( 2
01

5 )
 

 D
ru

g 
se

lf
-a

ss
em

bl
y 

 Ir
in

ot
ec

an
 a

nd
 

ch
lo

ra
m

bu
ci

l 
 B

re
as

t c
an

ce
r 

 H
ua

ng
 e

t a
l. 

( 2
01

4 )
 

 L
ip

os
om

e/
si

lic
a 

hy
br

id
 

 D
ox

or
ub

ic
in

, 
5-

fl u
or

ou
ra

ci
l, 

an
d 

ci
sp

la
tin

 

 H
ep

at
oc

el
lu

la
r 

ca
rc

in
om

a 
 A

sh
le

y 
et

 a
l. 

( 2
01

1 )
 

 Si
lic

a 
 Pa

cl
ita

xe
l a

nd
 

ge
m

ci
ta

bi
ne

 
 Pa

nc
re

at
ic

 c
an

ce
r 

 M
en

g 
et

 a
l. 

( 2
01

5 )
 

 Po
ly

m
er

/li
po

so
m

e 
hy

br
id

 
 C

om
br

et
as

ta
tin

 a
nd

 
do

xo
ru

bi
ci

n 
 L

un
g 

ca
rc

in
om

a,
 

m
el

an
om

a 
 Se

ng
up

ta
 e

t a
l. 

( 2
00

5 )
 

Y.W. Kong et al.



389
 M

at
er

ia
l 

 C
yt

ot
ox

ic
 

 Sm
al

l m
ol

ec
ul

e 
 Pr

ot
ei

n 
 N

uc
le

ic
 a

ci
d 

 In
di

ca
tio

n 
 R

ef
er

en
ce

s 

 E
m

ul
si

on
 

 Pa
cl

ita
xe

l 
 C

ur
cu

m
in

 
 O

va
ri

an
 c

an
ce

r 
 G

an
ta

 a
nd

 A
m

iji
 

( 2
00

9 )
 

 L
ip

os
om

e 
 D

ox
or

ub
ic

in
 

 V
er

ap
am

il 
 L

eu
ke

m
ia

 
 W

u 
et

 a
l. 

( 2
00

7 )
 

 L
ip

os
om

e 
(L

bL
) 

 D
ox

or
ub

ic
in

 
 E

rl
ot

in
ib

 
 B

re
as

t, 
lu

ng
 c

an
ce

r 
 M

or
to

n 
et

 a
l. 

( 2
01

4 )
 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 Pa

cl
ita

xe
l 

 C
er

am
id

e 
 O

va
ri

an
 c

an
ce

r 
 va

n 
V

le
rk

en
 e

t a
l. 

( 2
01

0 )
 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 Pa

cl
ita

xe
l 

 Ta
ri

qu
id

ar
 

 V
ar

io
us

 c
an

ce
rs

 
 Pa

til
 e

t a
l. 

( 2
00

9 )
 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 V

in
cr

is
tin

e 
 V

er
ap

am
il 

 B
re

as
t c

an
ce

r 
 So

ng
 e

t a
l. 

( 2
00

9 )
 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 D

ox
or

ub
ic

in
 

 C
yc

lo
sp

or
in

 A
 

 V
ar

io
us

 c
an

ce
rs

 
 E

m
ili

en
ne

 S
om

a 
et

 a
l. 

( 2
00

0 )
 

 Po
ly

m
er

 c
on

ju
ga

te
 

 D
ox

or
ub

ic
in

 
 W

or
tm

an
ni

n 
 B

re
as

t c
an

ce
r 

 B
ae

 e
t a

l. 
( 2

00
7 )

 
 D

en
dr

im
er

 
 M

et
ho

tr
ex

at
e 

 A
ll-

tr
an

s 
re

tin
oi

c 
ac

id
 

 L
eu

ke
m

ia
 

 Te
ka

de
 e

t a
l. 

( 2
00

8 )
 

 D
en

dr
im

er
 

 M
et

ho
tr

ex
at

e 
 A

ll-
tr

an
s 

re
tin

oi
c 

ac
id

 
 L

eu
ke

m
ia

 
 Te

ka
de

 e
t a

l. 
( 2

00
9 )

 
 D

en
dr

im
er

 
 Pa

cl
ita

xe
l 

 A
le

nd
ro

na
te

 
 B

on
e 

m
et

as
ta

se
s 

 C
le

m
en

ti 
et

 a
l. 

( 2
01

1 )
 

 L
ip

os
om

e 
(L

bL
) 

 Se
lu

m
et

in
ib

 a
nd

 
PX

-8
66

 
 B

re
as

t, 
lu

ng
 c

an
ce

r 
 D

re
ad

en
 e

t a
l. 

( 2
01

5 )
 

 L
ip

os
om

e 
 SB

50
51

24
 

 IL
-2

 
 M

el
an

om
a 

 Pa
rk

 e
t a

l. 
( 2

01
2 )

 
 L

ip
os

om
e 

 D
ox

or
ub

ic
in

 
 T

R
A

IL
 

 B
re

as
t c

an
ce

r 
 Ji

an
g 

et
 a

l. 
( 2

01
4 )

 
 Po

ly
m

er
 n

an
op

ar
tic

le
 

 Pa
cl

ita
xe

l 
 T

R
A

IL
 

 B
re

as
t c

an
ce

r 
 L

ee
 e

t a
l. 

( 2
01

1 )
 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 Pa

cl
ita

xe
l 

 A
nt

i-
E

G
FR

 
 L

un
g 

ca
nc

er
 

 K
ar

ra
 e

t a
l. 

( 2
01

3 )
 (c

on
tin

ue
d)

16 Exploiting Nanocarriers for Combination Cancer Therapy



390

Ta
bl

e 
16

.1
 

(c
on

tin
ue

d)

 M
at

er
ia

l 
 C

yt
ot

ox
ic

 
 Sm

al
l m

ol
ec

ul
e 

 Pr
ot

ei
n 

 N
uc

le
ic

 a
ci

d 
 In

di
ca

tio
n 

 R
ef

er
en

ce
s 

 Po
ly

m
er

 c
on

ju
ga

te
 

 C
am

pt
ot

he
ci

n 
 A

nt
i-

H
E

R
2 

 B
re

as
t c

an
ce

r 
 H

an
 a

nd
 D

av
is

 
( 2

01
3 )

 
 Po

ly
m

er
 n

an
op

ar
tic

le
 

 D
ox

or
ub

ic
in

 
 A

nt
i-

H
E

R
2 

 B
re

as
t c

an
ce

r 
 Sh

i e
t a

l. 
( 2

00
9 )

 
 Po

ly
m

er
 n

an
op

ar
tic

le
 

 D
oc

et
ax

el
 a

nd
 c

is
pl

at
in

 
 A

nt
i-

H
E

R
2 

 B
re

as
t c

an
ce

r 
 M

i e
t a

l. 
( 2

01
3 )

 
 N

an
oc

ap
su

le
 

 Pa
cl

ita
xe

l 
 C

as
pa

se
-3

 
 C

er
vi

ca
l c

an
ce

r 
 K

im
 e

t a
l. 

( 2
01

5 )
 

 G
ra

ph
en

e 
ox

id
e 

 D
ox

or
ub

ic
in

 
 T

R
A

IL
 

 L
un

g,
 c

ol
or

ec
ta

l 
ca

nc
er

 
 Ji

an
g 

et
 a

l. 
( 2

01
5 )

 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 So

ra
fe

ni
b 

 Su
rv

iv
in

 
sh

R
N

A
 

 H
ep

at
oc

el
lu

la
r 

ca
rc

in
om

a 
 Sh

en
 e

t a
l. 

( 2
01

4 )
 

 L
ip

os
om

e 
(L

bL
) 

 D
ox

or
ub

ic
in

 
 M

R
P-

1 
an

d 
B

cl
-2

 s
iR

N
A

 
 L

un
g 

ca
nc

er
 

 Sa
ad

 e
t a

l. 
( 2

00
8 )

 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 Pa

cl
ita

xe
l 

 B
cl

-2
 s

iR
N

A
 

 B
re

as
t c

an
ce

r 
 W

an
g 

et
 a

l. 
( 2

00
6 )

 
 Po

ly
m

er
 n

an
op

ar
tic

le
 

 Pa
cl

ita
xe

l 
 V

E
G

F 
si

R
N

A
 

 Pr
os

ta
te

 c
an

ce
r 

 Z
hu

 e
t a

l. 
( 2

01
0 )

 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 D

ox
or

ub
ic

in
 

 B
cl

-x
L

 
sh

R
N

A
 

 Pr
os

ta
te

 c
an

ce
r 

 K
im

 e
t a

l. 
( 2

01
0 )

 

 Po
ly

m
er

 n
an

op
ar

tic
le

 
 D

ox
or

ub
ic

in
 

 M
D

R
-1

 
si

R
N

A
 

 B
re

as
t c

an
ce

r 
 M

is
ra

 e
t a

l. 
( 2

01
4 )

 
 D

en
dr

im
er

 
 D

ox
or

ub
ic

in
 

 L
uc

 s
iR

N
A

 
 G

lio
bl

as
to

m
a 

 K
an

es
hi

ro
 a

nd
 L

u 
( 2

00
9 )

 
 D

en
dr

im
er

 
 Pa

cl
ita

xe
l 

 A
kt

 s
iR

N
A

 
 O

va
ri

an
 c

an
ce

r 
 K

al
a 

et
 a

l. 
( 2

01
4 )

 
 Si

lic
a 

 D
ox

or
ub

ic
in

 
 P-

gp
 s

iR
N

A
 

 B
re

as
t c

an
ce

r 
 M

en
g 

et
 a

l. 
( 2

01
3 )

 
 Si

lic
a 

 D
ox

or
ub

ic
in

 
 B

cl
-2

 s
iR

N
A

 
 O

va
ri

an
 c

an
ce

r 
 C

he
n 

et
 a

l. 
( 2

00
9a

   ) 

Y.W. Kong et al.



391

liposomes. Strikingly, a liposomal formulation encapsulating a previously identifi ed 
antagonistic drug ratio (10:1 mol) was less effective than its singly loaded counter-
part, suggesting a putative role for heterogeneous combination drug delivery in pro-
moting resistance to therapy. Similar approaches employing cytarabine/daunorubicin 
(CPX-351, 5:1 mol) (Tardi et al.  2009a ), irinotecan/cisplatin (CPX-571, 7:1 mol) 
(Tardi et al.  2009b ), and paclitaxel/tanespimycin (17-AAG) (Katragadda et al. 
 2013 ), quercetin/vincristine (1:2 mol), and doxorubicin/camptothecin/Pt (1:2.5:3.6 
mol) (Liao et al.  2014 ) are currently under investigation.  

16.3.5     Nanotechnology Approaches to Tailor Drug 
Combination Timing and Sequence 

 Another powerful property of nanoscale drug carriers is their capacity to not only 
spatially regulate drug release in the body, but also to temporally control the 
sequence and kinetics of therapeutics released. To exploit the observation by Lee 
et al. that time-staggered inhibition of EGFR could sensitize breast cancer cells to 
DNA damaging chemotherapy, Yaffe, Hammond, and coworkers engineered a 
nanoscale drug carrier which achieved staged drug delivery through structural par-
titioning of drugs within a liposomal vesicle (Fig.  16.3c ) (Morton et al.  2014 ). Here, 
a hydrophobic inhibitor of EGFR, erlotinib, partitions into the lipid bilayer of the 
vesicle, while a hydrophilic genotoxic agent, doxorubicin, is loaded into the aque-
ous particle core. The initial release of erlotinib from these nanoparticles ‘dynami-
cally rewired’ cell signaling in lung and breast tumors in a manner that recapitulates 
optimally staggered delivery kinetics seen with free drug administration, enhancing 
subsequent cell killing by doxorubicin. Systemically administered, folate receptor-
targeted Erlotinib/doxorubicin nanoparticles were shown to induce a partial 
response in both lung (A549) and breast (BT-20) tumor xenografts in nude mice, 
while mice receiving only single drug-loaded nanoparticles (doxorubicin) exhibited 
progressive disease. 

 Gnanasammandhan and colleagues described a noninvasive method to deliver 
drugs that allow for a high degree of spatial and temporal control. Upconversion 
nanoparticles (UCNs) were used to convert deeply penetrating near-infrared (NIR) 
light to UV-visible wavelengths that match the absorption spectrum of photosensitive 
therapeutics. This allowed for the use of deep-penetrating and biologically friendly 
NIR light for photoactivation (Gnanasammandhan et al.  2016 ). The UCNs were used 
for photodynamic therapy (PDT) and photoactivated control of gene expression. For 
PDT, the UCNs are coated with polyethylene glycol (PEG) for stabilization and folic 
acid for tumor targeting and then loaded with photosensitizers that would be expected 
to kill cells by singlet oxygen production, whereas for the photoactivated control of 
gene expression, knockdown of essential tumor genes is achieved using UCNs 
loaded with caged nucleic acid (Gnanasammandhan et al.  2016 ). 

 To achieve controlled release of drugs, Liao and colleagues recently used two 
novel macromonomers (MMs) and a novel cross-linker as building blocks for the 
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construction of a multi-drug-loaded nanoparticle.  CPT-MM  and  DOX-MM  are 
branched MMs that release unmodifi ed CPT and DOX in response to cell culture 
media and long-wavelength ultraviolet (UV) light, respectively (Liao et al.  2014 ).  

16.3.6     Nanotechnology Approaches to Limit Compounding 
and Overlapping Toxicity 

 Combination drug carriers can overcome challenges from overlapping toxicity pro-
fi les by biasing tissue disposition away from off-target tissues or by decelerating 
bolus drug release in vital organs. To address cardiotoxicity from doxorubicin and 
trastuzumab (anti-HER2/ErbB2; Herceptin) combination therapy, Zhang et al .  engi-
neered an antibody-drug conjugate from the pair, thereby limiting cytotoxic doxo-
rubicin delivery to cells expressing high levels of HER2, while blocking the 
compounded toxicity towards human primary cardiomyocytes (Zhang et al.  2013 ) 
(Fig.  16.3d ). To address dose-limiting hepatotoxic effects from combined MAPK 
and PI3K pathway inhibition, Dreaden et al. engineered LbL nanoparticles that 
biased tissue disposition towards solid tumors and rescued both hepatic and renal 
tissue damage while improving antitumor effi cacy  in vivo . Similarly, Farokhzad and 
coworkers have found that aptamer-targeted PLGA nanoparticles can rescue the 
nephrotoxic effects of platinum chemotherapeutics while maintaining equivalent 
antitumor activity  in vivo  (Dhar et al.  2011 ; Kolishetti et al.  2010 ) and also accom-
modating the chemotherapeutic, docetaxel, in polylactide containing particles (Xu 
et al.  2013 ).  

16.3.7     Combining Nucleic Acid Therapies with Other Drug 
Combinations 

 Since the discovery of RNA interference (RNAi) in 1997, there has been great inter-
est in harnessing RNAi for the treatment of disease. RNAi is activated by double- 
stranded RNA (dsRNA), which includes short interfering RNA (siRNA) and 
microRNA (miRNA) and utilizes the endogenous RNAi pathway for the post- 
transcriptional silencing of gene expression. MicroRNAs form central nodal points 
in cancer development pathways and exert their effects by targeting various onco-
genes and tumor suppressors (Kong et al.  2012 ; Zhang et al.  2007 ), while siRNAs 
can be used to effi ciently silence the expression of any gene with high specifi city. 
These include targets that are considered to be diffi cult to drug. Here we describe 
some platforms used to deliver RNAi-drug combinations. 

 One particular tumor type, for example, that could greatly benefi t from RNAi 
therapy is triple-negative breast cancer (TNBC), which is characterized by the lack 
of progesterone, estrogen and HER2 receptors. It is non-responsive to conventional 
hormonal therapy (such as tamoxifen or aromatase inhibitors) or therapies that 
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target HER2 receptors, such as Herceptin (trastuzumab) (Foulkes et al.  2010 ).  
RNAi-based approaches can therefore be benefi cial for the treatment of TNBC. One 
way to accomplish this is by modulating endogenous miRNA levels in TNBC. miR-
221 and miR-205 have been shown to be up and down regulated in TNBC respec-
tively (Nassirpour et al.  2013 ; Piovan et al.  2012 ). Conde and colleagues recently 
showed that they could deliver a miR-205 mimic and an antagomiRNA (miRNA 
inhibitor) using a self-assembled RNA-triple-helix structure which is conjugated to 
dendrimers to form stable triplex nanoparticles that can achieve nearly 90 % tumor 
shrinkage 2 weeks post-gel implantation in a triple-negative breast cancer mouse 
model (Conde et al.  2016 ). 

 A promising approach made available by nanotechnology is to combine siRNA 
and chemotherapeutics in a single platform. Deng and colleagues used a controlled 
layer-by-layer process to co-deliver siRNA against a drug-resistance pathway (mul-
tidrug resistance protein 1) and a chemotherapy drug (doxorubicin) to challenge a 
highly aggressive form of triple-negative breast cancer resulting in an 8-fold 
decrease in tumor volume compared to control treatments with no toxicity observed 
(Deng et al.  2013 ). Xu and colleagues combined siRNA against targets involved in 
error-prone translesion DNA synthesis pathway (REV1 and REV3L) with conven-
tional DNA-damaging chemotherapy (cisplatin prodrug) through self-assembly of a 
biodegradable poly(lactide-coglycolide)-b-poly(ethylene glycol) diblock copoly-
mer and a self-synthesized cationic lipid. This nanoparticle formulation had a syn-
ergistic effect on tumor inhibition in a xenograft mouse model of human lymph 
node carcinoma of the prostate that was noticeably more effective than platinum 
monotherapy (Xu et al.  2013 ). 

 Other carriers that have been used to deliver the siRNA based combinations 
include liposomes (Gabizon et al.  1994 ; Chen et al.  2009a ,  b ,  2010a ,  b ; Li et al. 
 2008 ), micelles (Zheng et al.  2013 ; Shim et al.  2011 ; Zhu et al.  2010 ), polymers 
poly ( d , l -lactide-co-glycolide) (PLGA) (Li et al.  2001 ; Fonseca et al.  2002 ), poly 
lactic acid (PLA) (Tobío et al.  1998 ; Dong and Feng  2004 ), polycapro lactone (PCL) 
(Yang et al.  2006 ), dendrimers (Biswas et al.  2013 ; Kaneshiro and Lu  2009 ; Kulhari 
et al.  2011 ), natural chitosan polymeric nanoparticles (Wei et al.  2013 ; Nagpal et al. 
 2010 ), silica (Santra et al.  2001 ; Qhobosheane et al.  2001 ; Kneuer et al.  2000 ) and 
other inorganic nanoparticles e.g calcium, gold, quantum dots, etc. (Sokolova and 
Epple  2008 ).   

16.4     Limitations to Developing Combination 
Chemotherapeutics, Tumor-Specifi c Targeting, 
and Enabling Approaches 

 Like Frei, Freireich, and Zubrod, drug discovery has historically focused on the 
development of compounds with independent antitumor activity – those intended 
for use as monotherapies. Modern approaches to combination development have, in 
contrast, been largely limited to off-patent cytotoxic drugs. To address the challenge 
of integrating patent-protected targeted therapies in combination approaches, 
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Merck and AstraZeneca initiated a seminal partnership in 2009 to share the costs of 
developing combination candidates, for example, AstraZeneca’s MEK inhibitor 
(AZD6244) and Merck’s protein kinase B inhibitor (MK-22060). Merck and Sanofi  
later followed with a similar agreement to investigate Merck’s MEK inhibitor, 
MSC1936369B, in combination with Sanofi ’s PI3K/mTOR inhibitor, SAR245409, 
and class I PI3K inhibitor, SAR245408 . Bristol-Myers Squibb and Roche have 
likewise established agreements to combine Roche’s vemurafenib (Zelboraf) with 
BMS’s ipilimumab (Yervoy) for BRAF mutant metastatic melanoma. While highly 
promising, dose-limiting hepatotoxicity from the latter two combination approaches 
in Phase I clinical trials (Xu et al.  2013 ) highlights a key weakness of this approach: 
by neglecting combination effects during the discovery phase, more safe and/or 
effective combination candidates may be discarded simply as a result of exhibiting 
less potent independent antitumor activity. Although small molecule targeted thera-
pies, in the past, have provided less incentive for early combination development 
(due to their single agent effi cacy), the recent resurgence of cancer immunotherapy 
development will likely accelerate the integration of combination approaches ear-
lier in the development pipeline, providing opportunities for the investigation of 
combinations with weak independent activity, but potent and safe combined thera-
peutic effects in the future. 

 A major but as-yet incompletely realized opportunity for nanoparticle therapeu-
tics is the potential for tumor-specifi c targeting. Compounded organ-specifi c toxic 
effects such as those described above highlight a potential intrinsic advantage of – 
and challenge to – nanoscale drug delivery, whereby dose-limiting toxicities could 
be mitigated through nanoparticle-altered pharmacokinetics combined with favor-
able tumor tissue targeting profi les. The latter phenomenon can occur through size- 
dependent ‘passive’ tumor targeting or the ‘active’ targeting of tissues via 
stimuli-responsive behavior or affi nity directed accumulation. While a number of 
recent publications seek to revisit the importance and prevalence of passive target-
ing in tumor delivery (Prabhakar et al.  2013 ; Park  2013 ) – largely attributed to the 
so-called enhanced permeability and retention (EPR) effect (Matsumura and Maeda 
 1986 ; Matsumoto et al.  2016 ) – nanoparticles are well known to preferentially accu-
mulate in organs of the mononuclear phagocyte system (MPS), namely the liver and 
spleen, and to augment the accumulation of renally excreted drugs (i.e. <10 nm) in 
solid tumors. This property can be advantageous when designing treatments for 
hepatocellular carcinoma or immunotherapies, respectively; however, affi nity 
directed targeting of tumor tissues remains an integral and underexplored challenge 
to the fi eld. Chan and coworkers (Wilhelm et al.  2016 ), highlight this disparity in a 
recent retrospective literature analysis, noting only modest (0.5-fold) improvements 
in median tumor accumulation afforded by active targeting across multiple studies. 
In contrast, relatively smaller antibody-drug conjugates (ADCs) (Vaklavas and 
Forero-Torres  2012 ) and molecular polyconjugates (Rozema et al.  2007 ), while less 
prevalent, have demonstrated notably reproducible in vivo targeting capabilities. 
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Future research investigating specifi c targeting ligands including small molecules 
(e.g. folic acid, bisphosphonate, carbohydrates), peptides (e.g. GE11, RGD, knot-
tin), and proteins (e.g. IgG, Fab fragments, Centyrins), is expected to improve both 
the effectiveness and reproducibility of affi nity targeting strategies employed by the 
fi eld, as well as subsequent treatment outcomes from rational drug combinations.  

16.5     Outlook and Conclusions 

 The intersection between cancer biology and nanotechnology is an exciting and 
emerging area of current academic and industrial research. With ongoing efforts in 
both fi elds, combination anticancer treatments are continuing to evolve, raising 
hopes for unprecedented antitumor responses and reduced toxicity. The emergence 
of newly engineered combination drug delivery platforms should allow us to com-
bine different classes of drugs into a single nanoparticle with tunable functionality 
over local or temporal control of drug delivery increasing safety, effi cacy, and dura-
bility. The co-delivery of different cancer therapeutic agents provides promising 
options to overcome chemoresistance. Recent reports provide strong evidence that 
combining different drugs using nanoparticles improves tumor killing compared to 
single agent therapy. While these approaches hold great promise, there still remain 
key limitations in their proof of concept. Most nanocarrier studies are currently 
performed in preclinical models, and desperately need to be translated into human 
clinical trials, particularly since the biodistribution, localization, and release profi les 
of these drugs may differ in humans. It is also pertinent for the safety profi les of the 
various carriers used for the delivery of these therapeutic agents to be further stud-
ied, with special focus on their toxicity and immune response. Given the progress 
that has been made in the fi eld during the past 5 years, the future of rationally 
designed and personalized combination therapy using customizable nanoparticle 
delivery platforms looks promising.     
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    Chapter 17   
 The Commercialization of Medical 
Nanotechnology for Medical Applications                     

     David     W.     Hobson    

    Abstract     The potential for nanotechnology to advance medical science has been 
demonstrated and is increasing as the ability to manufacture and combine an ever 
expanding selection of nanotechnologies creates a wide variety of opportunities. 
Mechanisms for the commercialization of these “nanomedical” products have met 
with both success and failure but always with valuable lessons to apply toward 
advancing the future for the technology platforms. Nanotechnology applications in 
medicine are already having a signifi cant impact on marketed products as well as 
increasing the number of commercially viable products in both pharmaceutical and 
medical device pipelines directed toward a wide variety of therapeutic applications. 
Commercial uses of nanotechnology in the development and formulation of new 
pharmaceuticals as well as incorporation into the designs of medical devices are 
increasing and hold much promise for commercial success. Regulatory agencies 
and legal fi rms worldwide are cautiously examining some aspects of many nano-
technology products toward demonstrating sustainable histories of safety and effi -
cacy in these various medical applications. Approaches that have been successful in 
commercializing approved and currently marketed nanomedical products have met 
with many challenges and have identifi ed and resolved critical issues that could 
have prevented or hindered market entry. The commercial path becoming increas-
ingly better defi ned for new and developing products that hold much promise to 
signifi cantly improve medicine in areas such as nanomaterial-enabled pharmaceuti-
cals, targeted nanomolecular therapeutics and diagnostics, nanobrachytherapy 
agents and nano-enabled medical devices.  

  Keywords     Nanotechnology   •   Nanomaterial   •   Nanoparticle nanomedicine   • 
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  Abbreviations 

   AFM    Atomic force microscopy   
  EMA    European Medicines Agency   
  FDA    United States Food and Drug Administrations   
  MRI    Magnetic Resonance Imaging   
  PET    positron emission tomography   
  SEM    Scanning electron microscopy   
  STP    Scanning tunneling microscopy   

17.1         Introduction 

 Nanotechnology is an established, advancing, and cutting edge technology platform 
with demonstrated potential to change the world well into the foreseeable future. 
Technically, it is the controlling and manipulating of matter at the atomic and/or 
molecular scale and deals with structures the size of 100 nm or smaller in at least 
one dimension. As a technology platform it is highly diverse and holds much poten-
tial as a foundation for invention and innovative advancements in many industries 
including many aspects of medicine and medical practice. 

 On the forefront of material science, nanotechnology includes the ability to 
manipulate atoms and create molecular structures at will that could include essen-
tially any nuclide that is stable enough to complete the creation of the molecular 
structure.. This platform represents an amazing and landmark ability for mankind to 
interact with and manipulate essentially any stable atomic material in the known 
universe to create novel molecular structures. 

 It is no wonder then that we should wish to employ this fantastic ability toward 
the improvement of health and quality of life through the discovery, development, 
successful application and commercialization of medically, agriculturally and envi-
ronmentally oriented nanotechnology. 

 Innovative medical applications of nanotechnologies with a profound impact on 
medical practice and health care have been widely anticipated and are only now 
becoming more commonplace in a variety of medical practice areas (Bleeker et al. 
 2015 ). 

 The use of nanotechnology in medical products is not an entirely recent concept. 
In rudimentary forms, nanotechnology has been used in medical products for a few 
decades, often without recognition in the form of products containing nanoparticles 
and/or nanoemulsions. Amazing and wonderful uses of nanomedical technology 
were envisioned decades ago as well. In fact Richard Feynman himself along with 
his friend Albert Hibbs suggested the possibility of placing a “mechanical surgeon” 
inside a blood vessel that would look around in the heart and correct faulty valves 
almost 60 years ago (Feynman  1959 ). What Feynman and Hibbs imagined in the 
past is now advancing rapidly and is close to becoming reality as we look to and 
engage the future of nanotechnology. 
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 Applications of medical nanotechnology are abundant. The application of nano-
technology in medicine, referred to as nanomedicine, is offering numerous exciting 
possibilities in healthcare. These include opportunities in the areas of pharmaceuti-
cals, diagnostics, surgical instruments, medical robotics, imaging technology, pros-
thetics, etc. and wherever our imagination might take us. 

 Cancer therapeutics have been of considerable medical nanotechnology research 
and development interest (Kolhe and Parikh  2012 ; Park et al.  2016 ; Piktel et al. 
 2016 ). 

 The use of nanotechnology in the development of microsurgery is essential and 
seeks to enable the development of surgical procedures and methods that are more 
precise and accurate in the targeting of surgical sites. Enhancing surgical site visu-
alization, reducing trauma, improving outcomes and shortening recovery time are 
all anticipated as these new techniques will enable surgery to be done at the tissue, 
cellular and even genetic levels (Kohli and Elezzabi  2009 ; Ronchi et al.  2012 ). 
Nanotechnology also can be used in combination with traditional surgery as well as 
microsurgery for regenerative therapeutic effects (Tan et al.  2016 ). 

 Nanotechnology development in robotics and tissue engineering areas is of high 
interest. Three-dimensional (3-D) tissue printing that is leading toward the printing 
of surgical aids, prosthetics and perhaps even synthetic organs has been advanced 
extensively by advancements with and incorporation of nanotechnology (Tamjid 
et al.  2013 ; AlAli et al.  2015 ; de Mel  2016 ). 

 The 1996 Nobel laureate, Richard Smalley, recognized that “human health has 
always been determined on the nanometer scale; this is where the structural proper-
ties of the machines of life work in every one of the cells in every living thing. The 
practical impact of nanoscience on human health will be huge (Burgess  2012 ; Godin 
and Ferrari  2012 )”. 

 Of course for any of these visions of nanotechnology to come to practical use 
they must be discovered, developed and successfully commercialized. In fact, with-
out successful commercialization, full realization of these visions for nanomedical 
technology cannot occur. So, cutting-edge nano material science and engineering 
funding and support for basic research enables the discoveries and inventions that 
create opportunities for future commercialization of new and better medical prod-
ucts. However, without commercial interest and those that are skilled and willing to 
invest and risk fi nancial loss in ventures of potential signifi cant medical and fi nan-
cial gain, these new generation nanomedical products and technologies cannot 
come to full fruition and have opportunity for commercial success. Commercialization 
is the nexus or process that joins the world of basic medical research invention and 
innovation with the business of medicine. 

 Fortunately, over past decades the potential for nanotechnology to advance medi-
cal science has shown promise and in at least a few instances, commercial success 
has been realized and demonstrated to both the medical as well as business com-
munities. Unfortunately, there has also been failure and fi nancial loss. This has led 
to increasing but cautious interest in the business sector as to the ability to develop, 
manufacture and combine an ever increasing selection of new and innovative nano-
technologies into useful nanomedical products. Nevertheless, the rapidly growing 
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number of inventions and patents in nanomedical technology creates a wider variety 
of opportunities than were possible with earlier nanotechnology offerings and inves-
tor interest, while cautious, remains high. 

 Although past experiences with commercialization of “nanomedical” products 
has had mixed results, there have been valuable lessons learned to apply toward 
advancing the future and increasing the commercial success for nanomedical tech-
nology platforms. 

 This chapter provides a brief history of the commercialization of nanotechnol-
ogy for use in medical applications as well as some of what has been learned toward 
increasing the potential for successful commercialization of medical nanoproducts. 
Nanotechnology applications in medicine are already having a signifi cant impact on 
marketed products as well as increasing the number of commercially viable prod-
ucts in both pharmaceutical and medical device pipelines. These products are 
directed toward a very wide variety of therapeutic applications, leaving essentially 
no area of medicine untouched. There are now clear examples of uses of nanotech-
nology in the formulation of new pharmaceuticals as well as incorporation into new 
medical devices. The medical industry and regulatory agencies worldwide are dem-
onstrating strong commitments toward establishing effective and practical 
approaches to demonstrate the safety and effi cacy of these emerging new nanomedi-
cal products. Successful experience in commercializing now approved and cur-
rently marketed nanomedical products is available and can be examined and 
reviewed with hope to identify issues and to improve the commercialization process 
and success for many new and developing products such as targeted nanomolecular 
therapeutics, nanobrachytherapy agents and nano-enabled medical devices.  

17.2     Historical Advancement of Medical Nanotechnology 

 The earliest intentional use of nanotechnology in medical products involved the use 
of nanoparticles in the formulation of products such as topical pharmaceuticals and 
sunscreen formulations (Korting et al.  1990 ; Bennat and Muller-Goymann  2000 ; 
Alvarez-Roman et al.  2001 ). This level of nanotechnology development has been 
referred to as “fi rst generation” nanotechnology (Roco  2004 ). Examples include the 
use of zinc or titanium nanoparticles to block ultraviolet light in sunscreen formula-
tions, the creation of nanoemulsions of oil in water or water in oil to enhance the 
solubility and stability of active pharmaceutical agents in various drug products, and 
the manufacture of nano-particulate carriers of active pharmaceutical agents with 
various nanostructures to improve target tissue delivery. 

 The antimicrobial properties of nanoparticles were recognized decades ago and 
have been successfully employed, especially silver nanoparticles, in bandages, as 
coatings on medical devices or in suspensions used for wound and burn treatments 
(Morones et al.  2005 ). Not too surprisingly, very soon after these initial uses of 
nanoparticles in medical products,, there were concerns of potential nanoparticle 
toxicity. This concern led to increased scrutiny and launched investigations related 
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to the safe use of nanoparticles in sunscreens as well as other medical applications 
that is now an established interest and topic of research interest at toxicology meet-
ings and in the toxicology literature contributing to the new toxicology subdisci-
pline of “nanotoxicology” (Borm et al.  2006 ; Nohynek et al  2007 ). 

 Historically, the technologic and commercial advancement of nanotechnology 
from the fi rst generation of nanoparticle applications to increasingly more complex 
and potentially profi table “next” generation nanomedical products has occurred 
almost as anticipated by Roco ( 2004 ) to include four or fi ve “generations” of nano-
technology. Roco ( 2004 ) identifi ed and described four generations of nanotechnol-
ogy development with the then current generation, as that of passive nanostructures 
and went on to describe time progressive, 2nd, 3rd and 4th generations as active 
nanostructures, systems of nano-systems and molecular nano-systems., This con-
cept of generations has been reasonably accurate over the past few decades and is 
useful in understanding the levels of complexity of nanomedical technologies that 
have been and are now emerging from invention and basic research and moving 
toward commercialization. Originally, Roco ( 2004 ) anticipated a future time after 
the 4th generation when products from all of the previous four generations of nano-
technology would advance and be incorporated into more complex products that 
would not otherwise be possible. This “combinatorial” end state envisioned by 
Rocco ( 2004 ) has been recognized and termed a 5th generation by others and is 
identifi ed as a generation where not only the technologies of previous generations 
converge but also where this convergence results in the potential for infi nite growth 
of medical nanotechnology that Kennedy ( 2007 ) has termed a “singularity.” The 
following descriptions to include the views of Rocco ( 2004 ) plus a 5th generation 
are provided to incorporate the types of medical nanoproducts associated with each 
generation and their approximate (~) years of initial emergence as useful construct 
for relating the time when a nanotechnology platform was recognized to its maturity 
to create nanomedical product opportunities for commercialization.

    1st Generation (~1980s) – Passive Nanostructures 

•    Use of nanoparticles in pharmaceuticals as active ingredients, formulation excip-
ients, polymers, coatings of drugs and medical devices, etc.      

    2nd Generation (~2000) – Active Nanosctructures 

•    Nanotechnology targeted pharmaceuticals, adaptive structures in formulations 
and medical devices such as receptor or immunologically targeted pharmaceuti-
cals and the use of “stealth” coatings on nanoparticles to avoid immune system 
recognition.      

    3rd Generation (~2005) – Large Scale Nanosystems 

•    Nanotechnology-enabled (nano-enabled) medical diagnostic agents that are 
detected interrogated and/or imaged by nano-enabled medical devices or equip-
ment. Therapeutic agents that incorporate nanotechnology that are activated, 
manipulated or detected by nano-enabled devices and/or medical equipment.      
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    4th Generation (~2010) – Molecular Nanosystems 

•    The use of atomic force microscopy and other nanoengineering tools such as 
nanolithography (e.g. optical, X-ray and dip pen lithography) to design molecu-
lar devices and therapeutics that function “by design” based on their unique and 
engineered molecular structures. Molecules designed and enabled by nanoengi-
neering for disease intervention and cancer treatment at the subcellular level 
would be examples of this generation.      

    5th Generation (~2015) – Converging Nanotechnologies and Infi nite Growth 

•    Termed the “Singularity” by Kennedy ( 2007 ) and not defi ned as a distinct gen-
eration by Roco ( 2004 ), this current timeframe is exhibiting a distinct emergence 
of large, complex, technology platforms and processes that utilize a variety of 
different technologies and nanotechnologies from different applications that con-
verge to create “convergence” nano products such as the use of nano-enabled 
three dimensional (3D) printing of nano-enabled solutions to result in 3D printed 
viable tissues and organs. Without such convergence the platform would not be 
possible. This represents an ultimate level of technology convergence that is 
increasingly including technologies that are expected to result in “self” recogni-
tion, repair and even modifi cation within limits that are only left to imagination 
and the limits of technology.       

 This “generations” approach is useful in describing the stage-wise emergence 
and advancement of medical nanotechnology and can be useful in developing per-
spective as to the maturity, possibilities and promise of generational technology 
platforms. A view toward commercial development within each generation results 
in a stratifi ed focus on the potential for alternate or competitive technologies with 
similar levels of complexity to compete. One might envision or even create compa-
nies or business entities (which has actually been done) organized by these genera-
tions such as ACME Active Nanotechnologies, ACME Medical Nanoparticules or 
ACME Nanosystems Inc., etc. that build portfolios of products around proprietary 
nanotechnology platforms that focus on and advance within a single generation of 
nanotechnology advancement. This single generation level of commercialization 
generally will produce technologies that enable medical nanotechnologies but are 
not focused principally on commercializing the nanomedical technologies. 
Companies principally focused on nanomedical technology commercialization 
focus on specifi c applications of medical nanotechnology and the problems or 
unmet needs they address and seek to innovate and commercialize solutions based 
on available nanotechnology across all relevant technology platforms/generations 
and further research advancements leading to new intellectual property. This view is 
more readily defi ned by the entrepreneurs and markets served and is also is more 
easily and effectively presented to various funding sources including investors that 
are typically focused on market size, opportunity, innovation, intellectual property 
position and return on investment. 

 Concern about nanoproduct safety has grown along with the development of 
increasingly complex nanotechnologies and now includes the potential for immuno-
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toxicity as well as the more traditional concerns for carcinogenicity as well as repro-
ductive, developmental, genetic and endocrine toxicity (David et al.  2016 ; Lorscheidt 
and Lamprecht  2016 ; Radomska et al.  2016 ).. Interestingly, this increased concern 
has resulted in new research opportunities to improve toxicological testing and 
develop new screening tests (Nel et al.  2013 ; Huo et al.  2015 ; Delaval et al.  2016 ). 
This has created a new and developing market for equipment capable of supporting 
this testing through improvements in the characterization of and quantifi cation of 
nanomaterial exposures used in safety testing as well as in determining the molecu-
lar localization of nanomaterials within the test system following exposure (Wang 
et al.  2016 ). So, in effect, the advancement of nanotechnology not only creates com-
mercialization opportunities for the nanomaterials themselves but also for equip-
ment, processes and techniques to manufacture and test the nanotechnologies as 
well. 

 Identifying promising nanotechnology products from a commercialization view 
is generally more practical by identifying product focus areas and markets for medi-
cal nanotechnology and then aligning the emerging opportunity with the market and 
determining at what stage of commercialization (see Sect.  17.4 , The 
Commercialization Process below) the particular product opportunity is at and how 
much investment may be required. 

 Current nanomedical product commercialization focus areas include diagnos-
tics, imaging, pharmaceutical, therapeutic, biomaterial, tissue engineering and med-
ical devices. There are, of course, many other possible commercialization focus 
areas/markets that will emerge but those described below will provide a basis for 
understanding the current and advancing nature of the many product opportunities 
that are available for emerging nanomedical technology platforms to address. 

17.2.1     Diagnostics 

 Nanotechnology-based sensors (e.g. nanowires, nanotubes, nanoparticles, cantile-
vers, and micro-/nanoarrays) can enable fast and high throughput detection of dis-
ease biomarkers with higher sensitivity and lower sample consumption. 
Nanotechnology also offers hope for the early detection of viruses, bacteria, and 
circulating tumor cells, as well as for single cell analysis. 

 A theranostic system could be interpreted as a synergistic combination of thera-
peutic compounds with diagnostic agents that promise better prognosis and 
improved treatments for many diseases including cancer. Coincident with the devel-
opment of nanoparticle systems for drug delivery, the development of theranostic 
systems have also largely benefi ted from advancements in nanoscience, since many 
nanoparticle-based delivery platforms represent a natural and logical choice for 
constructing nano-enabled theranostic systems. Such “nanotheranostic” systems 
have been conceived and are currently advancing toward commercialization in a 
number of areas (Cui and Wang  2016 ). 
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 One very active area of nanotheragnostic product development is in cancer diag-
nosis and treatment (Roy et al.  2016 ). The use of nanotechnology carriers for cancer 
cell targeting and to improve the solubility and stability of antineoplastic therapeu-
tics is becoming more popular as molecular targeting of cancer comes to the fore-
front of state of the art therapeutics. Along with this comes the ability to incorporate 
a ligand or label into or onto the nanostructure that allows the localization and 
diagnostic monitoring of the structure (Gautier et al.  2013 ; Shapira et al.  2011 )  

17.2.2     Imaging 

 Targeted imaging nanoprobes and theragnostics (e.g. magnetic nanoparticles, lipo-
somes, dendrimers, quantum dots) may form platforms for less invasive and more 
accurate means to diagnose diseases (e.g. cancer) at their earliest stages and monitor 
disease progression. Other possible opportunities include reporting the  in vivo  effi -
cacy of therapeutics, monitoring the biodistribution and kinetics of the nanocarrier 
in the body and locating tumors and their margins. 

 It has long been recognized that nanoparticles are selectively taken up by the 
mononuclear phagocyte system (MPS) and sequestered until they are metabolized 
or localized in the MPS cells indefi nitely (Rolland et al.  1989 ). Nanoparticles serve 
as candidates to image the MPS, which comprises liver, spleen and the lymphatics. 
The majority of nanoparticles are taken up by the MPS due to the high content of 
macrophages present in those tissues (Baetke et al.  2015 ). 

 Nanoparticles (<5 nm) may be used as molecular diagnostics for extravascular 
targets. Therapeutic nanoparticle formulations are often designed to have slow renal 
excretion and long blood circulation times to help improve target site accumulation 
and to increase therapeutic effi cacy. Shorter circulation times are often preferred for 
target-specifi c diagnostic nanoparticles to help lower the target-unspecifi c back-
ground and to improve the non-clinical translation to clinical imaging 

 Recently, a fi rst-in-human clinical trial by Phillips et al. ( 2014 ) demonstrated the 
potential diagnostic application of 6–7 nm large hybrid silica nanoparticles (C dots) 
for hybrid PET-optical imaging agents for lesion detection, cancer staging, and 
treatment management in patients with metastatic melanoma.  

17.2.3     Pharmaceuticals 

 Nanoscale delivery vehicles can (1) enhance the therapeutic effi cacy and minimize 
adversities associated with available drugs; (2) enable new classes of therapeutics; 
and (3) encourage the re-investigation of pharmaceutically suboptimal but biologi-
cally active new molecular entities that were previously considered undevelopable. 
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 Much recent interest has been directed toward the development of stealth, ligand- 
anchored, multifunctional nanocarriers which have included: radioisotope- 
polyethylene glycol (PEG) – human serum albumin (HA) nanoparticles; 
hyaluronate-targeted, PEGylated poly(lactic-co-glycolic acid; PLGA) and polycap-
rolactone (PCL) core-corona nanoparticles; chondroitin sulphate and HA-coupled 
polyethyleneimine nanoparticles, folate, methotrexate and fl uorescent dye trifunc-
tionalized multiwalled carbon nanotubes;, hyaluronate and estradiol-coupled multi-
walled carbon nanotubes; and dye -coated liposomes (Jain et al  2015a ,  b ). 

 Photodynamic nanoparticles and molecularly-targeted nanoprobes strengthen 
the concept and possibility of personalized, theragnostic nanomedicines for the 
potential early detection of lesions, noninvasive imaging of disease-associated 
molecular signatures and molecularly targeted therapeutics (Garg et al.  2015 ; Yang 
et al.  2016 ). 

 Unlike small molecule drugs, drug-containing particles (drug-loaded nanoparti-
cles) are taken up by the M cells in Peyer’s patches in the lymphoid tissue of the 
small intestine after oral administration, and are transported from the gastrointestin-
cal tract lumen to intraepithelial lymphoid cells and then into the bloodstream 
through the lymphatic system (Shakweh et al.  2004 ; Lopes et al.  2014 ). This special 
transport pathway can be employed to enhance the bioavailability of nanoparticle- 
encapsulated drugs, while avoiding enzymatic degradation in enterocytes, fi rst-pass 
metabolism in the liver and simultaneous reduction in dose- and drug-associated 
toxicity. This allows for the formulation of anticancer drugs and other drugs within 
PLGA nanoparticles to be absorbed unchanged into the vascular system following 
oral administration. This has been used to increase oral dose absorption of some 
active pharmaceutical ingredients with a reduction in hepatotoxicty compared with 
oral administration of the small molecule drug in an oral vehicle. The successful 
utilization of folate-coupled, PEGylated PLGA nanoparticles for enhancing the oral 
bioavailability of the antidiabetic drug, insulin is a signifi cant achievement of this 
nature, due to its high degree of enzymatic degradation in the gastrointestinal tract 
and poor intestinal permeability. Enhancement of oral bioavailability of the 
 antifungal drug, amphoterecin B, using solid-lipid nanoparticles, and the anticancer 
drug – tamoxifen – using self-nanoemulsifying drug-delivery systems are additional 
examples (Jain et al.  2012 ; Kapse et al.  2012 ; do Carmo et al.  2014 ). 

 Many nanomedicine applications expand traditional pharmaceutical drug devel-
opment capabilities and are something of ‘old drugs in new clothes’, that not only 
extend the patent protection of an old drug but also offer tremendous potential to 
improve drug targeting to reduce dose as well as the potential for adverse effects. 
The number of nanomedicine patents and products in the market is steadily increas-
ing; more and more nanopharmaceuticals and devices are entering the clinical trial 
phase of development and, hopefully, will result in an increase in approved drugs 
that have been enabled and/or enhanced with the use of nanotechnology.  
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17.2.4     Therapeutics 

 Some nanomaterials have unique therapeutic properties that differ from conven-
tional drugs, and can, therefore, be directly used to treat diseases. For example, 
hafnium oxide- and gold-based nanoparticles can greatly enhance X-ray therapy; 
gold nanoshells/nanorods, carbon nanotubes, magnetic nanoparticles can be used to 
induce hypothermia to kill cancer cells; and nanocrystalline silver is being used as 
an antimicrobial agent in wound healing applications (Chaloupka et al.  2010 ; Dabiri 
et al.  2016 ).   

17.3     Biomaterials 

 Biocompatible nanomaterial commercialization is occurring with new materials to 
replace or improve conventional materials in medical devices and prosthetic materi-
als (Ghanaati et al.  2014 ; Nuñez-Anita et al.  2014 ). Nanomaterials with optimized 
mechanical properties are developed as biomaterials that can be used in medical 
implants (e.g. dental restorative and bone substitute or replacement). Nanocoatings 
are one of the most important types of these new nanomaterial applications (Keeney 
et al.  2015 ), Nanocoatings can be designed to increase biocompatibility and/or tis-
sue adhesion (either positively or negatively depending on the intended use) thus 
improve integration with the surrounding tissues. This quality is useful in the devel-
opment and advancement medical implants used in cardiology (stent coating), 
orthopedics (coating on joint replacement implants) and dentistry (dental implant 
coatings) and provide a broad and growing area for commercialization (Richter 
et al.  2005 ; Subramani et al.  2009 ; Gurzawska et al.  2012 ). In addition, the natural 
antimicrobial properties of some nanomaterials are employed in coatings, and in 
wound care products and medical textiles that have already been commercialized 
and others that are in development (Wilkinson et al.  2011 ; Yamada et al.  2015 ). 

17.3.1     Biosensors 

 Biosensor performance and sensitivity can be improved using nanomaterials in their 
construction and the use of nanomaterials has allowed the introduction of many new 
signal transduction technologies (Kasili and Vo-Dinh  2005 ). Because of their sub-
micron dimensions, nanosensors, nanoprobes and other nanosystems have allowed 
simple and rapid analyses  in vivo . Portable, lab on a chip (LOC) instruments capa-
ble of analyzing multiple components are now possible and are becoming commer-
cially available (Vashist et al.  2012 ). 
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 A wide variety of nanomaterials, such as gold nanoparticles, carbon nanotubes 
(CNTs), magnetic nanoparticles and quantum dots, are being applied to biosensor 
development because of their unique physical, chemical, mechanical, magnetic and 
optical properties, and because they can markedly enhance the sensitivity and speci-
fi city of detection in very small devices (Reverté et al.  2016 ; Rezaei et al.  2016 ). 

 The fabrication of optical sensor nanodevices with integrated Mach–Zehnder 
interferometric (MZI) confi gurations where the optical waveguides must have two 
main features: monomode behaviour and a high surface sensitivity has been possi-
ble for several years and commercialization of these biosensors based on total inter-
nal refl ection waveguides with nanometer dimensions is now practical and nearing 
completion (Prieto et al.  2003 ). 

 Graphene-based nanomaterials, due to their unique physicochemical properties, 
versatile surface functionalization, ultra-high surface area, and good biocompatibil-
ity, have attracted considerable recent interest in numerous biomedical applications 
including uses in biosensors, drug delivery, bioimaging, theranostics, etc. and are 
being readied for commercialization (Lin et al.  2016 ).  

17.3.2     Tissue Engineering 

 Nanotechnology can enable the design and fabrication of biocompatible, tissue 
scaffolds at the nanoscale and control the spatiotemporal release of biological fac-
tors resembling native extracellular matrix to physicochemically direct cell behav-
iors, and eventually lead to the creation of implantable, manufactured tissues as 
candidates for commercialization (Sudhakar et al.  2015 ). 

 Drug delivery systems that incorporate drug-containing nanoparticles (lipo-
somes, dendrimers) within matrices (polymeric scaffolds and hydrogels) for tissue 
engineering can produce sustained delivery of drugs from three dimensional matri-
ces and can be useful for tissue engineering applications (Dorj et al.  2014 ; Hsu et al. 
 2016 ; Sundar et al.  2016 ). The delivery of drugs into damaged cells is also a tissue 
engineering application made feasible by a variety of nanomaterials (Korrapati et al. 
 2016 ). Carbon nanotubes, dendrimers, and liposomes are becoming increasingly 
important tissue engineering scaffold materials and drug delivery systems for deliv-
ery of drugs to impaired tissues. 

 With the emergence of nanotechnology, researchers proved that the drawbacks of 
existing implants and techniques can be resolved as nanomaterials can be modifi ed 
to mimic the surface properties of natural tissues. Moreover, nanomaterials exhibit 
superior properties when compared to conventional materials which make them 
suitable candidates to improve various tissue growth technologies and use in 
implants. Potential applications of nanotechnology to create biodegradable scaf-
folds for bone, vascular, and bladder tissue regeneration are also envisioned (Hsu 
et al.  2016 ; Sundar et al.  2016 ).  
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17.3.3     Medical Devices and Accessories 

 Wound dressings with silver nanoparticles to impart antimicrobial characteristics 
were among some of the initial uses of nanotechnology in wound dressings that are 
classifi ed and regulated as medical devices (Pereira and Bártolo  2016 ). 

 Nanotechnology applications involving the unique electrical and magnetic prop-
erties of materials on the nanoscale are showing promise in medical devices used in 
neurology and cardiology, especially toward better understanding the causes and 
improving the treatment of cardiac arrhythmia (Leite et al.  2007 ; Mann et al.  2012 ). 
In addition, there are nanotechnologies that enable the development of batteries 
with small size and lower weight for use in implanted and portable medical devices 
including active implants, biosensors and other imaginative applications (Lowy and 
Patrut  2008 ; Iost et al.  2016 ). 

 Antimicrobial nanoparticle coatings have been developed and are poised for 
commercialization and use on medical devices, operating room equipment, various 
hospital surfaces, etc. (Rivero et al.  2011 ; Duda et al.  2015 ; Palza  2015 ). 

 Medical nano-sized robots (nanobots, nanites, or nanomachines) have been con-
ceptualized for over 20 years as “smart” and very tiny (nano-sized) devices con-
structed to incorporate a variety of biocompatible nanometer-scale materials. 
Potential uses of nanobots include targeted repair of tissues and cells, targeted sens-
ing of tissue and organ microenvironments, delivering of transfection agents, in situ 
assembly and service or repair of implanted devices, etc. within the host’s body 
have been envisioned but, to date, are still a distant reality (Jacob et al.  2011 ). 
Nevertheless, these molecular machines are a defi nite part of the conceptual future 
of nanomedicine and are in the realm of fi fth generation nanotechnology where the 
invention and discovery aspects of the nanobot commercialization process are active 
and advancing toward prototype development. There are signifi cant technologic and 
regulatory challenges ahead but many talented inventors and entrepreneurs are cur-
rently knocking on the door to the reality of having medical nanobots soon available 
for commercialization (Jacob et al.  2011 ; Eveleth  2015 ). 

 All of the above focus areas of nanomedical product development are ripe with 
opportunities for commercialization with active research and development activities 
on a global basis to arrive at new or novel nanomedical technologies that lead to new 
or improved advances in healthcare. 

 The variety of commercialization opportunities within even a single focus area to 
address current and emerging medical needs is typically very wide. So, the fi rst step 
toward understanding and arriving at a specifi c commercialization opportunity 
begins with identifi cation of an innovation that may be advanced by a recent discov-
ery that becomes essential to driving and motivating further applied research and 
developmental research effort toward addressing a well-identifi ed commercial need 
with at least reasonable potential for entrepreneurial interest and potential for fi nan-
cial support.   
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17.4      Entrepreneurship 

 High-tech businesses (large or small) have long been considered the driving force 
behind global knowledge-based economic development (Rausch  1998 ). Academic 
institutions with nanotechnology discovery capabilities have attempted to position 
themselves to serve the high-tech industry through consulting, licensing, and creat-
ing university spinoff companies. In the U.S., for example, the National 
Nanotechnology Initiative (NNI) recognizes that moving technology from laborato-
ries to the marketplace is the immediate challenge following discovery and has 
identifi ed U.S. government resources to help foster technology transfer from gov-
ernment funded programs to the private sector (NNI  2016 ). Many academic institu-
tions that are developing nanotechnology have a reasonable awareness of 
commercialization interests in their discovery capabilities and at least attempt to 
develop active strategies toward building an entrepreneurial culture to assist aca-
demics with the transfer their inventions to the market to achieve the maximum 
value (Hobson  2009 ; Kaur et al.  2014 ). Larger academic institutions and some 
regional business development organizations often have “technology incubators” 
that may have some experience with the commercialization of nanotechnology 
opportunities. In less experienced, smaller, academic institutions, opportunities may 
be delayed, lost or not achieve their full potential for a variety of reasons that are 
largely related to nanomedical market knowledge, access and commercialization 
experience. In such cases, sometimes the scientist or engineer may need to become 
the entrepreneur. 

 Fortunately, there is a developing literature specifi c to the commercialization of 
nanotechnology that presents and provides example strategies for choosing a com-
mercialization approach, fi nancing a startup, marketing a product, and planning an 
exit that can be of help (Hobson  2009 ; Kaur et al.  2014 ). 

 Common reasons for startup company failures are discussed and guidelines to 
overcome these challenges are suggested in this literature (Hobson  2009 ; Kaur et al. 
 2014 ). Careful market research and the examination case studies of successful and 
failed companies can also be very helpful. 

 In general, entities that are successful in the commercialization of any medical 
product, including nanomedical products, demonstrate excellence in identifying a 
market need, assembling a motivated management team, effectively managing 
 technical and business resources, and in securing and following the advice of expe-
rienced mentors and consultants. In doing this they substantially and effectively 
eliminate barriers and effi ciently achieve a successful market entry and a timely 
commercialization program exit. 

 Negotiating is a big part of entrepreneurship and arriving at a fair negotiated 
value for an emerging medical nanotechnology between two or more parties is 
 generally not a simple or quick process. It is important to remember that developing 
intellectual property into commercial products through in-licensing and out- 
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licensing is not a zero-sum game. Both the buyer and seller are looking to get some-
thing of value (often from different perspectives) and benefi cial out of the deal and 
entrepreneurial entities that are successful work very hard to arrive at the much- 
sought win-win deals 

 Negotiation is a skill and art that has to be learned and applied at the highest level 
in advanced technology commercialization. This is skill is not often naturally well 
developed by medical professionals and academics. Even at academic institutions 
with prestigious business schools, this skill is not offered as part of an advanced 
degree program in the medical sciences. However with a reasonable effort, this skill 
can be learned and developed by those willing to brave the business world and 
spend at least some time gaining the necessary experience either through course-
work, executive business degree programs or just plain hard work and engaging 
experienced mentors. Once learned, the medical professional or academic that can 
interact effectively in both worlds can often negotiate with a high degree of success 
as familiarity with the science and medical aspect is valuable. Excellent negotiation 
skills are useful and often necessary at almost all steps in the commercialization 
process. It is also important to learn and appreciate that although the general prin-
ciples are the same, people negotiate somewhat differently in the international mar-
ketplace due to different perspectives, needs and cultural factors.. Realizing and 
knowing this can make the difference between success and failure when negotiating 
the licensure or sale of a nanomedical technology for commercialization between 
international parties. 

 Negotiation skills, while important, only one of many strengths that a successful 
CEO or COO for an emerging medical nanotechnology company. Lafl ey and Tichy 
( 2011 ) provide an interesting large industry perspective on CEO selection to include 
succession considerations that entrepreneurs can learn from. Large, medical indus-
try CEOs may not be entrepreneurs but calculated risk taking is sometimes required 
even though they are generally more oriented toward strategically identifying, con-
trolling and reducing risk. Managing a risky situation is not something these execu-
tives seek to do. In contrast, the nanomedical technology company entrepreneur and 
CEO may have former large industry experience and needs to understand the essen-
tials of how large company CEOs think for best success in licensing or acquisition 
deals, but managing risk is a daily activity in the entrepreneurial world of commer-
cializing medical nanotechnology. Skilled entrepreneurs know and appreciate that 
their role is to create and build new opportunities and “venture” (which, by defi ni-
tion, is a risky or daring journey or undertaking) to advance them to commercial 
success. Accomplishing this with success generally requires well developed  abilities 
to negotiate deals and manage projects effectively and these are high level skills that 
should not be overlooked, especially when hiring someone to serve as either the 
CEO or COO of a nanomedicine company who will likely one-day be required to 
successfully negotiate a big deal with a large medical company CEO and business 
team.  
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17.5     The Commercialization Process 

 The commercialization of any new medical product, including those that contain or 
are enabled by the use of nanotechnology can be envisioned as following a gener-
ally defi ned process as shown in Fig.  17.1 . This process will have nuances for each 
product but, generally, the process includes major features common to any medical 
product. So, commercialization planning begins with a general concept then applies 
specifi c considerations for the particular nanoproduct. In reality, no two products 
will follow exactly the same commercialization path and allowances must be made 
for product unique variables including for example, the regulatory pathway, the 
nature and complexity of the manufacturing process, the market characteristics, 
level of funding required and source as well as the investor type and level of interest, 
the strength of the intellectual property portfolio, etc,.

   The commercialization process for a nanomedical product often begins with a 
discovery or invention of something that stimulates innovative thought and activi-
ties that result in a product concept that is proven to have potential market viability 
and is feasible to be developed, manufactured, tested, attain regulatory approval and 
marketed within practical limits of current technology and the investment time 
frame.. After this, market acceptance and success await new and novel products that 
are safe, effective and either addresses an unmet medical need or signifi cantly 
advances the standard of care in some medical fi eld (Flynn and Wei  2005 ). 

 The general commercialization process for a nanomedical product is elucidated 
below as discrete, stage-wise activities that have as their objective the creation and 
marketing of new nanomedical products. Brief descriptions of each aspect are pro-
vided for additional clarifi cation.

  Fig. 17.1    Generalized view of the stages in the commercialization process for a medical nano-
technology product       
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    (I)     Invention  

 A new creation that may be a material, device, process, or discovery that 
refl ects extraordinary creative ability or skill, and that makes a distinct and 
recognized contribution to and advancement of science.   

   (II)     Innovation  
 Differentiated from invention, as taking the original invention, discovery or 
idea and applying it toward a practical need and, as a consequence, results in 
something new and potentially useful, that “breaks into” or “disrupts” and or 
advances the medical market or medical practice. Innovation is related to, may 
include or sometimes even require an invention, but not the same as, 
invention

•     Proof of Concept  
 This is a practical demonstration in principle of the feasibility and potential 
of practical use or application, with the purpose of verifying that the prod-
uct concept or theory has the potential of being useful as proposed. A proof 
of concept is usually small scale demonstration and may or may not be a 
complete validation of the new product as would be necessary for regula-
tory approval and successful market introduction. This demonstration is 
often important to securing intellectual property and investment interest so 
the study design, conduct and quality are, nevertheless, important 
considerations.  

•    Securing and Licensing of Intellectual Property  
 This involves ensuring that the nanomedical product is unique in important 
and signifi cant ways such that it can be protected at least for the time until 
it is marketed from infringement and competition by a portfolio of patents 
and trade secrets. This is essential to both the valuation of the product but 
also for obtaining funding for commercialization.       

    (III)     Development 

•     Project and Strategic Planning  
 Development of a formal project plan by an experienced project manage-
ment specialist that is guided by an experienced regulatory affairs specialist 
with input from manufacturing, non-clinical, clinical and marketing experts 
to establish an overall strategy and plan to document, organize, manage, 
prepare overall cost and time estimates as well as track progress from 
development to market approval. This plan should be suffi ciently detailed 
to include all major events and may incorporate best and worst case contin-
gencies for critical activities. Early and accurate consideration of regula-
tory requirements is essential for addressing critical regulatory 
documentation needs, especially for products where safety and effi cacy 
testing is required, in a correct and most effi cient manner. If the product is 
a medical device, documentation of the steps in design and development 
can be a regulatory necessity. This plan should be linked to strategic 
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 planning for the company as well as to the company business plan. This is 
necessary for commercialization in order to secure investment and also to 
provide credible projections for investors and other business activities.  

•    Analytical and test methods  
 Methods to analyze and test the product need to be developed, validated 
and documented and then made ready for use in testing prototypes as well 
as in the evaluation of manufacturing product release, stability as well as 
non-clinical and clinical samples..  

•    Prototype evaluation and manufacturing  
 Development and selection of a prototype nanomedical product to manu-
facture for use in non-clinical and clinical testing that is required for clini-
cal trials and fi nal product approval to market.       

    (IV)     Manufacturing 

•     Process development  
 This involves development of the product manufacturing process for com-
mercial success. Often the approach used during the research phase is not 
the best approach for commercialization. Examples of general manufactur-
ing approaches that are used for the production of medical nanomaterials 
include:

   (a)     Top Down vs Bottom Up  
 The top down approach to manufacturing nanomaterials refers to slic-
ing or successive cutting of a bulk material to get nano sized particles. 
The bottom up approach refers to the build-up of a material from the 
bottom: atom by atom, molecule by molecule or cluster by cluster. 
Cost, time and safety can be factors in the selection of which approach 
is best for commercialization.   

  (b)     Self-assembly  
 Self-assembly of molecules and molecular clusters into pre-deter-
mined and precise nanostructures with speed and effi ciency at low cost 
may be essential to controlling costs and ensuring the market avail-
ability for some nanomedical products.       

•     Batch production  
 Production of pilot batches then following by production of registration 
batches (to support non-clinical and clinical studies).  

•    Stability  
 Stability studies are conducted as required to establish the shelf life of a for-
mulated product or a medical device that has degradative properties or 
components.       
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    (V)     Testing 

•     Chemical and/or materials testing  
 Materials performance, degradation testing, packaging, stability, shelf life, 
sterilization method selection, etc.  

•    Non-clinical testing  
 Safety (toxicology) testing, basis for effi cacy demonstration (in vitro and/or 
in vivo), pharmacokinetics, targeting (biomolecular, cellular, tissue, organ) 
effi ciency, dosimetry, etc.  

•    Clinical testing  
 Clinical safety and effi cacy, diagnostic performance, etc. In pharmaceutical 
development, phase 1, 2 or 3 clinical studies.       

    (VI)     Regulatory Approval  
 All medical products worldwide are subject to regulations focused on their 
intended use that are aimed at protecting the public from harm and unreason-
able risk. Most regulatory agencies conduct the risk assessment of nano-
medical products on a case-by-case basis. The potential for release or 
absorption of nanomaterials leading to a potentially harmful exposure to 
nanomaterials is of high interest and concern for regulators. The extent to 
which any potential risk identifi ed by a well-designed, non-clinical safety 
testing program is offset by the clinical benefi t of the nanoproduct is the 
basis of what is sometimes presented as “nano” risk assessment as well as 
regulatory approval to market the product. This aspect of commercialization 
should begin with the early stage development of an overall regulatory strat-
egy that facilitates and leads to the best possible opportunity for regulatory 
approval for useful, safe and effective product.    

    (VII)     Marketing  
 This involves not just the activity of marketing the product to the identifi ed 
potential user communities but also can involve the aesthetics of the product 
(shape, color, feel, odor, etc.), the packaging, labeling, advertising, conduct-
ing of focus group discussions, etc. The importance of this activity to be 
involved well before the product actually is actively marketed should be 
obvious for commercialization success even though the technical and scien-
tifi c perspectives may not always appreciate this.    

    (VIII)     Acceptance  
 The product must gain acceptance by the user communities at least to the 
extent that early adoption of the product represents enough market share 
in profit to sustain and grow the product to the satisfaction of minimal 
investment expectations both in timing and magnitude of the return at 
the very least.    
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    (IX)     Successful Product Life  
 The lifetime of a product is dependent on too many factors to note here, but for 
most investments, fi nancial success of the product is expected within just a 
few years (2–5) of launch depending on initial expectations based on the size 
of the investment, market challenges (to include competition) and how effec-
tively the product is positioned and priced. Some products in competitive mar-
kets have a lifetime of only a few years while others may become a leading 
product mainstay for many years and attain name recognition as best in class. 
See more below with respect to market “success” from different commercial-
ization perspectives.    

    (X)     Imitation (Generics)  
 It has often been said in colloquial language that “Imitation is the sincerest 
form of fl attery.” Originally, this was stated by Budgell ( 1714 ) as “Imitation is 
a kind of artless fl attery.” Which may be more appropriate for the imitation of, 
initially, innovative technology. However received, for a company facing the 
loss of market share due to competition by imitation, this may be a challenge 
in many ways. Patent infringement and/or the unlawful taking of intellectual 
property may be an issue. A competitor making a lawful product that is some-
how inferior to the Innovator’s product can be substituted as a generic and 
produce clinical outcomes that cause both products to come under scrutiny and 
even to be removed from the market. Sometimes, illegal claims and substitu-
tions by an imitation product can lead to lawsuits that are time consuming and 
costly, resulting in an unexpected expense to the Innovator that may or may not 
result in obtaining legal relief and/or payment of damages. So imitation must 
be expected for any highly successful product and prudent preparations made 
to best prepare for various potential challenges by imitators legal or 
otherwise.    

  Understanding this general process and learning how to plan and manage for 
success is the subject of numerous publications and courses of specialized project 
management and total quality management training. Some of these lead to profes-
sional certifi cations in project management such as the well-known Project 
Management Professional (PMP) or Six Sigma programs. Most effective business 
plans for a nanomedical company will include and incorporate well-developed ele-
ments of product commercialization planning as the foundation of strategic and 
fi nancial planning. Often, a project management expert is engaged and is continu-
ously actively monitoring successful commercialization projects. So, the impor-
tance of establishing a well thought out plan and continuously updating and refi ning 
it as the product progresses toward commercialization cannot be understated. 
Companies that fail to do this effectively very often fail altogether or fail to achieve 
full commercial potential (Belassi and Tukel  1996 ).  
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17.6     Risk and Hazard Assessment 

 There are two types of risks that must be carefully assessed and are critical to the 
successful commercialization of a medical nanotechnology, clinical risk and busi-
ness risk. These are further described below and both will strongly affect the valua-
tion of the product as well as its commercialization success in critical ways.

    (a)     Clinical Risk      

 Clinical risk assessment for medical nanotechnology follows the same principles as 
that for any other medical technology in the same use class (pharmaceutical, medi-
cal device, biosensor, implant, etc.). This assessment includes identifi cation and 
evaluation of potential risks that may arise from the fabrication, formulation, manu-
facturing and packaging processes; non-clinical ( in vitro  and  in vivo ) toxicologic 
evaluation and clinical safety evaluation. 

 Clinical risk for medical nanoproducts is evaluated on a case by case basis by 
regulatory bodies like the U.S. FDA and EMA but is subject to the considerations 
and informational needs that may be found current published guidance and directive 
documents issued by the regulatory authority. Case by case assessment has allowed 
consideration of innovative nuances between products that may require differential 
thinking and consideration in developing appropriate guidance and regulatory paths 
for nanoproducts with differing compositions and features that is shown by the 
number and variety of FDA nanoparticle-based pharmaceutical approvals to date 
(Hamburg  2012 ; Monica  2012 ; Bobo et al.  2016 ; Landesman-Milo and Peer  2016 ). 

 In the EU, for example, a nanomedical device should comply with the essential 
requirements as indicated in the current medical device directive that includes the 
general requirement that devices must be designed and manufactured in such a way 
that, when used under the conditions and for the purposes intended, they will not 
compromise the clinical condition or the safety of patients, or the safety and health 
of users or, where applicable, other persons, provided that any risks which may be 
associated with their intended use constitute acceptable risks when weighed against 
the benefi ts to the patient and are compatible with a high level of protection of 
health and safety. 

 The safety (toxicological) evaluation requirements for emerging nanomedical 
products and most especially the use of nanomaterials in pharmaceuticals and medi-
cal devices are becoming established internationally. All safety evaluations require 
careful and complete physical and chemical characterization of the incorporated 
nanomaterial. While there are cases, where nanomaterials may produce similar toxi-
cologic results to their compositional chemical/molecular substances, this cannot be 
presumed as experience now shows that some may be more toxic and some may not 
(SCENIHR  2009 ). The U.S. FDA and EU, in general, allow that a classical risk 
assessment can be performed consisting of exposure estimation, hazard identifi ca-
tion, hazard characterization, and risk assessment. However it is known and recog-
nized internationally that nanoparticles exhibit specifi c characteristics that differ 
from the characteristics of larger sized nanomedical products and must be identifi ed 
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to regulatory authorities and be characterized using data that meets regulatory data 
quality standards such as Good Manufacturing Practices (GMP) or Good Laboratory 
Practices (GLP) as required by the country regulatory authority. The potential for 
clinical risk is assessed using toxicological data also meeting GLP requirements and 
is evaluated relative to the intended clinical use of the product. 

 The European Commission and its Scientifi c Committee on Emerging and Newly 
Identifi ed Health Risks (SCENIHR  2015 ), have published the fi nal opinion 
‘Guidance on the Determination of Potential Health Effects of Nanomaterials Used 
in Medical Devices’. The guidance provides information on how to evaluate the risk 
when a nanomaterial is used in a medical device and it should be considered in 
conjunction with the ISO 10993–1:2009 standard ‘Biological evaluation of medical 
devices’ (ISO  2009 ). 

 ISO 10993–1:2009 categorizes devices and safety evaluation requirements for 
medical device products with considerations as to:

•     Type of device  (surface device, external communicating device and implant 
device),  

•    Location of contact  (skin, mucosal membrane, breached or compromised sur-
face, tissue/bone/dentin, or circulating blood),  

•    Contact time  [varying from limited contact (equal or less than 24 h), prolonged 
contact (>24 h to 30 days), and permanent contact (>30 days].    

 Depending on the intended use, these categorical criteria are applied to a specifi c 
nanomedical device to arrive at the types of biological effects (e.g. cytotoxicity, 
genotoxicity, sensitization, systemic toxicity) that need to be considered for the bio-
logical safety evaluation of the medical device. The SCENIHR guidance also takes 
this approach, and it clearly distinguishes between non-invasive and invasive medi-
cal devices (SCENIHR  2015 ). 

 The clinical safety of a nanomedical product must take into consideration the use 
and exposure routes, including dermal, inhalation, mucosal, oral, parenteral, otic 
and ocular exposure. Failure to get this right and complete the necessary studies for 
regulatory review and approval can result in serious setbacks and additional time 
and expense to a commercialization program. 

 In general, the nanomaterial-related clinical risk of nanomedical products is 
mainly associated with the likelihood of the release of free nanoparticles from the 
product and the potential for resulting toxic effects in specifi c cells, tissues and 
target organs. Evaluations of nanomaterial safety must include a detailed character-
ization and identifi cation of the that may include, but not be limited to, determina-
tion of the chemical composition/identity, particle size and size distribution 
(primary/secondary particles), physical form and morphology, particle and mass 
concentration, specifi c surface area, surface chemistry, surface charge, redox poten-
tial, solubility and partition properties, pH, viscosity, density and pore density, dust-
iness, tendency to form agglomerations or aggregates in biological conditions and 
whether they become coated with a protein corona to include characterization of the 
types of coronal proteins. 
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 Nanotoxicology is becoming a more defi ned sub-discipline of toxicology that is 
recognized within regulatory bodies and is increasingly considered during product 
development and registration with respect to its relationship with clinical risk 
assessment. Therefore, early assessment of a commercialization opportunity by a 
toxicologist experienced with the safety evaluation requirements for nanomedical 
products should be considered in order to properly evaluate the product and help 
resolve any potential clinical safety issues before they become signifi cant commer-
cialization barriers.

    (b)     Business Risk      

 The business risk associated with nanomedical product commercialization is essen-
tially the same as that when evaluating the risk to the business for any advanced 
medical technology. The evaluation of business risk typically involves or is associ-
ated with an investment decision. Parameters that must be assessed include, but are 
not limited to, signifi cant manufacturing challenges, safety hazards and research/
development/production costs for the nanomedical product, the strength of the intel-
lectual property position, the market size and overall skills of the development and 
management team to run the project and business, respectively, and to collabora-
tively and effectively address the development and regulatory challenges and needs 
as they arise. So, when analysts evaluate the commercialization potential for a nano-
medical product opportunity, this includes quite a number of factors other than just 
a valuation of the nanomedical product itself and often includes the company’s 
overall risk which could lead to a failure of the opportunity and the management. 
This is why assembling an appropriately experienced and well-coordinated devel-
opment and management team is essential to obtaining funding support suffi cient 
for commercialization. Limited or no prior experience and a track record of success 
that is lacking often result in decisions not to fund or to only partially fund a busi-
ness entity for commercialization until improvements are made, regardless of the 
safety, market opportunity, and intellectual property position of the technology. In 
some cases, where the technology exhibits a substantial enough business opportu-
nity, the funding source may require that the management team include experts 
selected by the funding organization or even that the entire original management 
team be replaced by personnel selected by the funding organization. 

 Business risk analysis also values a company’s ability to place their products 
profi tably into the target market. This is would typically be evaluated by rating the 
risk that the offered nanomedical product would not be and stay competitive within 
the investment period (3–12-years) that depends on the type of product and 
market. 

 The strength of the intellectual property position and whether or not patents pro-
vide enough security is important. Often, failure to secure a competitive intellectual 
property position can be a suffi cient barrier to prevent funding and 
commercialization. 

 Fortunately, nanomedicine is in its formative stages an there is substantial poten-
tial to develop highly competitive and market essential technologies to meet unmet 
needs and those truly skilled with successful commercialization of nanomedical 
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products are few. So, due to business re-organizations, downsizing and other growth 
issues in the large pharmaceutical and medical devices industries and the high inter-
est in nanomedical products, the ability to put together a skilled development and 
management team of able learners with reasonable experience in taking medical 
products to at least similar medical markets is possible. With good team selections, 
business risk can be effectively reduced with reasonable effort and attention that is 
focused by well-developed product planning and enhanced by learning from the 
experience of others whenever possible.  

17.7     Securing Intellectual Property and Licensing 
(IP Strategy) 

 In the commercialization of medical nanotechnology it is important to understand 
the differences between different types of intellectual property. Patenting is often 
thought of as the principal means of protecting intellectual property, however, a 
comprehensive IP strategy for a medical nanoproduct may involve patenting, pub-
lishing and trade secrets. Valkonen ( 2012 ) notes that patenting may be advantageous 
to a company intellectual property strategy in the following cases:

•    “Preventing others from utilizing the results of one’s own product development  
•   Preventing others from obtaining a patent that would be harmful to oneself  
•   Pricing one’s own products as desired by taking advantage of exclusive rights  
•   Increasing one’s own patent base, which provides for increased freedom of 

action in case of patent Frenchman disputes  
•   Obtaining concrete clearly determine material for technological cop 

cooperation  
•   Possibly obtaining license revenue without one’s own production input  
•   Promoting marketing by creating a favorable image.”    

 Patenting may sometimes be challenging because of the cost and fees for main-
tenance of a patent portfolio may be cost prohibitive for many individuals and some 
small companies even though there are usually lower fees for small businesses. 
Also, patenting results in necessary disclosures that become publically available 
within months of fi ling the application and such disclosures may be harmful if the 
nature of the invention lends itself to modifi cations and infringements that could be 
too numerous to protect by expensive patent litigation. 

 There are alternatives to patenting that still create valuable intellectual property. 
These are publications to create prior art that inhibits others from patenting and the 
creation of trade secrets and then protecting and maintaining them as business 
secrets for as long as possible.. 

 Publication has advantages when the invention is not substantially different from 
other prior art and uses from various innovations are not readily obvious. This is 
also an effective IP strategy in situations where there is little or no economic benefi t 
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and there is suffi cient freedom to operate even when there’s a potential for third- 
party use. Publication is also a means of informing about the invention in a way that 
gets attention by the community of technical users that would feel less likely to use 
or adopt or use the invention if it were patented in subject to secrecy and/or patent 
infringement penalties. It gives the freedom to proceed knowing that the invention 
cannot be claimed or patented by others because of his existence as prior art associ-
ated with inventor by publication. 

 Valkonen ( 2012 ) indicates that trade secrets are valuable when,

•    there is a chance to keep the innovation secret,  
•   the product/technology has short life cycle  
•   the innovation reveals too much know how which cannot be discovered from the 

product itself  
•   patent infringement cannot be easily discovered    

 Therefore it is very important to successful commercialization of a nano medical 
product to develop a comprehensive and effective IP strategy. There are a number 
approaches toward developing an effective IP strategy and different theories as to 
how to best protect IP under different conditions in different situations. 

 An effective patent strategy also is forward-looking toward the potential even 
likelihood of infringement. Just as there are different types of patents there are dif-
ferent forms of infringement. Successful commercialization involves having a rea-
sonable understanding of how the IP portfolio must be constructed to best prevent 
infringement. In this regard it is unfortunate to reveal that even patent examiners 
sometimes leave the government positions with substantial knowledge as to how to 
break or infringe on existing patents. So, keeping this in mind, an experienced pat-
ent attorney that has been involved in litigation can often be of substantial value in 
the development of the overall IP strategy and development of a valuable IP 
portfolio. 

 Nanotechnology patents often have unique features that make these technologies 
excellent candidates for patent fi ling however one has to remember that in emerging 
technology areas such as nanotechnology where many patents are being submitted 
each month, it may take some time complete the review process and to fi nally 
receive a patent due to the area being relatively congested and the number of gov-
ernment patent examiners limited. The objectives of patenting also may be different 
for company that simply needs to protect a marketed product as opposed to a uni-
versity or research institution that wishes to protect and invention for the purposes 
of a lucrative technology transfer or licensing opportunity to a commercial business 
entity. 

 The big pharmaceutical company business model, which has typically depended 
on the continual emergence of “blockbuster” products to generate profi ts, is clearly 
broken or is at least breaking. The availability of new small molecule drugs appears 
to be coming to an end and the cost of commercializing a new small drug by tradi-
tional means is prohibitive. Patent expiration on numerous blockbusters in recent 
years is altering the drug landscape. Pharmaceutical companies are also facing other 
challenges that necessitate looking to more effi cient development and  implementation 
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of novel R&D strategies, including those that focus on nanotechnology acquisitions 
and, in the case of medical devices, miniaturization. Clearly, there is enormous 
excitement and expectation regarding nanomedicine’s potential impact. However, 
securing valid and defensible patent and other IP protection is more critical than 
ever (Bawa  2007 ). 

 Early forecasts for nanomedicine commercialization are encouraging but there 
are numerous bottlenecks and hurdles as well. The issuance of surprisingly broad 
patents for nanomedical inventions by the US Patent and Trademark Offi ce (PTO) 
is problematic and may result in overlapping claims between competing products 
that may require litigation for resolution. Some believe that the U.S. National 
Nanotechnology Initiative’s (NNI) widely cited defi nition of nanotechnology is 
inaccurate and irrelevant from a nanomedicine patent and IP perspective and is 
cause of an inadequate patent classifi cation system that is in use by the PTO. The 
resulting chaotic patent landscape in various sectors of nanomedicine is thought to 
create uncertainty as to the validity and enforceability of numerous issued patents 
and it is claimed that the nanotechnology industry also suffers from overlapping 
patents. Changes in the PTO to fi x a problematic patent process especially in the 
case of nanotechnology patents has been recommended and it is felt that a more 
robust patent system is needed to stimulate the commercialization of nanomedicine 
products that have good market viability, improve patient quality of life and reduce 
healthcare costs (Bawa et al.  2005 ; Bawa  2007 ; Bosetti and Vereeck  2012 ). 

 The success of nanomedicine is clearly dependent upon effective protection of IP 
rights. In order to avoid disputes with the current problematic patent situation in the 
U.S., it has been recommended that inference practices and strategic patenting 
could be used where, in the case of a dispute, parties can fall back on re- examination, 
cross-licensing and patent litigation. Cross-licensing agreements have also been 
recommended as they allow parties to access technology, create synergies and 
exclude third-party competitors. Ultimately, experts indicate that solving the patent 
problems in the nanotechnology industry is a necessary step for future success 
(Bosetti and Vereeck  2012 ). 

 Patenting has been shown to be a key indicator of trends in the commercializa-
tion of nanoparticles with cancer treatment showing notable progress relative to 
other medical sectors due to the rapid development of potentially useful nanomate-
rials and new treatment strategies to be investigated (Fierro et al.  2014 ). In 2014, 
Fierro et al. showed that that polymers and proteins were the main focus of the 
innovative efforts in patented nanoparticles systems for cancer treatment. 

 Bawa ( 2008 ) made an interesting observation with regard to patent strategies that 
apply to and should be noted by small companies with nanoproducts: “Often, larger 
competitors employ frivolous lawsuits to pressure smaller companies or start-ups 
whose patents stand in their way, or which they wish to acquire. Frequently, the cost 
in executive time and corporate money for the smaller company or start-up becomes 
so onerous that it caves in to a licensing agreement. One viable strategy to avoid 
being taken over is to license the patent to the large competitor, in whose interest it 
then becomes to protect its position by protecting and defending the patent.” Bawa 
( 2008 ) suggests nine considerations and strategies that bionanotechnology  inventors 
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can follow in order to protect an invention even before a patent application is drafted 
or fi led.

    1.     Avoid an early publication or any public disclosure.  The inventor should 
refrain from publishing a description of, publicly presenting, submitting grant 
proposals for, or offering the invention for sale prior to fi ling a patent applica-
tion. Often a company releases information on a new product, or discusses details 
during negotiations prior to fi ling a patent application. All of these activities cre-
ate prior art against the inventor.”   

   2.     Consider obtaining a foreign patent.  Filing a bionanotechnology patent in a 
foreign country should be carefully considered and should largely depend upon 
commercial considerations. If there is an interest in expanding into foreign mar-
kets, then obtaining patents abroad should be seriously considered. Furthermore, 
even if the inventor does not plan to establish a market for the particular bionano-
technology invention in a foreign country, obtaining a patent there could be criti-
cal in securing licensing deals (and discouraging unlicensed copying or use by 
foreign competitors).”   

   3.     Beware of pre-grant publication of U.S. patent applications.  Today, as part of 
the application process, all U.S. patent applications are published 18 months 
from the earliest fi ling date. In effect, this implies that almost always a patent 
application, as fi led, will eventually appear in the public domain (whether or not 
it is patented) and will be available to competitors.”   

   4.     Maintain proper laboratory notebooks.  Laboratory notebooks often contain 
valuable and critical information that may not be readily apparent to a company 
or its R&D facility. Laboratory notebooks are also useful to patent practitioners 
to establish the date of an invention, especially in light of a competitor’s chal-
lenge in court as to who invented fi rst in what is known as ‘interference 
proceeding’.”   

   5.     Conduct a ‘prior art’ search and a ‘freedom-to-operate’ search.  It is highly 
recommended that a proper prior art search be conducted prior to fi ling a patent 
application. The purpose of this is to gauge the competition. This may also assist 
the inventor to design around potential prior art. Moreover, because the patent 
owner does not automatically have the right to practice his/her invention, it may 
be wise to conduct a ‘freedom-to-operate search’ of the issued bionanotechnol-
ogy patent prior to investing in and commercializing it.”   

   6.     Educate employees and researchers.  It is important that business and IP pro-
fessionals within a company educate scientists to spot potential inventions dur-
ing the R&D phase, as this may not always be apparent to them. In fact, a 
company should implement policies involving incentives where scientists are 
rewarded for reporting or submitting invention disclosures. This may be espe-
cially critical in a university setting where generating invention disclosures may 
be less of an incentive to researchers who are promoted or tenured based on their 
research grants. Scientists often overlook the fact that their inventions can be 
patented. Further, “patent awareness” may enable a researcher to pursue a 
 particular research path that has a greater likelihood of leading to a patentable 
invention.”   
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   7.     Require strong employment agreements and safeguard IP.  Companies must 
require all employees to sign agreements that clearly specify that all company 
inventions, intellectual property, and proprietary information is company prop-
erty and cannot be disclosed or exploited by any employee at any time. This 
could become critical if a former employee joins a competitor company or 
research laboratory.”   

   8.     Employ standard terminology while drafting patent applications.  The fact 
remains that bionanotechnology is an inherently diffi cult topic for discussion, in 
part due to the confusion surrounding its defi nition. Although it is well recog-
nized in patent law that a patent applicant can be his or her own lexicographer, it 
is recommended that an applicant should employ standard language in bionano-
technology patent applications whose meaning is well recognized in the pharma-
ceutical, medical, or biotechnology fi elds. Furthermore, the language should be 
precise and the use of terms consistent throughout the claims and specifi cation 
(avoid synonyms and be repetitive in the use of phrases when appropriate). This 
will prevent confusion at the patent offi ce as well as prevent possible prosecution 
delay.”   

   9.     Relative ease of obtaining ‘broad’ patents in bio-nanotechnology.  Broad pat-
ents continue to be issued by the PTO in bionanotechnology. The overburdened 
PTO faces new challenges and problems as it attempts to handle the enormous 
backlog in bio-nanotechnology applications fi led and the torrent of improperly 
reviewed patents granted.”    

  In 2007, registered nanotechnology patents worldwide included the involvement 
of 35 countries in global nanotechnology patent distribution (du Toit et al.  2007 ). 
Approximately 3000 patents were issued in the U.S. between 1996 and 2007 that 
included the term ‘nano’ in the patents, with a considerable number having applica-
tion in nanomedicine (du Toit et al.  2007 ). The number of nanotechnology patents 
worldwide has been steadily increasing, led by the United States with patents aris-
ing particularly universities and research centers (Antunes et al.  2012 ).. Patenting of 
medical nanotechnology has been a popular strategy as the increasing number of 
U.S. patents alone over the period of 2000–2015 as shown in Fig.  17.2 . Clearly 
growth in the cumulative number of patents in each of the topic areas searched 
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(Nanomedicine; Nano-Pharmaceuticals; and Nanomedical Devices) and shown in 
Fig.  17.2  is growing geometrically with no signs of slowing. Clearly, as noted above, 
the enforceability of numerous, broad, U.S. patents for medical nanotechnology 
presents a growing problem with a clear potential for those that employ strategies to 
obtain “after the fact” infringing patents and seek to profi t from the threat of litiga-
tion rather than advancing the clinical benefi ts that the original innovator hoped to 
commercialize with patent protection. The ownership of technology via a patent and 
the ability to obtain suffi cient fi nancial support to commercialize the technology can 
sometimes be quite different issues in a litigious and highly competitive, emerging 
technology fi eld. So, inventors are encouraged to learn and apply a variety of strate-
gies to protest their medical nanoproduct IP.

17.8        Valuation and Technology Transfer 

 No universal method for technology valuation exists. In fact, different methods will 
often be used within one organization to develop a multifactorial valuation of a new 
technology. Medical nanotechnology is no different except that factors relating to 
the incorporation of nanotechnology and intended medical use are considered. The 
valuation method chosen depends on the nature of technology under consideration 
and whether the valuation is relative to a technology buyer or a technology seller. In 
the end, however, what most matters is the accuracy of the estimations and assump-
tions about whether a product will be a business and clinical success, if it will be 
safe and how much users might be willing pay for it. Accurate estimation of the size 
of the potential market and the adoption rate for the product are critically important 
in technology valuation (Schmittlein and Mahajan  1982 ). 

 Successful development and commercialization of medical nanotechnology 
products hinges on effi cient and effective technology transfer and technology trad-
ing systems. This requires the existence or, if necessary, development of a technol-
ogy market or exchange for the specifi c type of medical nanoproduct that, in turn, 
requires reliable valuation methodologies. 

 Entire medical nanotechnology fi rms can also be subject to valuation for acquisi-
tions, mergers and investment. This level of valuation usually includes valuation of 
the entire IP portfolio but also may include valuation of the physical assets (equip-
ment), the experience of the personnel and even the benefi ts and risks of non- 
fi nancial factors such as the ability of key scientifi c and technical staff to create and 
capture IP, the experience and skills/knowledge of the management team. A fi rm 
should expect to rate relatively high on mean value when they have a comprehensive 
understanding of the path toward commercialization and evidence signifi cant, rele-
vant and recent experience with successful commercial development and exhibit a 
demonstrated ability to successfully manage commercialization projects and know 
the target markets and any competition well. 

 Medical nanotechnology that has demonstrated income potential may be valued 
higher than an emerging product that has not produced income.. Most nanomedical 
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product companies take some time to demonstrate an ability to produce a substantial 
income within the investment period required for valuation (typically with a few 
years of actual data) so most small and developing fi rms lack the investment history 
to be able to support the notion that they are an attractive investment or fund with 
substantial data to support any reasonable degree of confi dence.  

17.9     Funding and Financing 

 In developing a workable fi nancing strategy, a nanomedical product company must 
fi rst decide on short term milestones involved in creating a profi table company. For 
example, companies may need to complete a business plan and project plan, obtain 
funding, develop a prototype, integrate their technology with a partner’s technology 
and then defi ne the appropriate path to regulatory approval. Each step involves par-
ticular costs and by separating the total investment into smaller, discrete amounts, 
the company can approach investors with the understanding that if it meets its goals 
at each stage then additional funds will be sought. 

 Many investors will also want to understand the exit strategy for the medical 
nanoproduct as well as understand the time anticipated for an event, e.g. licensure, 
sale, market entry, that could lead to an investment return. Information that has been 
conservatively prepared to allow for this sort of force casting as well as an example 
forecast prepared by the company or innovator that is establishing a company is 
required and generally prepared in advance of any meetings with investors. 

 A comprehensive business plan that takes into account all expenses necessary to 
meet goals is important for three reasons. First, it can prevent a “fi re sale” in which 
the company must sell equity quickly (usually at a discounted price) because it must 
raise capital to meet expenses. Second, planning prevents raising more money than 
the company needs and consequently prevents unnecessary dilution to existing 
stockholders. Third, identifying costs in the planning state enables management to 
prioritize and eliminate expenses that are not essential to reaching its goals.

    (a)     Public Funding  
 Public funding for nanotechnology has been available from government sources 
in most developed countries and especially the United States, and Great Britain 
as well as a number of European Union countries (Germany, France, The 
Netherlands, Belgium and Italy in particular), Japan and China. Initially, in 
most of these countries, funding was provided to establish “centers of excel-
lence” and other early stage activities to help the countries become established 
and take leading roles in the development of new products across many sectors 
including medical nanotechnology. Today, funding is focused more on the 
development of nanotechnologies to address specifi c needs for technology 
advancement and securing new intellectual property and/or addressing specifi c 
issues of interest to the countries and their various funding sources. So, in com-
mercializing a nanomedical product with public funding, considerable effort 
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may be expected in identifying potential funding sources then writing well tar-
geted grants and/or proposals to secure funding from sources with specifi c 
interests in what appears to be an increasingly competitive funding environ-
ment. Using public funding to completely commercialize a nanomedical prod-
uct may take a long time and may not have a high degree of expectation for 
success, especially in getting into the market quickly. On the other hand, public 
funding may not require giving up equity. At some point though, private funding 
will be required to accelerate and complete commercialization.    

    (b)     Private Funding  
 There are many sources of private funding that include, angel investors, venture 
capital fi rms, banks, private and public companies, etc. All are known to have 
funded nanomedical product development efforts. These investment sources are 
typically the best for supporting commercialization efforts, especially when the 
product has developed beyond proof of concept and has well thought out mature 
development and business strategies that include realistic and conservative 
fi nancial projections that meet the requirements for the individual investors. 
Investors typically have minimum equity requirements for providing their fund-
ing that can occasionally be negotiated but only within limitations based on the 
amount of funding involved, the timing of events leading to investment returns 
and the amount of expected return. 

 Most investors and investment fi rms have a stream of opportunities that they 
are considering and don’t care to spend too much time with a potential invest-
ment that does not fi t their “sweet spot” meaning particular area of technology 
and/or market expertise and experience. Medical nanoproduct entrepreneurs do 
best with these funding opportunities when they do their homework on the 
interests and funding history of the source and are well prepared when and if 
they have their fi rst meeting.    

    (c)     Public/Private Partnerships  
 These partnerships have become a popular form of securing investment for 
commercialization, particularly with public sources that don’t want or can’t 
fi nancially support the full commercialization alone. The public funding source 
often makes a grant award based on the ability of the product innovator to be 
able to secure some specifi ed matching amount of additional funding from pri-
vate sources within a specifi ed time frame. This type of funding generally starts 
with a public funding source that promotes the early stage research and devel-
opment of technologies for medical applications selecting promising develop-
ment projects for funding.. The public funding for the project is then provided 
with specifi c, contractual, time and amount contingencies for the innovator to 
comply with at specifi ed times or milestones or otherwise lose the support. 
Some equity may be given up when this funding is provided.    

  No matter the source of funding, it is extremely important to adequately research 
funding source interests and requirements before investing time, cash on hand and 
effort in pursuit of funding. Most public funds have specifi c information and 
 submission requirements as well as are focused on specifi c areas and amounts that 
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they can typically support so matching the product commercialization needs with 
the right fund in the fi rst place as quickly as possible is prudent and can make what 
often can be a challenging endeavor at least a little less frustrating. 

 Funding characteristics for the development of medical nanotechnology already 
does have some history. 

 In 2005, Flynn et al. observed that for the development and advancement of nan-
otechnology. money was pouring into the development of nanotechnologies on a 
global level from government and corporate entities. From fi scal year 2005 to fi scal 
year 2008, the US government has authorized $3.7 billion for nanoscale science and 
engineering. In June 2004, Europe, needing to spend more to be competitive with 
the United States, authorized billions in funding and in effect said, “the race is on.” 
Thirty-eight industrialized nations of the world have biotech initiatives under way 
with varying budgets. Nanotechnology is a global business with global applications. 
Flynn and Wei ( 2005 ) and others predicted that these historic and projected increases 
in funding and market growth will continue to fuel the emerging nanotechnology 
and nanomedicine markets. 

 As of this writing in 2016, however, there are no new nanomedicine funding 
opportunities listed on the U.S. National Institutes of Health website and the most 
recent awarded funding for nanomedicine occurred in 2006 when the NIH issued a 
request for applications (RFA) to fund Nanomedicine Development Centers in addi-
tion to four that were funded in 2005. The most recent progress report from the 
Nanomedicine Center for Mechanobiology Directing the Immune Response was a 
few years ago in 2012 and it would appear that this center is no longer funded and 
in operation. A similar fate appears to have occurred for the Nanomedicine Center 
for Nucleoprotein Machines, so it would appear that NIH funding for nanomedicine 
center activities is meager to non-existent at this time. Of course there is still ongo-
ing development of NIH-funded nanomedical technology within other projects not 
specifi cally falling under the general funding topic area of “nanomedicine” The 
NIH-funded Northeastern University (NU) Center for Translational Cancer 
Nanomedicine (CTCN), for example, was established in September 2010 as part of 
Phase 2 of the National Cancer Institute’s Alliance for Nanotechnology in Cancer 
program. The CTCN is one of nine Centers of Cancer Nanotechnology Excellence 
(CCNE) across the country that was awarded a 5-year $13.5 million grant from the 
National Cancer Institute (NCI) Alliance in an open nationwide competition. With 
collaborators at Beth Israel Deaconess Hospital; Harvard Medical School; Tufts 
University, Auburn University and Nemucore Medical Innovations, Inc.the CTCN 
is also utilizing the support and facilities of the NU-based Center for High-rate 
Nanomanufacturing. 

 It would appear that in the U.S., government funding for nanomedicine has 
shifted toward addressing specifi c clinical goals rather than making “general” grants 
to establish nanomedicine oriented centers of excellence as was done in the past. 
This pattern places more emphasis on the invention and innovative development of 
working concepts and prototypes that can be directed toward providing solutions to 
problems and focusing on issues of interest to the funding entities that may be local, 
state or national, public or private. 
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 European funding for research in nanomedicine has been supported by the 
European Commission through its Framework Programmes for Research and 
Development as well as the Horizon 2020 program. In contrast to the NIH program 
in the U.S., the EU program generally funds projects rather than centers and appears 
to be viable and showing recent funding awards for projects such as “Nanotherapeutics 
for antibiotic resistant emerging bacterial pathogens,” “Tissue engineering of the 
right heart outfl ow tract by a biofunctionalized bioresorbable polymeric valved 
tube,” “Reinforced Bioresorbable Biomaterials for Therapeutic Drug Eluting Stents, 
Nanotherapeutics to Treat Antibiotic Resistant Gram-Negative Pneumonia 
Infections”, “Novel combination of biopolymers and manufacturing technologies 
for production of a peripheral nerve implant containing an internal aligned channels 
array,” and many more. 

 Nanomedicine for diagnosis and treatment of disease, as a discipline has now 
been around for decades, with the fi rst nanotherapeutic products being approved in 
the mid-1990s. Several nanomedicine centers were established during the period of 
2004–2006. Many of these centers were set up to facilitate and accelerate the speed 
of translation of the research from the laboratory to the market (Venkatraman  2014 ). 
There has been progress made in the last 15 years, and some translation efforts have 
become commercialization successes (see defi nitions of “Success” below). There 
has not been a true “blockbuster” nanopharmaceutical product yet but the opportu-
nity is clearly present as applications and potential uses of nanotechnology in medi-
cine including pharmaceutical development are growing rapidly. 

 With all this activity and interest, why does the application of nanotechnology 
take so long to become commercially viable in medical applications? In part this 
may be due to the reality of bringing up a new and emerging technology platform to 
safe and effective use as well as establishing genuine market acceptance in the 
highly regulated and competitive world of medical products versus the “hype: or in 
this case “nanohype” if you will of selling (or perhaps over selling) the promise to 
the funding entities and investment community (Vashist et al.  2012 ). 

 In addition, there is some consumer concern about the general safety of nanoma-
terials. Some nanomaterials that have been used in nanomedical products (e.g. tita-
nium dioxide nanoparticles in sunscreens and silver nanoparticles in antimicrobials) 
have generated uncertainty over the environmental consequences of the use of nano-
technology and some have uncertainty as to the occupational health impact (in han-
dling during manufacturing). These have been thought to be contributing factors to 
investor and market concerns (Venkatraman  2014 ). In addition, these concerns and 
the realization that nanomaterials have some characteristics that require somewhat 
more characterization and elaborate analysis during non-clinical safety testing that 
may lead to somewhat longer times in the pre-clinical development phase as well as 
higher overall development costs (Tinkle et al.  2014 ). 

 The scaling up of nanomedical products can also be more challenging, costly and 
time consuming than that for “traditional” medical products in the same categories 
(Venkatraman  2014 ). 

 Decisions to invest and fi nance projects with long commercialization times are 
always subject to much scrutiny and cost-to-benefi t analysis. So, it is wise to have 
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as many of these concerns (non-clinical safety, environmental and occupational 
safety, scale up, etc.) in mind when developing the nanomedical product concept 
and designing the plan for commercialization. The more these issues have been 
addressed and resolved satisfactorily and supported by actual results and real solu-
tions the less uncertainty there will be in the investment decisions. Careful consid-
eration of the cost of goods (to include intellectual property support, development 
and marketing costs) for the nanomedical product, the time to market, size of the 
market and benefi t to the market (in the fi rst year of introduction and sales projec-
tions over a conservative product life of 7–10 years) can help to move the cost-to- 
benefi t considerations in favor of support. 

 It is important to realize that, fundamentally, researchers and research institu-
tions are generally focused on publications and the creation of intellectual property 
with hopes for signifi cant fi nancial interest and support. In contrast, commercializa-
tion involves market and fi nancially focused investors that require clearly defi ned 
development paths that realistically address and complete all the steps necessary to 
commercialize with an expected minimal rate of return. It takes talented entrepre-
neurs to bring these two different but dependent interests together. 

 Successful commercialization of a nanomedical product begins with the innova-
tor and those wishing to move the product forward into the clinic. Then there are 
those who must work to identify and address potential barriers and show investors 
and funding entities a realistic and workable path toward arriving at a cost-effi cient, 
profi table product with signifi cantly improved effi cacy for the intended use.  

17.10     Regulatory Approval 

 Obtaining regulatory approval is obviously an issue and potential barrier for com-
mercialization of a nanomedical product and can be a concern for the global regula-
tory picture for review and approval of innovative nanomedical products (Wacker 
et al.  2016 ). As indicated above, while certainly a challenge, this does not necessar-
ily have to be an onerous issue. Recognizing that regulators have an important job 
to do toward protection of the public (which generally includes everyone including 
the company personnel, investors, etc. unless the company is foreign to the country 
where approval is sought). Respecting and understanding this role to include gain-
ing a familiarity with all regulations and guidances that are applicable to each pro-
posed nanoproduct is essential. There are reputable and experienced consultants and 
fi rms in most countries that maintain an up to date knowledge of these requirements 
and can provide assistance toward planning for commercialization at the earliest 
possible stage. Engaging this expertise is certainly more cost and time affective than 
attempting to “do it yourself” in most all cases. They can help avoid costly and time 
consuming issues and also will often help to negotiate cost effi cient pricing with 
other contract organizations that are needed to commercialize. 

 The U.S. FDA as well as regulators in other countries need to know if a medical 
product contains nanotechnology even if the nanotechnology is not associated with 
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the active pharmaceutical ingredient or essential to the function of a medical device 
(Hamburg  2012 ; Monica  2012 ). The FDA, for example, has issued a guidance docu-
ment that addresses and explains this need clearly entitled, “Guidance for Industry: 
Considering Whether an FDA-Regulated Product Involves the Application of 
Nanotechnology” (FDA  2014 ). So, it is wise to not let anyone, including a trade 
association or inexperienced advisor lead you to believe that not mentioning or 
“hiding” the nanotechnology in a medical product is a good strategy when seeking 
regulatory approval of a product that contains nanotechnology. The regulatory 
agency view of the company’s commitment to safety can be as important to the 
agency concern for product safety and quality of the non-clinical and clinical data 
that has been submitted for review to demonstrate product safety.  

17.11     Market Acceptance/Adoption 

 Cancer is a market of opportunity for nanotherapeutics and is the second worldwide 
cause of death, exceeded only by cardiovascular diseases (Pérez-Herrero and 
Fernández-Medarde  2015 ). Because it is characterized by uncontrolled cell prolif-
eration with an absence of cell death that typically generates an abnormal cell mass 
or tumor, there is much interest and opportunity in the development of intracellu-
larly targeted cancer therapeutics with various applications of nanotechnology. 

 Surgery and radiotherapy are the primary treatment used for local and non- 
metastatic cancers, anti-cancer drugs (chemotherapy, hormone and biological thera-
pies) are the choice currently used in metastatic cancers (Pérez-Herrero and 
Fernández-Medarde  2015 ). Chemotherapeutic targeting is typically based on inhib-
iting the division of rapidly growing cells, which is a characteristic of the cancerous 
cells, but unfortunately, this approach also affects normal, rapidly proliferating, 
cells such as the spermatocytes, oocytes, basal keratinocytes, hair follicles, bone 
marrow progenitor cells and cells lining the gastrointestinal tract thereby resulting 
in adverse effects (hair loss, diminished sperm and white blood cell count, etc.) and 
other effects associated on proliferative normal cells that are characteristic side 
effects of chemotherapy. This destruction of normal cells along with cancer cells, 
the toxicity of conventional chemotherapeutic drugs, as well as the development of 
multidrug resistance, are supporting the demand for intracellularly-targeted treat-
ments with improved effi cacy and minimal toxicity based on more selective and 
effective interaction with cellular targets and less overall systemic exposure (mg/kg 
dose). Medical nanotechnology is well positioned to advance this market and is 
showing real promise. 

 There has been an increase in FDA-approved targeted cancer drugs in recent 
years that block biologic transduction pathways and/or specifi c cancer proteins to 
induce the death of cancer cells by means of apoptosis and stimulation of the 
immune system, or specifi cally deliver chemotherapeutic agents to cancer cells, 
minimizing the undesirable side effects (Pérez-Herrero and Fernández-Medarde 
 2015 ). Intracellularly targeted, nanotechnology-enabled, therapies can include cell- 

D.W. Hobson



439

selective, alteration of cancer cell specifi c cell signaling by means of vascular 
nanoparticle uptake, monoclonal antibody binding or the action of cellular toxins or 
metabolic inhibitors. These antibodies, cytotoxic agents and metabolic inhibitors 
can be bound to, or otherwise associated with different nanoparticles and nanostruc-
tures that act as cytotoxic drug carriers or actively targeted cancer cell anti- 
proliferative agents by acting on a number of known mechanisms and/or molecular 
targets. In some cases, the cytotoxic agent is a drug active ingredient (i.e. doxorubi-
cin, taxol, etc.) that has previously received FDA approval. With high specifi city 
targeting the exposure to the cytotoxic agent is generally reduced such that the con-
cern for safety and the potential for adverse effects is diminished such that the com-
mercialization path may lessened somewhat due to the need for extensive safety 
testing typically required for new pharmaceuticals.. The safety of the nanomedical 
drug carriers does need to be confi rmed on a case by case basis, but once the safety 
of a specifi c carrier is established at a suffi ciently high exposure concentration, 
concern for the safety is diminished and the same carrier can be used as a carrier for 
other anticancer agents with less overall concern. 

 There are several clinical trials in progress to evaluate the anti-cancer effi cacy of 
polymer-protein and polymer-drug conjugates, liposomal formulations, including 
immunoliposomes, polymeric micelles and polymeric nanoparticles (Pérez-Herrero 
and Fernández-Medarde  2015 ). In contrast, there are no FDA approvals or current 
clinical trials in process with carbon nanotube or dendrimers carriers due to their 
unresolved toxicity. The interest and market potential that these types of nanomedi-
cal formulations have is evidenced by the fact that 90 % of all scientifi c papers based 
on cancer therapeutics with polymeric nanoparticles have been published since 
2009 (Pérez-Herrero and Fernández-Medarde  2015 ). 

 The impact of market acceptance/adoption on nanomedical product valuation is 
critical. How much of the product is sold or used and at what rate demand for the 
product develops after market introduction are very important factors in determin-
ing the market value of a marketed nanomedical product. However, a nanomedical 
product’s success depends not just on the number of people who try it once, but on 
the number of repeat users. This is referred to as the adoption process, in which a 
product goes from being new in the marketplace to being an established product (or, 
in some cases where a product is at the end of its lifecycle, obsolete). 

 Naturally, product adoption and market acceptance have a large effect on the 
revenue generated. In many cases, product acceptance begins slowly and the adop-
tion rate increases as clinicians and patients become aware of the product and begin 
to use it with some routine. “Early adopters” are users that are fi rst to use the prod-
uct and begin to demonstrate the product’s market and revenue potential. When the 
new nanomedical product approaches full market penetration and saturation, the 
rate of adoption and acceptance slows and it should be expected that there always 
users that are “late adopters” or that will never adopt the product. 

 At some point other, competing products that may have improved safety and/or 
effi cacy will typically enter an especially lucrative market and reduce market share 
for the initial nanomedical product. In some cases, novel or more advanced nano-
technologies emerges that result in improvements in safety and/or effi cacy that will 
replace the initial product completely. 
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 Estimating the potential market value of a product using sales projections (the 
income approach) must consider more than just the total market size, but also 
include a realistic projection of the rate at which the product will be adopted and 
whether or not the product is likely to achieve complete market saturation. With 
older products, one must always consider the likelihood of reduced acceptance that 
comes at the end of the product lifecycle and emergence of competing/improved 
products. With popular pharmaceuticals that have shown long-term safety and effi -
cacy, there is sometimes additional market potential and product life in the over the 
counter market but at this time, we are far from that point with any prescriptive 
nanomedical pharmaceutical product.  

17.12     Success 

 Just as there is no single or optimal path to success for the commercialization for all 
nanomedical technologies even in the same treatment class, there are also different 
ways in which success is measured depending upon one’s particular point of view 
and expectation. 

 Success is generally measured in terms of time to market and some degree or 
indicator of market success. Timewise, this is the time from invention to market or 
innovation to market when there is no invention but rather an innovative combina-
tion of technologies developed to a marketable product. In the case of an imitation, 
it follows that success would be measured relative to the time of creation of an 
imitation with commercial potential and its arrival in the market. 

 Clinically, market success is a guarded conclusion but is allowed when a product 
meets or exceeds its therapeutic expectations and maintains a favorable risk to ben-
efi t ratio throughout the patient population over its product lifecycle. 

 From a business perspective, success is usually measured with respect to whether 
a product enters the market when expected or before and meets or exceeds its net 
profi t expectations thereby resulting in the greatest returns to the company and 
investors. 

 So, great success may be viewed differently from different points of view. 
Clinically as entering the market with effi ciency of a minimal time frame and then 
exceeding clinical expectations, or businesswise as getting to market in less time 
than anticipated and exceeding net profi t expectations giving investors more return 
than anticipated. Taking these views together, it is clear that, ideally, a completely 
successful product would be one that enters the market with effi ciency in minimal 
time, quickly exceeds clinical expectations and then, having a high level of market 
acceptance, produces much greater net profi t than anticipated. This would be the 
very best outcome a successful nanomedical commercialization program could 
expect and there is no nanomedical product to date that has yet achieved this, but 
with so much opportunity, this is certain to occur soon and savvy investors are cau-
tiously aware of this… 
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 Therefore, when initiating a commercialization process, it should always be 
assumed that it will be a “journey” with unexpected events, iterative learning, con-
tinuous improvement and adjusted planning as small successes and setbacks may 
occur along the way. While, on rare occasion, a charismatic individual seemingly 
may “will” a product to market success, know without question that behind the 
scenes (even if there is little or no recognition by the charismatic leadership) that 
there were a lot of activities in process involving talented individuals that were 
absolutely necessary to make the “dream come true..” Thomas A. Edison, the 
famous inventor, is quoted as having said (c. 1903) “genius is one percent inspira-
tion and ninety-nine percent perspiration” and was known to work himself and his 
laboratory employees very long and hard, but they also invented many now every-
day items and successfully commercialized many of inventions (Rosanoff  1932 ). 
In his statement, Edison was referring what some saw as his seeming “at will” 
ability to produce many useful new inventions, but in reality there was a lot of 
behind the scenes effort involved and the same will always be true for any success-
ful commercialization of a medical product (nanomedical or otherwise). This 
might look “easy” or “at will” from the outsider perspective but hard work is 
involved in most every commercial success and should always be expected and 
planned for as well as making sure to appropriately reward those that contributed 
to the success.  

17.13     Lessons Learned 

 There are important lessons to be learned working with, observing and/or studying 
several companies that achieved success with their medical product commercializa-
tion programs (nanomedical or otherwise) but were savvy enough to recognize early 
enough in the program when to make a change that proved critical to their overall 
success, including a temporary or permanent work stoppage as necessary. 

 Venditto and Szoka ( 2013 ). review and describe the diffi cult and challenging 
commercialization path for clinical development of nanoparticle-based drugs. They 
identify that “inventors create the technology necessary for drug development 
including cell targeting markers, protein engineering technology, drug discovery, 
etc. Then innovators remix the invented technology into a drug formulation and 
navigate the approval process. Lastly, imitators exploit the technology of the newly 
approved drug to ride the wave of success that preceded them.” In nanomedicine, it 
can readily be seen that invention, innovation and imitation is operating continu-
ously to arrive at new project and product concepts to be funded and attempt to take 
to market. This has been applied to the commercialization steps noted in this article 
in an attempt to provide as complete a picture of the process as possible. 

17 The Commercialization of Medical Nanotechnology for Medical Applications



442

 Other lessons learned in the commercialization of nanomedical products include 
the following:

•     Strategically defi ne and develop product opportunities : Strategic development of 
the commercialization plan is always better than leaving things to chance and 
working more “opportunistically.” All strategically-planned commercialization 
programs, of course, have opportunistic decisions to make but these should be 
done within a well-developed commercialization strategy.  

•    Take time to understand the target market as well as the risks and benefi ts of the 
commercialization opportunity:  This means that one must carefully evaluate 
your product opportunity against the anticipated market against its ability to be 
disruptive to current and emerging products as well as attempt to identify and 
defi ne any potential risks against conservative estimates of benefi t.  

•    Successful leaders of commercialization programs are not born : Experience and 
knowledge count as does the ability to learn continuously from one’s own mis-
takes and those of others. Even talented fi rst time entrepreneurs must continu-
ously develop their knowledge and test their skills while learning quickly from 
experience. When selecting executive offi cers for a commercialization opportu-
nity or emerging company, this should always be in mind.  

•    Leadership by Example : The best commercialization programs generally have 
leadership that leads by example and not intimidation or an atmosphere of servi-
tude. In these programs, everyone involved is engaged, prepared and motivated 
to identify and solve problems as they occur and not wait and see if someone else 
will do the work. The upper management is clearly observed “walking their talk” 
and are prepared to clean fl oors and take out the trash should it become necessary 
to the success of the project and business.  

•    Always think safety : It can never be too early to start thinking realistically and 
constructively about the potential for any risks to humans or the environment 
from not only the medical use of the product but also during the product lifecycle 
that includes manufacturing, distribution and disposal as well. Failing to recog-
nize and incorporate safety early in the commercialization plan can result in 
funding delays, loss of the opportunity and possibly even catastrophic 
consequences.  

•    There is no “easy” button : Commercialization of a any product and most espe-
cially an emerging technology based nanomedical product is never easy but 
those who recognize and accept the challenges then plan strategically are best 
positioned to experience the satisfaction and benefi ts of seeing a new, safe and 
effective product enter the medical marketplace.  

•    Understand, monitor and carefully manage fi nancial “burn rate” and conserva-
tively established “fl ameout date”:  Successful commercialization programs 
know their fi nances and have leaders that continuously work to get the most 
effi ciency both in funds and time to market in their planning.  

•    Know who to market the emerging product to and who to avoid : The nanomedi-
cal product market is hot, especially for products directed toward an unmet need 
or may be disruptive in improving the safety and/or effi cacy of products cur-
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rently offered in a current lucrative market. Investors and companies wishing to 
acquire new products to market have their own interests in mind which likely do 
not have the needs of an emerging company at the forefront. When fundraising, 
licensing and selling a new nanomedical product it is always important and never 
unnecessary to carefully protect intellectual property at all levels and during each 
step of the commercialization activity. Also, be aware that many if not most gov-
ernment regulatory offi cials do not take kindly to being marketed as to the busi-
ness opportunity or comparative cost merits of products under consideration for 
approval. Doing this not only wastes time but also sets the wrong tone for what 
must be objective evaluations of risk and clinical benefi t of the nanomedical 
product.     

17.14     Future of Medical Nanotechnology Commercialization 

 Molecular manufacturing and nanoproduct assembly on a commercial scale has 
long been a prime concern for the future advancement of medical nanotechnology 
(Merkle  1999 ). Wonderful medical advances are anticipated from the medical nano-
technology fi eld and steady progress is occurring while enabling technologies 
emerge and advance as well as international regulatory frameworks with which to 
effectively evaluate risks and benefi ts of products submitted for approval and regis-
tration. The potential ability to attack illness and repair injury at the molecular level 
is already here at the discovery level (Ma et al.  2016 ; Santoso and Yang  2016 ; Liu 
et al.  2015 ). Further development toward commercialization of these new genera-
tion medical products will take time and funding but we hold to the dream that, 
through managing these opportunities to success, one day soon, cancer, diabetes 
and antibiotic resistant infections as well as neurodegenerative and cardiovascular 
disease will be treatable and perhaps even cured. Until then, we must work dili-
gently and effectively at all levels and dimensions of medical nanotechnology com-
mercialization to invent, innovate and develop the opportunities that will make this 
dream become practical reality.  

17.15     Summary 

 Nanotechnology has been for more than two decades and will continue into the 
foreseeable future to be a broad, expanding and major enabling technology platform 
for a variety of evolutionary and revolutionary changes in medicine. The fi eld of 
“nanomedicine” is no longer in its infancy and is becoming established and posi-
tioned to produce many commercial products. The impact of nanotechnology on 
drug delivery has already helped to improve the effi cacy of commercially-available 
therapeutics and has extended the commercial life of older pharmaceuticals as well 
as has enabled entirely new therapeutics. In tissue engineering, nanotechnology has 
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also supported new approaches that could facilitate reconstruction of complex tis-
sue architectures and three-dimensional tissue and organ constructions that in future 
may make organ donation less of a problem. Nanomedicine arrived and the future 
looks bright for many decades to come with continually growing families and types 
of innovative nanoscale materials and nanotechnology-enabled combinatorial tech-
nologies. With the successful commercialization of nanomedical products, it seems 
very clear that the new fi eld of nanomedicine will not only improve and signifi -
cantly advance conventional therapies, but will also serve as a bridge to future thera-
peutics that will be revolutionary, amazing and quite profi table.     
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