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  Pref ace   

 Advances in drug delivery strategies have been phenomenal throughout the past few 
decades. The discovery of new drugs has been keenly matched by developments to 
ensure their effective delivery. Often, drugs considered hopeless have been revived 
through the design of drug delivery systems. Optimizing drug dosage regimens 
based on understanding the disease condition, developing patient-friendly systems 
to address compliance and other innovative approaches is the order of the day. 
Nevertheless the same has been challenged arduously by the development of resis-
tance, particularly in cancer and infectious diseases. The threat today is the develop-
ment of not just multidrug resistance but total drug resistance, which could spell 
impending doom. 

 Targeted drug delivery presents an optimal strategy to tackle such challenges. 
From ensuring high drug localization at the sites of action, and hence improved 
therapy, to limiting drug toxicity in other organs, targeted drug delivery presents a 
host of opportunities to revolutionize medicine. Such delivery relies heavily on 
nano drug delivery systems and presents manifold opportunities. Nevertheless, tar-
geted drug delivery using nanosystems is fraught with numerous challenges. 

 The objective of this book is to serve as a complete reference guide for targeted 
drug delivery and as a ready reference for all aspects related to the theme. The book 
has been structured into eight sections to address the need of beginners and estab-
lished researchers. Part I is an overview of the basic principles of drug targeting and 
possible applications therein. Part II covers the important subject of disease-based 
targeting with a focus on cancer and infectious diseases. Part III and IV discuss in 
sequence-relevant aspects related to organ-based and organelle-based targeting. 

 Physicochemical approaches exploited for targeting are elucidated in Part V. This 
includes different stimuli-responsive approaches including magnetic, thermal, and 
pH-dependent strategies. Prodrug-based conjugates and conjugates with polymers 
and lipids are also highlighted in the same section. Carrier-based approaches follow 
in Part VI. This part details applications of various types of nanocarriers in targeted 
drug delivery such as functionalized lipidic carriers, inorganic nanocarriers, and 
carbon nanotubes, to name a few. A study of nanocarriers in targeted delivery is 
incomplete without characterization techniques, addressed in Part VII. The major 
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challenges in the commercial success of targeted delivery systems are the regulatory 
hurdles and the toxicity-related issues. This is discussed in the last part of the book, 
Part VIII. 

 The book is the amalgamation of the experience and expertise of all the contribu-
tors in the fi eld of targeted drug delivery. It is an exhaustive compilation of the 
multi-faceted arena of targeted drug delivery, ranging from conceptualization to 
product development and design and also to aspects of commercialization. Young 
researchers who plan to initiate research in this important fi eld would fi nd this book 
extremely relevant and handy. The book would also cater to the needs of advanced 
researchers in the fi eld. 

 The editors also take the opportunity to express their gratitude to all the contribu-
tors for their support. Special thanks are due to Prof. Michael J. Rathbone. Editors 
are thankful for the valuable assistance received from Dr. (Ms) Anisha D’Souza, 
Mr. Ashish Kumar Agrawal, and Mr. Kaushik Thanki. 

 Finally, we wish to conclude by saying that this has been a true learning 
experience.  

  Mumbai, India     Padma     V.     Devarajan   
 Mohali, India      Sanyog     Jain    

Preface



vii

  Contents 

   Part I Targeted Drug Delivery: Basic Concepts and Advances   

    1     Targeted Drug Delivery Systems: Strategies and Challenges .............  3   
    Bhushan   S.   Pattni     and     Vladimir   P.   Torchilin     

   Part II Disease-Based Targeting   

    2     Recent Advances in Tumor Targeting Approaches ..............................  41   
    Kaushik   Thanki,         Varun   Kushwah,     and     Sanyog   Jain    

     3     Infectious Diseases: Need for Targeted Drug Delivery ........................  113   
    Padma   V.   Devarajan,         Shilpa   M.   Dawre,     and     Rinku   Dutta     

   Part III Organ-Based Targeting   

    4     Image-Guided Delivery of Therapeutics to the Brain .........................  151   
    Lipa   Shah,         Arun   K.   Iyer,         Meghna   Talekar,     and     Mansoor   M.   Amiji    

     5     Inhalation Therapy for Pulmonary Tuberculosis ................................  179   
    Keiji   Hirota,         Keishiro   Tomoda,         Kimiko   Makino,     and     Hiroshi   Terada    

     6     Hepatic Targeting: Physiological Basis and Design Strategy ..............  197   
    Anisha   A.   D’Souza,         Vishvesh   M.   Joshi,     and     Padma   V.   Devarajan     

   Part IV Cell- and Cell Organelle–Based Targeting   

    7     Targeted Drug Delivery to the Mitochondria .......................................  241   
    Udita   Agrawal,         Rajeev   Sharma,     and     Suresh   P.   Vyas    

     8     Targeted Delivery of Nucleic Acid Therapeutics 
via Nonviral Vectors ................................................................................  271   
    Mamta   Kapoor     and     Diane   J.   Burgess    



viii

     9     Mucosal Vaccine Delivery and M Cell Targeting .................................  313   
    Prem N. Gupta       

   Part V Physicochemical Approaches for Targeting   

    10     Stimuli Responsive Carriers: Magnetically, Thermally 
and pH Assisted Drug Delivery..............................................................  341   
    Eameema   Muntimadugu,         Anjali   Jain,     and     Wahid   Khan    

     11     Prodrug Conjugate Strategies in Targeted Anticancer 
Drug Delivery Systems............................................................................  367   
    Shashwat   Banerjee,         Kiran   Todkar,         Govind   Chate,     
and     Jayant   Khandare    

     12     Polymer–Drug Conjugates for Targeted Drug Delivery ......................  389   
    Anjan   Kumar   Mohanty,         Fahima   Dilnawaz,         Guru   Prasad   Mohanta,     
and     Sanjeeb   Kumar   Sahoo     

   Part VI Carrier-Based Approaches for Targeted Drug Delivery   

    13     Functionalized Lipid Particulates in Targeted Drug Delivery ............  411   
    Mangal   S.   Nagarsenker,         Ankitkumar   S.   Jain,     and     Sanket   M.   Shah    

     14     Nanoemulsion in Drug Targeting ..........................................................  433   
    Sushama   Talegaonkar     and     Lalit   Mohan   Negi    

     15     Multifunctional Polymeric Nano-Carriers 
in Targeted Drug Delivery ......................................................................  461   
    Ashish   Kumar   Agrawal,         Dileep   Urimi,     and     Sanyog   Jain    

     16     Polymeric Micelles in Targeted Drug Delivery .....................................  501   
    Rayasa   S.   Ramachandra   Murthy    

     17     Dendritic Polymers in Targeted Drug Delivery ....................................  543   
    Sumati   Bhatia     and     Rainer   Haag    

     18     Inorganic Nanoparticles in Targeted Drug Delivery 
and Imaging .............................................................................................  571   
    Hélder   A.   Santos,         Luis   M.   Bimbo,         Leena   Peltonen,     
and     Jouni   Hirvonen    

     19     Carbon-Based Nanomaterials for Targeted Drug Delivery 
and Imaging .............................................................................................  615   
    Vivek   S.   Thakare,         D’Arcy   Prendergast,         Giorgia   Pastorin,     
and     Sanyog   Jain     

Contents



ix

   Part VII Advanced Characterization Techniques for Nanocarriers   

    20     Physical and Biophysical Characteristics of Nanoparticles: 
Potential Impact on Targeted Drug Delivery .......................................  649   
    Chiranjeevi   Peetla     and     Vinod   Labhasetwar    

     21     In Vivo Imaging Techniques of the Nanocarriers 
Used for Targeted Drug Delivery ...........................................................  667   
    Sudha   Rana,         Amit   Tyagi,         Nabo   Kumar   Chaudhury,     
and     Rakesh   Kumar   Sharma     

   Part VIII Nanotoxicology and Regulatory Issues   

    22     Evaluation of Lung Toxicity of Biodegradable Nanoparticles ............  689   
    Nadège   Grabowski,         Hervé   Hillaireau,         Juliette   Vergnaud,     
and     Elias   Fattal    

     23     Nanotoxicology: Contemporary Issues and Future Directions ...........  733   
    Chandraiah   Godugu,         Raman Preet   Singh,     and     Ramarao   Poduri     

   Index .................................................................................................................  783    

Contents



   



xi

  List of Contributors 

     Ashish     Kumar     Agrawal       Centre for Pharmaceutical Nanotechnology, Department 
of Pharmaceutics ,  National Institute of Pharmaceutical Education and Research 
(NIPER)  ,  Mohali ,  Punjab ,  India     

      Udita     Agrawal       Drug Delivery Research Laboratory, Department of Pharmaceutical 
Sciences ,  Dr. H.S. Gour Vishwavidyalaya  ,  Sagar ,  Madhya Pradesh ,  India     

      Mansoor     M.     Amiji       Department of Pharmaceutical Sciences, School of Pharmacy , 
 Northeastern University  ,  Boston ,  MA ,  USA     

      Shashwat     Banerjee       Actorius Innovations and Research (AIR)  ,  Pune ,  India     

      Sumati     Bhatia       Institut für Chemie und Biochemie ,  Freie Universität Berlin  , 
 Berlin ,  Germany     

      Luis     M.     Bimbo       Division of Pharmaceutical Technology ,  University of Helsinki  , 
 Helsinki ,  Finland     

      Diane     J.     Burgess       School of Pharmacy ,  University of Connecticut  ,  Storrs ,  CT ,  USA     

      Govind     Chate       Maharashtra Institute of Pharmacy, MIT Campus  ,  Pune ,  India     

      Nabo     Kumar     Chaudhury       Division of Radiation Biosciences ,  Institute of Nuclear 
Medicine and Allied Sciences  ,  New Delhi ,  India     

      Anisha     A.     D’Souza       Department of Pharmaceutical Sciences and Technology , 
 Institute of Chemical Technology (Elite status), Deemed University  ,  Mumbai ,  India     

      Shilpa     M.     Dawre       Department of Pharmaceutical Sciences and Technology , 
 Institute of Chemical Technology (Elite status), Deemed University  ,  Mumbai ,  India     

      Padma     V.     Devarajan       Department of Pharmaceutical Sciences and Technology , 
 Institute of Chemical Technology  ,  Mumbai ,  India     

      Fahima     Dilnawaz       Laboratory of Nanomedicine ,  Institute of Life Sciences  , 
 Chandrasekharpur ,  Odisha ,  India     



xii

      Rinku     Dutta       Department of Pharmaceutical Sciences and Technology ,  Institute of 
Chemical Technology (Elite status), Deemed University  ,  Mumbai ,  India     

      Elias     Fattal       Faculty of Pharmacy, Institut Galien ,  University of Paris-Sud  , 
 Châtenay-Malabry ,  France     

      Chandraiah     Godugu       National Institute of Pharmaceutical Education and Research 
(NIPER)  ,  Hyderabad ,  Andhra Pradesh ,  India     

      Nadège     Grabowski       Faculty of Pharmacy, Institut Galien Paris-Sud ,  University of 
Paris- Sud    ,  Châtenay-Malabry ,  France     

      Prem     N.     Gupta       Formulation and Drug Delivery Division ,  CSIR-Indian Institute of 
Integrative Medicine  ,  Jammu ,  India     

      Rainer     Haag       Institut für Chemie und Biochemie ,  Freie Universität Berlin  ,  Berlin , 
 Germany     

      Hervé     Hillaireau       Faculty of Pharmacy, Institut Galien Paris-Sud ,  University of 
Paris- Sud    ,  Châtenay-Malabry ,  France     

         Keiji     Hirota       Center for Drug Delivery Research, Faculty of Pharmaceutical 
Sciences, and Japan Center for Physical Pharmaceutics, Research Institute for 
Science and Technology ,  Tokyo University of Science  ,  Noda ,  Chiba ,  Japan     

      Jouni     Hirvonen       Division of Pharmaceutical Technology ,  University of Helsinki  , 
 Helsinki ,  Finland     

      Arun     K.     Iyer       Department of Pharmaceutical Sciences, Applebaum College of 
Pharmacy of Pharmacy ,  Wayne State University  ,  Detroit ,  MI     

      Anjali     Jain       Department of Pharmaceutics ,  National Institute of Pharmaceutical 
Education and Research (NIPER)  ,  Hyderabad ,  India     

      Sanyog     Jain       Centre for Pharmaceutical Nanotechnology, Department of 
Pharmaceutics ,  National Institute of Pharmaceutical Education and Research 
(NIPER)  ,  Mohali ,  Punjab ,  India     

      Ankitkumar     S.     Jain       Department of Pharmaceutics ,  Bombay College of Pharmacy  , 
 Mumbai ,  India     

      Vishvesh     M.     Joshi       Department of Pharmaceutical Sciences and Technology , 
 Institute of Chemical Technology (Elite status), Deemed University  ,  Mumbai ,  India     

      Mamta     Kapoor       Department of Pharmaceutics ,  University of Minnesota  , 
 Minneapolis ,  MN ,  USA     

      Wahid     Khan       Department of Pharmaceutics ,  National Institute of Pharmaceutical 
Education and Research (NIPER)  ,  Hyderabad ,  India     

      Jayant     Khandare       Maharashtra Institute of Pharmacy, MIT Campus  ,  Pune ,  India     

List of Contributors



xiii

      Varun     Kushwah       Centre for Pharmaceutical Nanotechnology, Department of 
Pharmaceutics ,  National Institute of Pharmaceutical Education and Research 
(NIPER)  ,  Mohali ,  Punjab ,  India     

      Vinod     Labhasetwar       Department of Biomedical Engineering, Lerner Research 
Institute and Taussig Cancer Institute ,  Cleveland Clinic  ,  Cleveland ,  OH ,  USA     

      Kimiko     Makino       Center for Drug Delivery Research, Faculty of Pharmaceutical 
Sciences, and Japan Center for Physical Pharmaceutics, Research Institute for 
Science and Technology ,  Tokyo University of Science  ,  Noda ,  Chiba ,  Japan     

      Guru     Prasad     Mohanta       Department of Pharmacy ,  Annamalai University  , 
 Annamalai Nagar ,  Tamil Nadu ,  India     

      Anjan     Kumar     Mohanty       Department of Pharmacy ,  Annamalai University  , 
 Annamalai Nagar ,  Tamil Nadu ,  India     

      Eameema     Muntimadugu       Department of Pharmaceutics ,  National Institute of 
Pharmaceutical Education and Research (NIPER)  ,  Hyderabad ,  India     

      Rayasa     S.     Ramachandra     Murthy       Faculty of Technology and Engineering , 
 The Maharaja Sayajirao University of Baroda  ,  Vadodara ,  Gujarat ,  India

Sumukha Green Ville, Sarvabhauma Nagara, Bilekahalli, Bangalore, India     

      Mangal     S.     Nagarsenker       Department of Pharmaceutics ,  Bombay College of 
Pharmacy  ,  Mumbai ,  India     

      Lalit     Mohan     Negi       Department of Pharmaceutics ,  Jamia Hamdard  ,  New Delhi ,  India     

      Giorgia     Pastorin       Department of Pharmacy ,  National University of Singapore  , 
 Singapore ,  Singapore     

      Bhushan     S.     Pattni       Department of Pharmaceutical Sciences, Center for 
Pharmaceutical Biotechnology and Nanomedicine ,  Northeastern University  , 
 Boston ,  MA ,  USA     

      Chiranjeevi     Peetla       Department of Biomedical Engineering, Lerner Research 
Institute ,  Cleveland Clinic  ,  Cleveland ,  OH ,  USA     

      Leena     Peltonen       Division of Pharmaceutical Technology ,  University of Helsinki  , 
 Helsinki ,  Finland     

      Ramarao     Poduri       Centre for Chemical and Pharmaceutical Sciences ,  Central 
University of Punjab  ,  Bathinda ,  Punjab ,  India     

      D’Arcy     Prendergast       Department of Pharmacy ,  National University of Singapore  , 
 Singapore ,  Singapore     

      Sudha     Rana       Division of CBRN Defence ,  Institute of Nuclear Medicine and Allied 
Sciences  ,  New Delhi ,  India     

List of Contributors



xiv

      Sanjeeb     Kumar     Sahoo       Laboratory of Nanomedicine ,  Institute of Life Sciences  , 
 Chandrasekharpur ,  Odisha ,  India     

      Hélder     A.     Santos       Division of Pharmaceutical Technology ,  University of Helsinki  , 
 Helsinki ,  Finland     

      Sanket     M.     Shah       Department of Pharmaceutics ,  Bombay College of Pharmacy  , 
 Mumbai ,  India     

      Lipa     Shah       Department of Pharmaceutical Sciences, School of Pharmacy , 
 Northeastern University  ,  Boston ,  MA ,  USA     

      Rakesh     Kumar     Sharma       Division of CBRN Defence ,  Institute of Nuclear 
Medicine and Allied Sciences  ,  New Delhi ,  India     

      Rajeev     Sharma       Drug Delivery Research Laboratory, Department of Pharmaceutical 
Sciences ,  Dr. H.S. Gour Vishwavidyalaya  ,  Sagar ,  Madhya Pradesh ,  India     

      Raman Preet     Singh       Evaluserve SEZ (Gurgaon) Pvt. Ltd.  ,    Gurgaon ,  India     

      Sushama     Talegaonkar       Department of Pharmaceutics ,  Jamia Hamdard  ,  New 
Delhi ,  India     

      Meghna     Talekar       Department of Pharmaceutical Sciences, School of Pharmacy , 
 Northeastern University  ,  Boston ,  MA ,  USA     

      Hiroshi     Terada       Center for Drug Delivery Research, Faculty of Pharmaceutical 
Sciences, and Japan Center for Physical Pharmaceutics, Research Institute for 
Science and Technology ,  Tokyo University of Science  ,  Noda ,  Chiba ,  Japan   

  Niigata University of Pharmacy and Applied Life Sciences  ,  Niigata City ,  Japan     

      Vivek     S.     Thakare       Centre for Pharmaceutical Nanotechnology, Department of 
Pharmaceutics ,  National Institute of Pharmaceutical Education and Research 
(NIPER)  ,  Mohali ,  Punjab ,  India     

      Kaushik     Thanki       Centre for Pharmaceutical Nanotechnology, Department of 
Pharmaceutics ,  National Institute of Pharmaceutical Education and Research 
(NIPER)  ,  Mohali ,  Punjab ,  India     

      Kiran     Todkar       Actorius Innovations and Research (AIR)  ,  Pune ,  India     

      Keishiro     Tomoda       Center for Drug Delivery Research, Faculty of Pharmaceutical 
Sciences, and Japan Center for Physical Pharmaceutics, Research Institute for 
Science and Technology ,  Tokyo University of Science  ,  Noda ,  Chiba ,  Japan     

      Vladimir     P.     Torchilin       Department of Pharmaceutical Sciences, Center for 
Pharmaceutical Biotechnology and Nanomedicine ,  Northeastern University  , 
 Boston ,  MA ,  USA     

      Amit     Tyagi       Division of Nuclear Medicine ,  Institute of Nuclear Medicine and 
Allied Sciences  ,  New Delhi ,  India     

List of Contributors



xv

      Dileep     Urimi       Centre for Pharmaceutical Nanotechnology, Department of 
Pharmaceutics ,  National Institute of Pharmaceutical Education and Research 
(NIPER)  ,  Mohali ,  Punjab ,  India     

      Juliette     Vergnaud       Faculty of Pharmacy, Institut Galien Paris-Sud ,  University of 
Paris- Sud    ,  Châtenay-Malabry ,  France     

      Suresh     P.     Vyas       Drug Delivery Research Laboratory, Department of Pharmaceutical 
Sciences ,  Dr. H.S. Gour Vishwavidyalaya  ,  Sagar ,  Madhya Pradesh ,  India         

List of Contributors



   



xvii

About the Editors 

       Prof. Padma     V.     Devarajan       is Professor in Pharmacy and Head of the Department 
of Pharmaceutical Sciences and Technology at the Institute of Chemical Technology 
(ICT), Mumbai, India. She obtained her PhD (Tech) in Pharmaceutics from the 
Department of Chemical Technology, University of Mumbai, India. Her research 
interests include nanocarriers for targeted delivery in cancer and infectious diseases, 
scale-up of nano drug delivery systems (DDS), bioenhancement strategies, and 
mucosal DDS as alternatives to parenteral administration for protein and nucleic 
acid delivery. Prof. Devarajan has supervised more than 100 master’s and doctoral 
candidates. Her research is funded by the Government of India and the national and 
international pharmaceutical industry. She is an author of several book chapters and 
has publications in peer-reviewed high-impact journals. She has a number of granted 
patents, with four licensed to the industry. Prof. Devarajan has served as board 
member, member on the Board of Scientifi c Advisors, and Chair of the Young 
Scientist Mentor Protégé Sub-committee of the Controlled Release Society. She is 
a recipient of the American Association of Indian Pharmaceutical Scientists 
(AAiPS) Distinguished Educator and Researcher Award, the VASVIK award for 
Industrial Research to Women, and the Association of Pharmaceutical Teachers of 
India–C.J. Shishoo Award for Research in Pharmaceutical Sciences, and she is a 
nominated Fellow of the Maharashtra Academy of Sciences, India.    

          Dr. Sanyog     Jain       is currently Associate Professor at the Centre for Pharmaceutical 
Nanotechnology, Department of Pharmaceutics, National Institute of Pharmaceutical 
Education and Research (NIPER), Mohali (Punjab), India. He obtained his Ph.D. in 
Pharmaceutics from Dr. Hari Singh Gour University, Sagar (MP), India. His key 
research interests include exploring nano drug delivery systems for various biomedi-
cal applications including targeted anticancer drug delivery, oral delivery of vac-
cines, peptides and therapeutics, topical and transdermal drug delivery, gene delivery, 
and carbon nanotubes. He has patented several nanotechnology-based drug delivery 
platforms and licensed Tamoxifen-SEDDS Technology for improved breast cancer 
therapy to industry for commercialization. He has authored several book chapters 



xviii

and published research papers in high-impact journals. Dr. Jain has won several pres-
tigious awards including Bharat Jyoti (The Glory of India) Award, Alkyl Amine 
Young Scientist Award, Indian National Science Academy (INSA) Medal for Young 
Scientists, OPPI Young Scientist Award, and Punjab State Young Scientist Award for 
outstanding research in the fi eld of drug delivery systems. He has supervised more 
than 50 master’s and doctoral students and a post doc. His research is well funded by 
various government agencies and pharmaceutical industries. Jain is a widely trav-
elled scientist and has delivered invited talks at numerous prestigious platforms.      

About the Editors



   Part I 
   Targeted Drug Delivery: Basic 

Concepts and Advances        



3© Controlled Release Society 2015
P.V. Devarajan, S. Jain (eds.), Targeted Drug Delivery: Concepts and Design, 
Advances in Delivery Science and Technology, DOI 10.1007/978-3-319-11355-5_1

    Chapter 1   
 Targeted Drug Delivery Systems: 
Strategies and Challenges 

             Bhushan     S.     Pattni      and     Vladimir     P.     Torchilin    

       Abbreviations 

  DDS    Drug delivery system   
  TDDS    Targeted drug delivery system   
  HIV    Human immunodefi ciency virus   
  AIDS    Acquired immunodefi ciency syndrome   
  BBB    Blood–brain barrier   
  RES    Reticuloendothelial system   
  PEG    Poly(ethylene) glycol   
  MNP    Magnetic nanoparticles   
  SPION    Superparamagnetic iron oxide nanoparticles   
  ADEPT    Antibody-directed enzyme prodrug therapy   
  GDEPT    Gene-directed enzyme prodrug therapy   
  DNA    Deoxyribonucleic acid   
  RNA    Ribonucleic acid   
  HSV    Herpes simplex virus   
  EPR    Enhanced permeability and retention   
  SLN    Solid lipid nanoparticle   
  FDA    Food and Drug Administration   
  siRNA    Small inhibiting RNA   
  RNAi    RNA interference   
  TNF-α    Tumor necrosis factor alpha   
  WHO    World Health Organization   

        B.  S.   Pattni      •    V.  P.   Torchilin      (*) 
     Department of Pharmaceutical Sciences, Center for Pharmaceutical Biotechnology 
and Nanomedicine ,  Northeastern University ,   140 The Fenway, Room 211/214, 
360 Huntington Avenue ,  Boston ,  MA   02115 ,  USA   
 e-mail: bhushanpharma@gmail.com; v.torchilin@neu.edu  
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  TB    Tuberculosis   
  MSNP    Mesoporous silica nanoparticles   
  PEI    Polyethyleneimine   
  CNS    Central nervous system   
  RBC    Red blood cells   
  PLA    Poly ( D , L -lactide)   
  HAART    Highly active antiretroviral therapy   
  MDR    Multidrug resistance   
  AZT    Azidothymidine   
  BCSFB    Blood–cerebrospinal fl uid barrier   
  CMT    Carrier-mediated transport   
  RME    Receptor-mediated endocytosis   
  AME    Absorptive-mediated endocytosis   
  APO E    Apolipoprotein E   
  LDL    Low density lipoprotein   
  CSSS    Cyanoacrylate skin surface stripping   
  PLGA    Poly ( DL -lactide-co-glycolide)   
  BRB    Blood–retinal barrier   
  RPE    Retinal pigmented epithelium   
  P-gp    P-glycoprotein   
  PepT    Peptide transporters   
  IBD    Infl ammatory bowel diseases   
  IBS    Irritable bowel syndrome   
  CDDS    Colon targeted drug delivery systems   
  GIT    Gastrointestinal tract   
  RISC    RNA-induced silencing complex   
  CPPs    Cell penetrating peptides   

1.1           Introduction 

 In this complex and ever-evolving world of medicine it has become increasingly 
important to address the issues of the drug development involving the delivery of 
specifi c drugs to their site of action in therapeutically acceptable doses. With the 
advancement of the pharmaceutical sciences, the industry has certainly observed dis-
covery of several new drug molecules ranging from small molecule drugs to macro-
molecules like proteins and peptides; but the ultimate goal of achieving disease- free 
conditions in the patients is often left hanging due to several hurdles relating to phys-
icochemical and molecular intricacies of the “free” drugs and unapproachability and 
under-dosing of most of the biological/pathological targets. To improve on these situ-
ations drug delivery systems (DDS) are employed which could either be a formula-
tion or a device that facilitate the administration of a drug to the body whilst 
improving its pharmacokinetic and biodistribution profi les and the effi cacy and 
safety of the whole treatment. Targeting the drugs (and DDS) involves the improve-
ment of the specifi city of the system towards the pharmacologically relevant target in 

B.S. Pattni and V.P. Torchilin
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the body. Targeted drug delivery systems (TDDS)    involve the administration of the 
DDS to the patient, delivery of the DDS at the target (pathological) site, release of the 
active ingredients in/around the target, and avoiding nonspecifi c toxicity in normal 
cells. The above concept of targeted drugs— magic bullet  —was fi rst conceived 
by Paul Ehrlich in early twentieth century and over the past decades several strategies 
have developed to achieve targeting [ 1 ,  2 ]. 

 A TDDS can be broadly understood as a system that carries out the following 
functions:

•    Facilitate the therapeutic substance to reach the site of action from the site of 
administration where the target site can be organ, tissue, cell or even specifi c cell 
organelles.  

•   Release the therapeutic payload in its active form in/around the target site 
presenting effective therapeutic levels at the site of action.  

•   Protect the drug/gene from the detrimental effects of environmental factors such 
as pH, enzymes, etc.  

•   Avoid toxicity or adverse reactions of the drug/gene on nonspecifi c normal cells 
and facilitating administration of lower doses to achieve therapeutic/diagnostic 
benefi ts.    

 Research in the fi eld of targeted drug delivery has given several options of carry-
ing out the above functions:

•    Direct targeting to site of action, e.g., topical applications for skin diseases.  
•   Use of external stimuli, e.g.,  ultrasound  .  
•   Chemical modifi cation of the drug to make its physicochemical properties ideal 

for the delivery which includes prodrug approach of attaching a promoiety to 
the drug.  

•   Use of nanocarriers like liposomes, polymeric micelles, polymeric nanoparticles, 
solid lipid nanoparticles which can be functionalized further with attachment of 
targeting ligands, antibodies.    

 An effi cient TDDS ideally should possess the following properties:

•    The drug-conjugate/drug-carrier should reach the intended site of action (organ/
tissue/cell/cell organelles) with minimal nonspecifi c accumulations.  

•   The chemical conjugation or physical encapsulation of the drug/gene with the 
targeting ligands or carriers should not inactivate or alter the drug/gene action on 
the intended site of action; the TDDS should be able to protect the drug from 
environmental factors such as enzymatic degradation till they reach the target.  

•   The chemical conjugation or physical encapsulation of the drug/gene with the 
targeting ligands or carriers should not inactivate or alter the ligand or carrier 
activity and function to reach the intended site of action.    

 This chapter has been divided into sections which cover the general strategies of 
developing TDDS, the use of TDDS in diseases like cancer, HIV/AIDS, tuberculosis, 
and the use of TDDS to target specifi c organs and locations. While the targeted drug 
delivery systems require in-depth study on their own, the intentions of this chapter 
remain to provide only an overview of the relevant challenges and strategies.  
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1.2     Targeted Drug Delivery: General Concepts 

 Targeted drug delivery at the site of action can be carried out by direct techniques 
usually involving invasiveness: direct injection, catheter [ 3 ,  4 ], gene-gun [ 5 ], etc. 
Though these systems show direct delivery, invasiveness is not patient convenient 
and expensive to carry out in many cases. As a result, efforts are put into developing 
TDDS which involve chemical, physical and biological modifi cations with or 
without the use of carriers. 

 Changes done to improve targeting the drug include study of structure activity 
relationships to improve the physicochemical properties for targeting. Small- molecule 
drugs intended for brain delivery unable to penetrate the blood–brain barrier (BBB) 
may be made more lipophilic to aid penetration through the BBB, provided they have 
small size. Prodrugs can be made to improve the pharmacokinetics of the drugs. Small 
molecule drugs are chemically modifi ed by attaching “promoeities” rendered pharma-
cologically inactive and are metabolically activated in vivo into active drugs only after 
reaching their intended target [ 6 ]. Drugs may be conjugated with antibodies, peptides, 
aptamers, folic acid, etc. to generate targeted prodrugs [ 7 ]. 

 On the other hand, the drugs can be incorporated into nanocarriers or nanosys-
tems. These include drug carrier systems like liposomes, polymeric micelles, poly-
meric nanoparticles, polymer–drug conjugates, nanogels, carbon nanotubes, etc. [ 8 ]. 
The nanosystems are a very effi cient way to deliver the drugs or genes. The major 
advantage of using such systems is that the pharmacokinetic behavior of the 
drug-loaded nanocarriers depends on the nanosystems rather than the drugs or genes, 
which makes it easy to control with the help of further targeting. The nanoparticles 
described in this chapter are <300 nm, unless noted otherwise. 

 Such drugs/drug carrier systems depend on a few modes of targeting which are 
broadly classifi ed into passive and active targeting. 

1.2.1     Passive (Physiology-Based)  Targeting   

 Passive targeting is present naturally in the human body. Hormones, neurotransmit-
ters, growth factors, etc. have a natural tendency to go and target the receptors at their 
sites of action, e.g., insulin and insulin receptors. This concept can be applied to the 
drugs too. The accrual of drugs/drug-carrier systems at the intended site of action by 
the action of physicochemical and physiological factors is passive targeting [ 9 ]. 

 Certain tissues under diseased conditions present opportunities in terms of 
modifi ed physiologies which can be exploited by passively targeting nanocarriers. 
A presence of leaky vasculature with large gaps in the blood vessel’s epithelial 
layers has been observed in cases of infl amed tissues in infl ammatory bowel disease 
and infl ammatory rheumatoid arthritis [ 10 ] and in tumor tissues [ 11 ] which make it 
possible to passively target the administered nanocarriers of appropriate sizes to 
extravasate into the target tissue. Although the tumor tissue has limited lymphatic 
drainage [ 12 ] and the infl ammatory tissues have a functioning lymphatic drainage, 
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the passive targeting can still benefi t the infl ammatory diseases. Accumulation of 
nanocarriers is also observed in the liver due to large fenestrations in it and this 
can be used for liver targeting in liver diseases. This phenomenon wherein the nano-
carriers accumulate into the diseased tissues because of loose fenestrations and/or 
poorly formed lymphatic drainage is termed as enhanced permeability and retention 
(EPR) effect [ 11 ,  13 ]. 

 The nanocarriers are largely affected to clearance by the reticulo-endothelial 
system (RES) comprising of macrophages and mononuclear phagocytes. This fact 
can be used to passively target the macrophages and even lymph nodes and spleen 
to treat infections that affect the RES (e.g., leishmaniasis and malaria) [ 14 ]. 

 Often modifi cations (e.g., attachment of polyethylene glycol; PEG) are made on 
nanocarriers to make them long-circulating, avoiding the RES and granting them time 
to accumulate at target sites in high amounts (long-circulating nanocarriers) [ 15 ]. 

 Passive targeting also benefi ts from the presence of internal stimuli, such as 
pH difference (e.g., low pH in tumor microenvironment [ 16 ]), redox systems 
(e.g., exploiting high glutathione in cancer [ 17 ]), etc. in the diseased tissues. 
Stimuli- sensitive drug targeting systems will be spurred by such stimuli to release 
the drug only at the target site and spare the normal tissues. Such stimuli-responsive 
systems have been extensively studied [ 18 – 22 ].  

1.2.2      Active Targeting   

 While signifi cant results have been observed with passive targeting, the pursuit of 
better control on accurate drug delivery has led to a lot of research in active targeting 
methods. Appropriate modifi cations and functionalization on the drugs or drug 
carriers afford them affi nity towards specifi c receptors/markers on cells, tissues or 
organs. Factors such as the disease, the intended target organ, and a larger presence 
of targetable components on the target organ/cell (e.g., transferrin receptors in 
tumor) than in normal cells are taken into consideration while deciding on the tar-
geting moiety to be attached to the therapeutic substances. Modifi cations on the 
drugs or drug carriers can involve the use of ligands such as peptides, antibodies, 
sugars, lectins, etc. Thus, on administration to the body, the targeting moieties will 
enable the drug/drug-carriers to effi ciently reach only the intended sites of action 
and avoid nonspecifi c accumulations and related side effects. 

 Apart from the administration of such actively targeted systems, there are tech-
nologies available to further control the delivery system which are covered below. 

1.2.2.1     Targeting Mediated by External Stimuli 

 External stimulus, such as magnetic fi elds and ultrasound, acting  on   on nanocarri-
ers, are employed to perform imaging, to target and release drugs from the nano-
carriers at the intended site of action. The benefi ts of using this mode of active 
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targeting are: real-time targeting, targeting deep-seated tissues, simultaneous 
imaging and therapy. The approach can also combine different external stimuli, for 
example, ultrasound and  magnetic fi eld,   for enhanced targeting and effi ciency. 

 The use of magnetic nanoparticles (MNP) as imaging agents for magnetic res-
onance imaging, magnetic drug targeting and hyperthermia treatment is well explored 
in the fi eld of targeted drug delivery. The MNP can be either metallic or bimetallic or 
superparamagnetic iron oxide nanoparticles (SPION); among them SPION are 
widely studied for biomedical applications because of nontoxic nature, ability to be 
functionalized with different targeting coatings and can encapsulate drugs in reason-
able quantity. Optimizing the MNP as well as the external magnet is of prime impor-
tance because on application of  magnetic fi eld  , they must be able to generate enough 
magnetic moments and magnetic gradient that the MNP can overcome the force 
of the blood-fl ow (rating from 0.05–50 cm/s) depending on the target area [ 23 ,  24 ]. 
The MNP have found several uses in thrombolytic therapy [ 25 ,  26 ], intravascular 
imaging and cardiovascular diseases [ 27 – 29 ], tumor imaging and treatment [ 30 – 35 ], 
as well as delivery across the blood–brain barrier [ 36 ,  37 ]. 

 Ultrasound has been used previously for contrast imaging, and it is explored at 
length for use in drug delivery. Ultrasound mediated targeting can lead to disruption 
of the drug-loaded carriers (microbubbles, micelles, etc.) causing drug release; 
exact mechanism of release is still under study. Furthermore,  ultrasound   focusing 
has also been found to cause reversible disruptions (Fig.  1.1 ) in the intravascular 
endothelial layers creating pores for the drug to enter the extracellular space of the 
target tissue. This occurrence was also observed with blood–brain barrier/blood–tumor 

  Fig. 1.1    External stimulus of focused ultrasound leads to ( a ) reversible disruptions and gaps in the 
epithelial cell layer allowing drugs/drug nanocarriers to escape the blood vessels into the target 
tissues, ( b ) disruptions to the nanocarriers to release the drugs around the target tissue       
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barrier [ 38 – 40 ]. Another benefi t of using the ultrasound-mediated delivery is in 
targeted hyperthermia when combined with temperature-sensitive nanocarriers 
[ 41 ]. The generation of hyperthermia can prove cytotoxic for nearby tissues and in 
case of tumor treatment this is highly benefi cial; the hyperthermia will kill tumor 
periphery cells and open the way for simultaneously administered drugs to enter the 
core of tumor tissue for enhanced killing. Studies with ultrasound therapy fi nd 
applications in tumor imaging [ 42 ], tumor treatment [ 43 – 48 ], thrombosis [ 49 ,  50 ], 
cardiovascular diseases [ 51 ]. This mode of targeting also gives the opportunity to 
image and trigger release of the drug at the same time [ 52 – 54 ], and also to combine 
it with  magnetic fi eld   applications for enhanced benefi ts [ 55 ,  56 ].   

1.2.2.2      Antibody-Directed Enzyme Prodrug Therapy (ADEPT)   

 This approach is a two-step approach: (1) an activating enzyme is specifi cally 
delivered to intended site of action with a targeting antibody (e.g., tumor-specifi c 
antibody, anti-TAG-72) (2) a subsequent administration of substrate prodrug. 
The advantage with such a system is a single enzyme at the target site can activate 
multiple prodrugs and increase the load at the target site. A 3-phase ADEPT was 
performed in human ovarian carcinoma xenografts in mice. First, an enzyme–antibody 
complex—AB57-F(ab′) 2 -CPG2—was allowed to localize in the tumor followed by 
a wash step of removing blood CPG2 by anti-CPG2 antibody administration to 
avoid nonspecifi c activation of the prodrug. Lastly, a benzoic acid mustard-derived 
prodrug was injected leading to tumor growth delay [ 57 ]. 

 A modifi cation of this approach is the   gene-directed enzyme prodrug therapy  
(GDEPT)  . Here, instead of antibody-targeted enzyme, a gene is targeted to the 
intended site where it transcribes and translates to produce enzyme intracellularly 
which acts on the subsequently administered prodrug [ 7 ].  

1.2.2.3     Targeting in  Gene Therapy   

 This section primarily discusses about the strategies required to transport genes into 
their required site of action which is either the cytoplasm or the nucleus. Gene gun as 
mentioned previously is a physical method to directly transfer DNA and RNA with 
high transfection effi ciency but because it is invasive and requires special setup it is 
not widely preferred. The current gene therapy employs viral and nonviral vectors. 

 The viruses have a unique ability to transfer their genes into cells. This function 
can be utilized to deliver genes. The bottom line, though, is that the viral vectors have 
to be modifi ed to be devoid of virulent pathogenesis and replicative genes. The com-
monly used viral vectors include adenovirus, baculovirus, herpes simplex virus type 1 
(HSV-1), etc. [ 58 – 60 ]. Utmost care has to be taken when designing these systems 
because the viral vectors are notorious for adverse effects such as infl ammatory and 
immune responses, activation of latent infections, incorporation of transgenes into the 
host genomes and permanent expression persistence. 
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 Nonviral methods to target gene transfer are not profi cient with transfection 
effi ciency but they are generally safer than the viral vectors. Polymeric micelles, lipo-
somes and other nanocarriers have been studied to deliver the nucleic acids [ 61 – 63 ]. 

 Thus presented are the classifi cations and the strategies of targeted drug/gene 
delivery systems. The next few sections feature the benefi ts of TDDS in various 
diseases.    

1.3     Targeted Drug Delivery: Disease-Based Strategies 

1.3.1      Cancer   Specifi c Strategies 

  Cancer   is uncontrolled growth of abnormal cells characterized by mutations which 
help the cells to proliferate, avoid apoptosis and develop survival proteins. Perhaps, 
cancer is the disease on which the most research in targeted drug delivery is focused 
and for a good reason. Even though chemotherapy, surgery and radiotherapy are 
available, the cancer manages to remit and regrow in most of the cases. It is a dis-
ease where the survival of patients is measured in weeks and months only even if 
some of the most advanced drugs are used. There are several reasons why cancer is 
so diffi cult to treat. 

 To begin with, the tumor microenvironment (higher interstitial fl uid pressure, 
low extracellular pH, and formation of irregular tumor vasculature) as well as the 
cellular level (over-expression of effl ux transporters, defective apoptotic machiner-
ies, and altered molecular targets) attribute multidrug resistance (MDR) towards the 
drugs [ 64 ]. Second, most of the chemotherapeutic drugs do not possess desirable 
physicochemical and pharmacokinetic properties. They have low solubility and sta-
bility, are highly nonspecifi c in nature and show high toxicities and are inconvenient 
to the patients. Therefore, targeted therapy in cancer plays a very important role. 
Nanopreparations are primarily employed to achieve this task [ 15 ] and approved 
products include Myocet ®  (liposomal doxorubicin), Daunoxome ®  (liposomal dau-
norubicin), Doxil ®  (liposomal doxorubicin), Depocyt ®  (liposomal cytarabine), 
Oncaspar ®  (monomethoxypolyethylene glycolol conjugation to  L -asparaginase), 
Genexol-PM ®  (paclitaxel-loaded polymeric micelle), Abraxane ®  (albumin-bound 
paclitaxel particles), etc. Apart from these there are several other studies in various 
stages of clinical trials. Antibodies directed towards cancer therapy include Rituxan ®  
(rituximab), Herceptin ®  (trastuzumab), Campath ®  (alemtuzumab), etc. 

 Methods other than using nanopreparations have also been examined. A recent 
study used chimeric antigen receptor-modifi ed T cells targeted towards the CD19 
expressing chronic lymphocytic leukemia (CLL). This research was performed in two 
children with complete remission of cancer with one having a relapse. The researchers 
have called for further work but the underlined principle exhibits the benefi ts of 
lentiviral-vector targeting [ 65 ]. 

 The nanocarriers can target the tumor via passive targeting and active targeting. 
As explained previously, passive targeting involves the physicochemical properties 
of nanocarriers and the physiological factors. The tumors are rapidly proliferating 
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cells and they require nutrients in large amounts. As a result, the tumors expedite the 
blood vessel formation leading to irregular and leaky tumor vasculature. The gaps 
in the endothelial layers allow the nanoparticles up to 500 nm in size to extravasate 
into the tumor tissue (Fig.  1.2 ). The absence of a proper lymphatic drainage helps to 
accumulate the drug-loaded nanoparticles in the tumor tissue.  EPR   is responsible 
for passive targeting in tumors [ 13 ,  66 ]. To enhance this effect the nanopreparations 
are modifi ed by motifs like polyethylene glycol (PEG). In effect the presence of 
PEG modifi cations help nanocarriers avoid RES uptake and they circulate longer in 
the blood allowing them more time to accumulate in the tumor tissue.  

 Active targeting of the nanopreparations involve modifi cations that will not only 
help target the tumor tissue but also overcome the resistance factors. For instance, 
ATP-binding cassette transporters like P-glycoprotein on the cell membrane are 
responsible for effl ux of several drugs and generating multidrug resistance [ 64 ]. To 
bypass such effl ux transporters, drugs have been administered in nanocarriers with 
improved tumor inhibition effi ciencies [ 67 ,  68 ]. Nanocarriers can also be actively 
targeted by conjugation with targeting ligands such as transferrin, folate, antibodies, 
etc. [ 69 – 73 ]. Interesting strategies to target tumor also involve stimuli-responsive 
nanoparticles which may even be dual targeted to facilitate step-by-step entry into 
the tumor cells [ 18 ,  74 – 76 ]. Several other examples of targeting various facets of 
cancer are discussed in these reviews [ 64 ,  77 ,  78 ]. We are not discussing a huge area 
of tumor targeting in details, since a broad variety of recent publications exist on 
this subject [ 79 – 83 ].  

1.3.2     Targeted Drug Delivery Towards Infections 

 Infections by bacteria, fungi, virus and other microorganisms were the cause of 
widespread diseases and fatalities throughout the world in the early part of the 
twentieth century. As the understanding of the pathology expanded and the 

  Fig. 1.2    Enhanced Permeability and Retention (EPR)—Poorly formed tumor vasculature with 
leaky vessels and meager lymphatic drainage can be exploited by passively targeting the nanocar-
riers up to size of 500 nm       
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discovery of antibacterial penicillin came through, the number of antimicrobial 
and antiviral agents have been developed. Essentially the antimicrobial inhibit or 
interrupt important cell cycle processes of the microorganisms and kill them. 
Even though we have been able to reduce the huge number of fatalities due to 
preventive and therapeutic actions, the menace of infections is still present in 
several developing and underdeveloped nations. Most of such countries are unable 
to meet the demands of antimicrobials to control infections such as malaria, tuber-
culosis (TB), HIV/AIDS, cholera and many more. As a result there is still a preva-
lence of such diseases. Moreover, it has now been observed that the unchecked 
abuse of antibacterial agents have resulted in developing resistant strains of the once 
sensitive pathogens [ 84 ]. While new antibiotics (oritavancin, telavancin, etc.) are in 
the various stages of drug discovery and clinical trials, their development will take 
time to reach the market [ 85 ,  86 ]. This situation demands for TDDS for the current 
class of drugs. 

 A lot of interest has been generated to develop TDDS especially the ones using 
nanoparticles, for infectious diseases, with their simplest advantages being the ability 
to deliver a variety of drugs and even genes, the ability to give sustained and targeted 
delivery while avoiding the toxicity as well as the ability to deliver combination of 
multiple drugs at the same time to overcome drug resistance. Liposomes, SLN, poly-
meric nanoparticles and other forms of nanoparticles are frequently studied for the 
TDDS development [ 87 ]. An FDA approved injectable liposomal formulation for 
amphotericin B, AmBisome (Gilead Sciences, Foster City, California, USA) is 
employed for the use against several infections. A targeted drug delivery for the 
AmBisome was performed in mice models of disseminated aspergillosis, and it was 
observed that the liposomal formulation was superior in effi cacy compared to the 
amphotericin B deoxycholate in sterile water [ 88 ]. 

 Techniques similar to observed in targeted cancer treatment, ligands, antibodies, 
peptides, etc. can be attached to the nanocarriers to enhance the effi ciency of the 
anti-infectious treatments. The cell walls of  Helicobacter pylori  have carbohydrate 
receptors to which lectin-conjugated nanoparticles could specifi cally bind. Thus, a 
targeted preparation of lectin-conjugated gliadin nanoparticles was studied for 
receptor-mediated targeting towards  H. pylori  [ 89 ]. Studies have also been 
 undertaken to deliver genes to infected cells. A TDDS for dengue virus infection 
was recently developed to deliver siRNA in a novel manner. The Dengue virus is 
known to affect the human dendritic cells as well as macrophages. Hence, a dendritic 
cell- targeting 12-mer peptide (DC3) was fused with nona- D -arginine (9dR) residues 
to form a DC3-9dR-mediated delivery of siRNA targeting the tumor necrosis factor 
alpha (TNF-α) which was able to target the dendritic cells as well as deliver the 
siRNA effectively; the result of which was suppressed virus replication and virus- 
related symptoms [ 90 ]. 

 The remaining part of this section is an overview of TDDS developed for specifi c 
infections. 
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1.3.2.1      Tuberculosis (TB)   

 According to World health Organization (WHO),  Mycobacterium tuberculosis , 
the bacteria responsible for tuberculosis, has caused infection in 8.6 million people 
worldwide by 2012. The infection is transmitted through air and it deposits in the 
alveolar region of the lungs. Current therapy employs antibiotics like rifampicin, 
isoniazid, ethionamide, etc. and often combination therapy is prescribed to attack 
the  M. tuberculosis . Still, the bacteria has developed resistance against most of the 
drugs and when the condition is aggravated by concomitant HIV/AIDS presence, 
patients usually do not survive the infection well [ 91 ,  92 ]. Also, the drugs present 
serious side effects such as hepatotoxicity [ 93 ]. 

 Hence, research is undertaken to develop targeted drug delivery for TB. Since the 
bacteria are taken up by the macrophages/monocytes in the lungs, the opportunity for 
targeting receptors such as lectin (mannose) receptors, immunoglobulin receptors, 
complement receptors, etc. expressed on such alveolar macrophages is presented 
[ 94 ]. Moreover, the macrophages have an innate response of phagocytizing the 
nanoparticles, hence targeting them makes a valid choice for treatment of TB. Most 
of the TDDS developed for TB prefer the pulmonary route of administration because 
the TB infection is primarily localized in the lungs. 

 Active targeting of the lectin receptor on the alveolar macrophages of rats via 
pulmonary administration of mannose-coated liposomes containing ciprofl oxacin 
was performed giving increased drug uptake in the lungs as compared to the free 
drug; the plasma concentration of ciprofl oxacin was also low with the targeted lipo-
somes in comparison to the free drug exhibiting the benefi ts of using the targeting 
strategy [ 95 ]. A similar study was carried out via intratracheal administration of dif-
ferent concentrations of mannose in mannose-coated liposomes resulting in selective 
targeting and increased uptake in the alveolar macrophages of the rats [ 96 ]. Pandey 
and Khuller developed nebulized solid lipid particles incorporating a combination 
of rifampicin, isoniazid, and pyrazinamide for bronchoalveolar drug delivery in 
 M. tuberculosis  infected guinea pigs. As compared to 46 daily doses of orally admin-
istered drugs, the nebulized formulation achieved a complete removal of the tubercle 
bacilli from lungs and spleen after just seven doses of administration, each dose 
administered periodically on every seventh day. Moreover, hepatotoxicity was not 
observed suggesting a sound basis for improved drug bioavailability and treatment of 
tuberculosis using the nebulized SLN formulation [ 97 ]. An interesting approach was 
adopted by Clemens et al. to target the TB-infected macrophages with functionalized 
mesoporous silica nanoparticles (MSNP). Two formulations were developed—a 
rifampicin-loaded MSNP coated with polyethyleneimine (PEI) and an isoniazid-
loaded MSNP equipped with cyclodextrin-based pH-operated valve. In vitro experi-
ments highlighted that the MSNP were internalized effi ciently by the human 
macrophages and because of their functionalized nature, the MSNP escaped the acidic 
endosomes delivering the drugs into the cytoplasm. Thus, the functionalized MSNP 
demonstrated targeted intracellular delivery into the macrophages [ 93 ].  
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1.3.2.2      Malaria   

 Malaria is also a widely spread disease similar to TB with an estimated 216 million 
people affected in 2010 [ 98 ]. This disease is caused by the four species of the 
parasitic protozoans of the genus  Plasmodium :  P. falciparum ,  P. vivax ,  P. malariae , 
and  P. ovale . Transmission of these parasites occurs through the bites of infected 
female  Anopheles  mosquito. The life cycle of the  Plasmodium  in the human host 
goes through the red blood cells (RBCs) and the hepatocytes making them the main 
parasitic targets. Moreover, the  P. falciparum  is involved in infecting the CNS often 
leading to fatality. 

 The current chemotherapy focuses on reducing the parasitic load in the infected 
cells and the choice of the drug is dependent on the  Plasmodium  species involved in 
infection. Even though chemotherapy is available, often complete treatment falls 
short. Apart from the factors related to the spread of the disease, drug resistance and 
the protozoan life cycle itself are responsible for the lack of complete therapy. Also, 
as with other drugs, side effects such as neuropsychiatric reactions, hypoglycemia, 
arrhythmia, hepatitis, agranulocytosis, anemia, and even life threatening reactions 
have been observed [ 14 ]. Because of the serious implications of the current therapy 
in terms of side effects and development of drug resistance, targeted drug delivery 
is important in the treatment of malaria. The knowledge that the parasites infect the 
RBCs and the hepatocytes mainly can be exploited by developing TDDS directed 
specifi cally towards them. 

 Chloroquine-resistant transporters develop as resistance mechanisms on the diges-
tive vacuole membranes of the  Plasmodium , the main site of action of chloroquine. 
A strategy to develop nanosystems sensitive to the pH difference in the intracellular 
compartments is suggested to avoid the chloroquine-resistant transporters and increase 
the drug payload in the infected cells. Chloroquine diphosphate was loaded into 
pH-sensitive liposomes and the release of the drug was estimated in vitro in simulated 
physiological pH conditions [ 14 ,  99 ]. Infected hepatocytes were actively targeted with 
liposomes incorporating peptides from the  Plasmodium  circumsporozoite protein in a 
series of experiments. It has been demonstrated that the liposomes accumulate rapidly 
and selectively in adult mouse livers. The targeting mechanism has been elucidated to 
be the binding of the targeted liposomes to the heparan sulfate proteoglycans in a 
fashion similar to the development of heparan sulfate immunoreactivity [ 100 – 102 ]. 
These proof-of-concept studies exhibit the possibility of development of a strategy to 
target the hepatocytes with antimalarials. 

 Halofantrine was intravenously injected in  P. berghei  infected mice as a formula-
tion of nanocapsules prepared with either poly ( D , L -lactide) (PLA) homopolymer or 
PEGylated PLA. The PEGylated nanocapsules were observed to be both long- 
circulating and cytotoxic to the parasites thus exhibiting passive targeting [ 103 ]. 
Considering that free halofantrine is usually involved in causing arrhythmia as a 
side effect, the nanocapsules would also benefi t in avoiding such adverse reactions. 
In the case of  P. falciparum  infections, the CNS is usually infected. Accordingly, 
TDDS to overcome the BBB and facilitate passage of antimalarials would be 
benefi cial to the therapy. The transferrin receptors in the BBB were targeted with 
transferrin- conjugated SLN loaded with quinine dihydrochloride. In vitro and 
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in vivo examinations showed higher percentage of the drug in the brain as compared 
to untargeted SLN loaded with the drug as well as free drug [ 104 ]. Other strategies 
that may be employed include antibody-directed targeted liposomes towards 
infected macrophages [ 105 ]. 

 Recent vaccine development efforts have resulted in a new promising vaccine 
(RTS,S) for the fi rst time for malaria (approval pending) [ 98 ,  106 ,  107 ]. This may 
lead to newer paradigms too in the prevention and treatment of malaria.  

1.3.2.3      Human Immunodefi ciency Virus (HIV)/Acquired 
Immunodefi ciency Syndrome (AIDS)   

 As per 2013 statistics provided by WHO, there are more than 35 million people 
worldwide who are infected with HIV/AIDS and the number keeps increasing. 
This disease is responsible for affecting the immune system the initial symptoms of 
which are like infl uenza and after a dormant period the immune system is severely 
compromised and in addition the patient is also exposed to opportunistic infections 
(e.g., TB, malaria) and even tumors. 

 The current antiretroviral therapy targets the steps along the life cycle of the HIV 
replication in the host cells. Briefl y the steps are shown in Fig.  1.3  and include attach-
ment and fusion of the HIV to host cell surface esp. CD4 +  cells, release of the viral 
core into the cell cytoplasm, reverse transcription of viral RNA into a double stranded 
DNA, integration into the host chromosome, protein synthesis and translation and 
followed by budding and release of mature virus into the extracellular region ready to 

  Fig. 1.3    HIV life cycle—( 1 ) The fi rst step involves fusion of the HIV with cell membrane of host 
cells expressing CD4+ and deliver the viral genome in the process. ( 2 ) Utilizing reverse transcrip-
tase the viral RNA is reverse transcribed into a DNA which enters into the nucleus and ( 3 ) inte-
grates with the host DNA. The next step leads towards viral protein synthesis ( 4a ) and ( 4b ) from 
where the viral proteins are assembled and after budding ( 5 ) off from the host mature HIV particles 
are released       
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affect other cells. The HIV-1 forms cellular reservoirs (dormant CD4 +  lymphocytes, 
macrophage, and dendritic cells) and anatomical reservoirs (CNS, male genitalia) 
[ 108 ,  109 ]. The current chemotherapy includes nucleoside reverse transcriptase 
inhibitors, nucleotide reverse transcriptase inhibitors, non- nucleoside reverse tran-
scriptase inhibitors, protease inhibitors, and fusion and integrase inhibitors. Often, 
a combinatorial therapy is used referred to as highly active antiretroviral therapy 
(HAART). The use of such a chemotherapy has defi nitely aided patients in terms 
of improved survival rates but there are several defi ciencies still haunting the 
HIV/AIDS patients. Frequent dosing, adverse reactions of the drugs, development 
of MDR, inaccessibility of the anatomical reservoirs are a few of the issues in 
these therapies.  

 On the other hand, the cycle of the HIV as well as its reservoirs in the body create 
an opportunity to develop TDDS against them. For example macrophage can be 
actively targeted with the help of targeting ligands attached to drug loaded nanocar-
riers against mannose receptor, formyl peptide receptor 1 and other similar receptors 
on the macrophages [ 110 ]. In such a manner the anatomical reservoir of HIV—the 
brain can also be targeted. Drug delivery to the brain is a diffi cult task and strategies 
for the same are explained in detail in later sections. As an example, water-soluble 
antiviral drug azidothymidine (AZT) was encapsulated within PEGylated nanopar-
ticles with surface functionalization by transferrin. In vitro and in vivo evaluations 
confi rmed that these TDDS targeted the transferrin receptors in the rat brains and 
enhanced the brain localization of AZT [ 111 ]. Another study was performed to 
actively target the lymphatic system where the HIV is known to colonize and form 
reservoirs. Liposomes loaded with zidovudine were surface modifi ed with a lym-
phatic site-specifi c ligand—mannose—and compared against negatively and posi-
tively charged liposomes as well as unmodifi ed liposomes. It was observed that the 
surface modifi ed liposomes especially mannose coated were effective in uptake and 
localization into the lymph nodes and the spleen [ 112 ]. This study illustrated the 
benefi ts of targeting in improving the drug load in the lymphatic system to eradicate 
the HIV. Yet another study with poly(ethyleneoxide)-modifi ed poly(epsilon-capro-
lactone) nanoparticles loaded with radiolabeled [ 3 H]-saquinavir demonstrated sig-
nifi cant uptake and prolonged intracellular drug residence by macrophages in 
in vitro analysis [ 113 ]. Similar work of using TDDS in HIV/AIDS has been covered 
in these reviews [ 109 ,  114 – 116 ]. 

 Thus, it is clearly observed that targeted drug delivery plays an important role in 
the therapy for infections.    

1.4     Targeted Drug Delivery: Specifi c Location-Based 
Strategies 

 In this section challenges of targeted drug delivery to specifi c organs and organelles 
are discussed for which specifi c targeting strategies need to be employed as each of 
them presents specifi c challenges to drug delivery. 
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1.4.1     Blood–Brain Barrier (BBB)    Targeted Delivery 

 The brain is a very diffi cult organ to deliver the drugs to because it is very well 
protected by the blood–brain barrier (BBB) and the blood–cerebrospinal fl uid 
barrier (BCSFB). The BBB is highly specifi c in allowing transport and has two 
main functions by which it protects the brain and maintains its homeostasis: (1) sup-
plying the brain with nutrients like glucose and (2) disallow harmful substances to 
pass through. As depicted in the Fig.  1.4 , the BBB comprises an endothelial cell 
layer with tight intracellular junctions, a basement membrane and feet processes of 
pericytes and astrocytes. Apart from the tight endothelial junctions which form a 
physical barrier, the BBB also possesses enzymes and active energy-dependent 
effl ux transporters which respectively inactivate the drug and exude the drug back 
into the blood from the endothelial cells [ 117 ]. The diffi culty thus presented results 
in 98 % of small molecule drugs and almost 100 % of large-molecule drugs to not 
pass through the BBB to enter the brain. The only small molecule drugs that cross 
the BBB have high lipid solubility and a low molecular mass of <400–500 Da [ 118 ]. 
Still, the BBB consists of luminal and abluminal membranes which house the trans-
port systems responsible for blood–brain and brain–blood transport of nutrients 
such as glucose, proteins, and peptides. In case of drug targeting such transport 
systems can be exploited to specifi cally target the drug to the brain.  

 As shown in the Fig.  1.5 , different transport mechanisms responsible for trans-
port across the BBB are [ 119 ]: 

•    paracellular transport (non-competitive movement of water soluble compounds 
through the tight epithelial junctions);  

•   transcellular transport (non-competitive movement of lipid soluble compounds 
through the epithelial cells from the luminal side to the abluminal side);  

  Fig. 1.4    Structure of blood–brain barrier ( a ) in comparison with peripheral capillaries ( b )       
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•   carrier-mediated transport (CMT) (transport of compounds such as glucose, 
amino acids, proteins; also includes the effl ux transporters on the luminal side 
like ABC transporters);  

•   receptor-mediated endocytosis (RME) (receptors for molecules like insulin and 
transferrin are present which transport the ligands on binding to the receptors);  

•   absorptive-mediated endocytosis (AME) (transport of plasma proteins like albumin 
after cationization).    

 Of course, diseased states like brain tumor, meningitis, infections among others 
can affect the structure and function of the BBB. 

 Drugs can be delivered to the brain by direct physical targeting and completely 
avoiding the BBB. The techniques employed for this include invasive strategies 
where the drugs are directly injected into the brain after drilling a hole in the head or 
implants carrying the therapeutics are surgically placed into the brain. Clinical stud-
ies were carried out with Gliadel ®  wafer containing carmustine (chemotherapeutic 
drug) implants in patients undergoing initial treatment for high-grade malignant 
glioma and it was observed that in combination with radiation therapy the Gliadel ®  
wafers produced a survival advantage at 2 and 3 years confi rming that the drug 
showed its effect best when it was delivered directly to the cerebral parenchyma 
[ 120 ]. Similar techniques have been used with devices such as Ommaya ®  reservoir 
pump, MiniMed PIMS ®  system, Medtronic SynchroMed ®  system, and DUROS™, 
among others [ 117 ,  121 ]. Utilizing the cerebrospinal fl uid of the ventricles as a drug 

  Fig. 1.5    BBB Transport—( a ) Paracellular transport (water-soluble agents), ( b ) Transcellular 
pathway (lipid-soluble agents), ( c ) Carrier-mediated endocytosis ( CME  glucose, proteins, etc.), ( d ) 
Receptor-mediated endocytosis ( RME  transferrin, insulin), ( e ) Absorptive-mediated endocytosis 
( AME  cationized agents) and ( f ) Active effl ux transporter (drug substrates)       
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depot via intraventricular injection is another invasive strategy employing the use of 
a catheter and relying on drug diffusion to various areas of the brain. Apart from 
delivering the drugs to the brain directly and avoiding the BBB, these methods also 
avoid the systemic exposure and related toxicity of the drugs as well as requirement 
of high doses to reach minimum therapeutic dose at the site of action. However, 
these systems come with their side effects, which include high chances of infections 
at the site of administration, catheter obstructions, cerebral edemas in case of high 
concentrations of the drugs in the parenchyma and massive patient discomfort in 
most cases. Moreover, there is the imminent cost of surgeries required for these 
delicate procedures and they would be required periodically when the implanted 
drug reservoirs get empty. 

 Non-physical targeting of the BBB and the brain which involves chemistry and 
biology based approaches, thus avoiding the surgical procedures, are also employed. 
One such technique relies on the temporary disruption of the BBB and increased 
passage of the concurrently administered therapeutic agents [ 117 ,  121 ,  122 ]. 
Administration of hypertonic/hyperosmotic solutions can cause shrinking of the 
endothelial cells and opening of the tight endothelial junctions due to osmotic pres-
sure differences and the coadministered drugs can thus pass through. A commonly 
employed intracarotid delivery of a hypertonic solution of mannitol disrupts the 
BBB transiently and allows for the passage of the drugs [ 123 – 126 ]. BBB disruption 
has also been reported with the use of the mediators of the infl ammatory response 
(leukotrienes, vasoactive peptides), bradykinin and alkylglycerols [ 127 ,  128 ]. In a 
way, such strategies are also invasive, although not physically, because they disrupt 
the natural BBB. They have showed potential in improved drug delivery but they also 
bring in the chances of exposure of the brain to the infectious agents and toxins and 
the possibilities of neuropathological changes like infarction, learning disabilities 
among others [ 122 ,  129 ]. 

 Chemical modifi cations such as increasing lipophilicity of the drug can be exploited 
to deliver them via diffusion across the BBB. Of course, the drug still has to be of 
small molecular mass otherwise it will not cross the BBB. An example is the increased 
BBB delivery of highly lipid form of morphine: diacetylmorphine/heroin which is a 
prodrug form of morphine [ 130 ]. Nanocarriers such as solid lipid nanoparticles (SLN) 
or polymeric nanoparticles can also be used to improve the diffusion of the drugs 
across the BBB. Studies carried out by Yang et al. showed improved concentrations 
of camptothecin in the mouse brain when administered in the SLN as compared to 
the solution form of the drug. It was postulated that the improved concentrations 
were due to endocytosis and simple diffusion across the BBB [ 131 ]. 

 The most promising BBB/brain targeted drug delivery is via the active targeting 
of the transporter mechanisms, namely the CMT, AME and the RME, and avoiding 
the effl ux transporters on the BBB. The CMT in the BBB involves transporters/
carriers such as GLUT1 (for glucose), LAT1 (for large neutral amino acids), CNT2 
(for adenosine), MCT1 (for lactate) responsible for the BBB crossing of the respec-
tive nutrients [ 132 ]. Perhaps, the best example of CMT targeting is the use of 
 L -DOPA, a prodrug of dopamine, in patients of Parkinson’s disease which targets 
the LAT1 transporters and effi ciently crosses the BBB [ 133 ]. After crossing the BBB, 
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the  L -DOPA is converted to the active dopamine by decarboxylases in the abluminal 
side of the BBB effectively locking dopamine in the brain. Other examples include 
the use of melphalan (for brain cancer) and gabapentin (γ-amino acid) recognized 
by the LAT1 transporter. 

 A method of targeted delivery for large molecular drugs, such as proteins and pep-
tides has been suggested. It involves cationization of the molecules or conjugation of 
the molecules with cationized albumin or cationized antibodies, thus forming chime-
ric peptides [ 134 ]. This process employs electrostatic interactions of the cationized 
drugs with the anionic charges on the luminal side of the BBB and the brain facilitating 
the AME transport of the drugs [ 135 – 137 ]. 

 The BBB consists of receptors such as insulin receptor or transferrin receptor 
for the endogenous insulin, or transferrin, to transport the latter to the brain via RME. 
The expression of these receptors on the BBB is more than that in the normal cells, 
thus representing an opportunity to conjugate the therapeutic drugs or nanocarriers 
with targeting ligands or peptidomimetic antibodies and gain access to the BBB trans-
port. Anti-transferrin receptor OX26 monoclonal antibody (mAB) has been the sub-
ject of several studies to conjugate the drugs as well as genes and target the transferrin 
receptor [ 138 – 141 ]. Humanized insulin receptor mAB was used by Pardridge et al. to 
demonstrate transport across the BBB in the Rhesus monkey and it can be used to 
target the insulin receptors [ 142 ,  143 ]. However, transferrin is present in high amounts 
endogenously which can compete with the targeted therapeutics while the insulin 
receptor targeting can also result in nonspecifi c effects in the body periphery [ 142 ]. 
Another well studied receptor for the RME across the BBB is the low density lipopro-
tein receptor (LDL). Surfactants such as polysorbate 80 have been attached to several 
nanocarriers to improve the BBB targeting and transport. When administered intrave-
nously such surfactant-attached nanocarriers interact with plasma proteins like apoli-
poprotein E (APO E) which is recognized by the LDL receptors, and the targeted 
delivery is achieved [ 144 – 151 ]. Avidin/Biotin strategy as well as ADEPT has also 
been employed for targeted brain delivery [ 117 ,  152 ].  

1.4.2     Targeting Drug Delivery to the Skin with Highlight 
on the  Follicular Pathway   

 While the pharmaceutical market is fl ooded with thousands of formulations for skin 
delivery of drugs including free drugs in creams, ointments, lotions, dermal patches 
or sprays, this section focuses on targeted preparations for skin diseases. While the 
creams and similar preparations can be applied topically, the question needs to be 
asked whether the defi nition of targeted systems applies here. In case of free drug 
formulations, often the case is that the drug does not penetrate the skin because of 
the tight stratum corneum. Moreover, skin formulations like creams or lotions tend 
to wash away lowering the drug presence on the skin. Thus, formulations such as 
nanopreparations like liposomes, solid lipid nanoparticles, and dendrimers are 
studied to enhance permeation through skin and target the viable epidermis as well 
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as create stable drug reservoirs [ 153 ,  154 ]. Patients with acne, skin cancer, psoriasis, 
or infections can benefi t from such preparations delivering drugs such as dithranol, 
miconazole nitrate, and isotretinoin, among others [ 155 – 161 ]. 

 From past few years the  follicular pathway  has gained importance as a targeted 
drug delivery site and it is now considered as a subject of its own study apart from 
the topical/transdermal delivery. Initially, it was thought that the topically applied 
formulations would penetrate the stratum corneum, it has been seen that more pen-
etration is observed through the hair follicles [ 154 ]. Of course, the follicular presen-
tation occurs in a variable amount throughout the body (no hair follicles in the 
palms, soles of feet and the lips) with the highest follicular density observed in 
forehead and the sural making them one of the most accessible target sites. Targeting 
the follicular pathway demands an understanding of the pilosebaceous unit which is 
the integrated structure of the hair follicle, hair shaft, adjoining arrector pili muscle, 
and the associated sebaceous gland as shown in Fig.  1.6 . The sebaceous glands 
as well as the bulge region are attractive target areas as the former is involved in 
diseases like acne, alopecia and anatomically capillary rich while the latter is rich in 
stem cells in charge of follicle reconstitution. Other targets can be the hair follicle 
infundibulum, the hair follicle papilla and the hair matrix [ 162 ].  

 It has been suggested that hair follicles in an active (open) state (sebum fl ow 
and/or hair growth) are accessible for penetration as compared to the inactive states. 
To improve the penetration, often pretreatments to remove the cellular debris from 
the stratum corneum are carried out with cyanoacrylate skin surface stripping 
(CSSS) [ 163 – 165 ]. Consideration must also be given to the phase of the hair growth 
cycle, i.e., anagen (growth phase), catagen (end of mitosis, cell death of lower fol-
licle segment), telogen (resting phase), exogen (release of telogen fi bers), and keno-
gen (time between exogen and subsequent anagen) while developing a delivery 
system [ 166 ,  167 ]. Furthermore, it was observed that systemic delivery through the 
follicular pathway was possible. Caffeine in shampoo applied topically to the skin 

  Fig. 1.6    Pilosebaceous unit       
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appeared in the blood 5 min later due to the presence of blood vessels around the 
sebaceous gland [ 168 ]. 

 Studies exploiting the follicular pathway use liposomes generally because of 
the favorable characteristics, amphiphilic nature, and high loading capacities [ 169 ]. 
A recent study reported the use of minoxidil-loaded liposomes for pilosebaceous 
targeted delivery against alopecia areata. This study conducted the effect of charged 
liposomes on in vitro drug release, ex vivo skin permeation and drug retention 
behavior on rat skin. It was found that neutral liposomes showed maximum penetra-
tion and drug deposition in the pilosebaceous units compare to positively, negatively 
charged liposomes and non-liposomal formulation [ 170 ]. Monoclonal antibodies, 
DNA, vaccines in liposomes have also been studied for follicular pathway targeting 
[ 171 – 173 ]. 

 Targeting the follicular pathway is still in its infancy and multiple safety studies 
should be carried out to prevent skin allergies or undesired systemic circulation of 
the drugs from the reservoirs in the sebaceous glands [ 174 ]. Still, the pilosebaceous 
unit is an important feature for topical delivery and should be studied further.  

1.4.3      Pulmonary Targeted Drug Delivery   

 Respiratory diseases like asthma, tuberculosis, cystic fi brosis, lung cancer, and 
chronic obstructive pulmonary disease validate the use of delivering the drugs via 
lungs on top of which the anatomy and physiology of the respiratory system can be 
exploited for noninvasive, patient friendly systemic delivery of the drugs. The lungs 
provide a large surface area and a thin epithelial layer perfused with continuous 
blood fl ow. Targeting the lungs can provide quick systemic administration of the 
drugs and also assist in avoiding the fi rst pass effect faced by oral drugs. 

 The pulmonary TDDS has to overcome barriers such as the mucus layer, alveolar 
lining fl uid, epithelial cells, basement membrane, macrophages as well as enzymatic 
degradation. In the case of alveolar sacs the epithelial layer does not have tight junc-
tions and as compared to the upper respiratory tract the rate of clearance is also less 
which makes them a good targeting location for drug/gene delivery [ 175 ,  176 ]. 

 In treatment of diseases like asthma commonly used medications include 
anti- infl ammatory drugs such as corticosteroids (beclomethasone, ciclesonide), 
beta- agonists (albuterol), anticholinergics delivered via inhalers and nebulizers. 
These long-term as well as immediate action systems are a preferred choice for 
several patients. 

 Current research in the pulmonary TDDS is highly concentrated on the use of 
nanocarriers especially liposomes and biodegradable polymeric nanoparticles. 
The important factors for effi cient TDDS include size, shape and charge of the 
inhaled particles. For example, delivery to distal locations (lower respiratory tract) 
is favorable to particles with size around 1–5 μm, while larger particles will accu-
mulate in the upper respiratory region. It has been noted that particles with size less 
than 1 μm are usually removed on exhalation [ 177 ]. Surface charge also plays a role 
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in how the particles interact after the inhalation as with low surface energy the 
particles will tend to aggregate less. The surface charge also determines the encap-
sulation effi ciency of nanoparticles, their interaction with alveolar region and drug 
release [ 177 ]. Thus, optimization of physicochemical properties of the carriers 
forms a prime objective while developing the pulmonary TDDS. 

 Poly (DL-lactide-co-glycolide) (PLGA) microparticles containing rifampicin tar-
geted against  Mycobacterium tuberculosis  infections were compared with “free” 
rifampicin in vivo in guinea pigs. The results not only highlighted that the aerosolized 
formulations reduced the infection but also that a single dose of the rifampicin in 
microparticles was comparable to daily doses of “free” rifampicin for 20 days [ 178 ]. 
In another study, treatment with aerosolized liposomal amphotericin B (AmBisome, 
Gilead Sciences, Foster City, California, USA) signifi cantly improved survival 
compared to the aerosolized amphotericin B desoxycholate and placebo examined in 
immunocompromised rats with invasive pulmonary aspergillosis [ 179 ]. 

 The group of Vyas [ 180 ,  181 ] carried out studies to develop aerosolized lipo-
somes loaded with either rifampicin or amphotericin B against tuberculosis and 
aspergillosis infections respectively. The objective was to target the formulations to 
alveolar macrophages where the infection would be in densest form. The egg phos-
phatidylcholine (Egg PC) and cholesterol based liposomes were thus targeted to the 
alveolar macrophages by attaching macrophage-specifi c ligands ( O -palmitoyl 
mannan,  O -palmitoyl pullulan,  O -steroyl amylopectin, and maleylated bovine 
serum albumin) or by imparting negative charges (with dicetylphosphate). Higher 
drug concentration in the lungs and preferential accumulation in the alveolar 
 macrophages was observed in the targeted aerosolized formulations as compared to 
non- targeted liposomes as well as free drugs. Thus, Vyas highlighted the fact that 
ligand-attached liposomal aerosols had signifi cant targeting potential. 

 Peptide and protein delivery is also studied as pulmonary TDDS with the benefi t 
of large alveolar surface area and thin epithelium to aid absorption of the macromol-
ecules. Perhaps, the most studied of such macromolecules is insulin. Multiple stud-
ies have been done with insulin-loaded microparticles to demonstrate effi cient 
release in vitro and prolonged hypoglycemic effects in vivo in rats and guinea pigs 
[ 182 – 184 ]. It has also been shown that pulmonary TDDS can be utilized for gene 
delivery. A novel chitosan-based siRNA nanoparticle delivery system was devel-
oped by Howard et al. by complex formation between the siRNA and the chitosan 
polymers. The study of nasally delivered complexes demonstrated effective in vivo 
RNA interference in bronchiole epithelial cells of transgenic EGFP mice compared 
to the controls [ 185 ].  

1.4.4      Retina      

 The drug delivery to the retina poses similar issues as brain drug delivery. This is 
because of the presence of the blood–retinal barrier (BRB), structurally similar 
to the BBB, which regulates the passage of the drugs to the retina from the blood. 
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The BRB too comprises tight junctions in its epithelium, a basement membrane as well 
as the presence of effl ux transporter pumps such as P-glycoprotein (P-gp) [ 186 ,  187 ]. 
Thus, the delivery of drugs including small molecules, macromolecular peptides, 
and proteins is restricted into the retina. Targeted delivery to retina can comprise 
of physical targeting which are local (topical) and invasive methods and systemic 
targeting which is noninvasive where the therapeutic agents are administered sys-
temically [ 188 – 190 ]. 

 Topical administration involves the use of solutions and ointments as drug delivery 
systems and they are excellent choices for anterior segment of the eye and are patient 
friendly and cost appropriate too. But, these systems usually do not deliver drugs at 
effective levels at the retina which lies in the posterior parts of the eye [ 191 ,  192 ]. 
Along with that, the delivery systems are affected by drug loss due to washing off 
by tears, metabolism by the anterior segment enzymes and impermeability of the 
corneal epithelium [ 193 ]. Hence, as a route for targeted delivery to the retina, topical 
administration does not suit well. 

 Invasively administered drugs comprise intravitreal delivery, subconjunctival 
injections, and scleral implants. They avoid the barriers faced by the topical admin-
istration and are applied widely for targeted retinal delivery. Moreover, because the 
delivery is into the eye, systemic side effects are generally avoided. Defi nitely, the 
intravitreal injection is uncomfortable for the patient and frequent dosing is associ-
ated with high probabilities of injection associated infections and retinal detach-
ment; still, advances are made to improve the dosing requirements and the drug 
presentation time at the retina by using nanocarriers and lipidic prodrugs [ 194 – 196 ]. 
Bourges et al. formulated polylactide (PLA) nanoparticles and observed targeted 
delivery and localization at the RPE cells after intravitreal injections in rats [ 197 ]. 
Another method is the use of intravitreal implants which can give sustained delivery 
for a longer period of time as compared to the injections; up to 6 months in case of 
implants compared to 2–3 times a week for injection. Such a delivery system is 
especially benefi cial to patients with chronic eye disorders such as retinopathy. 
Vitrasert ®  is such an implant which is surgically inserted in the posterior region of 
the eye and delivers gancyclovir for up to 8 months. However, such inserts still carry 
the risk of loss of vision, vitreous haemorrhage, cataract formation and other adverse 
reactions [ 188 ]. Other invasive procedures employed include the scleral implants 
and subconjunctival injections which avoid the risk of retinal detachment associated 
with the procedures explained previously. Few studies have been carried out for 
scleral implants made from polymers such as poly (DL-lactide-co-glycolide) (PLGA) 
and ploy (DL-lactide) (PLA). Gancyclovir was delivered in these studies with sus-
tained release of therapeutically effective doses obtained [ 198 ]. The subconjunctival 
injection beneath the conjunctiva enables the drugs to diffuse from there, through the 
sclera into the choroid [ 199 ]. 

 In general the BRB is restrictive in allowing compounds to pass through except 
for nutrients. Hence, systemic administration results in very small amount of dose 
to reach the retina which is often below therapeutic levels. Higher dose administra-
tion results in systemic toxicity. Hyperosmotic mannitol injections can be employed 
to transiently disrupt the BRB and allow passage of the coadministered drug; but it 
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carries the risk of allowing infectious agents and toxins to pass through. Moreover the 
mannitol injections are responsible for BBB disruption too resulting in concurrent 
neurotoxicity. Now, the BRB has presence of transport systems similar to the BBB 
and they can be exploited for transport-mediated targeted drug delivery [ 190 ,  200 ]. 
Targeting ligands or antibodies can be attached to drug containing nanocarriers and 
prodrugs can also be made to achieve this purpose. Peptide transporters (PepTs) 
esp. PepT1 and PepT2 have been identifi ed with broad substrate specifi city towards 
dipeptides and tripeptides as well as peptidomimetics. PepT targeted 5′-amino acid 
ester prodrugs of nucleosides like gancyclovir, acyclovir, azidothymidine have 
driven increased bioavailability on oral administration [ 201 ]. Similarly, there has 
been observed presence of monocarboxylic acid transporters, folate transporters, 
and amino acid transporters on the BRB which can be utilized for targeted drug 
delivery [ 188 ,  190 ,  200 ].  

1.4.5      Colon   Targeted Drug Delivery 

 A number of diseases like infl ammatory bowel diseases (IBD) like Crohn’s disease 
and ulcerative colitis, colon cancer, irritable bowel syndrome (IBS), amoebiasis, 
etc. and desired transport of proteins and peptide drugs require the use of colon 
targeted drug delivery systems (CDDS). The general routes of reaching the colon are 
via the oral delivery or the rectal delivery. Using the rectal mode of administration 
is usually uncomfortable for the patient and can often result in irregular dose distri-
bution. Conversely, using regular oral modes of delivery can degrade the drugs by 
acid actions in the stomach and alkaline and enzyme activity in the small intestine. 
Hence, for appropriate colon-specifi c delivery targeted systems should be utilized. 
So far, CDDS has seen the use of pH-dependent, time- dependent, and microfl ora-
enzyme-dependent systems which have not proven to be foolproof. For example, it 
is possible that the pH-dependent system may survive the passage through the stom-
ach but not the small intestine and the time-dependent system usually depends on 
the natural time for food and drug to passage through the gastrointestinal tract (GIT) 
which can be irregular esp. in the diseased states [ 202 – 204 ]. Improved technologies 
such as di-dependent systems utilize control by two factors to release the drug pay-
load; for example, pH and time or pH and enzymes of microfl ora in the colon [ 205 ]. 
Ishibashi et al. developed three-layered capsule dosage form which consisted an 
acid-soluble polymer, a water-soluble polymer and an enteric polymer to deliver the 
active payload to the colon. Essentially this time- and pH-dependent dosage form 
was a predictable targeted system to deliver the drugs to the colon with high effi -
ciency after in vitro and in vivo evaluations [ 206 ]. Yet another CDDS that depended 
on pH and microbes to deliver the drugs consisted of a traditional tablet core con-
taining lactulose with additional layers of Eudragit E (acid soluble) and Eudragit L 
(enteric coat) on top of it, in that order, was developed to protect the active drug 
from the acid effects of the stomach (enteric coating), the alkaline pH of small intes-
tine (acid soluble coating) and deliver to the colon wherein the lactulose would be 
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degraded by the colon bacteria. The enzymatic degradation of the lactulose would 
produce organic acids lowering the pH locally and dissolve the acid soluble coat 
releasing the drugs [ 207 ]. 

 An alternative technique that can be used is to make prodrugs which provide 
protection in the upper GIT but undergoes enzymatic degradation in the colon to 
release the active drug. A study in the rats was performed using glycosidic prodrugs 
of dexamethasone and prednisolone. The prodrugs were not absorbed in the small 
intestine as they were hydrophilic thus reaching the colon intact. Once in the colon, 
the bacterial glycosidases cleaved the prodrugs to release the active drugs useful for 
targeting and treating the IBD in the colon. This study determined that the dexa-
methasone prodrug was better than the prednisolone prodrug [ 208 ,  209 ]. Moreover, 
it was suggested that modifi cations in the diet could induce the colon bacteria to 
produce specifi c enzymes which is a technique that can be used to further improve 
the effi ciency of the delivery system. A large amount of interest has been seen in the 
development of azo-polymeric prodrugs to benefi t from the azoreductase enzyme in 
the colon [ 210 ,  211 ]. Colazal ®  (Salix Pharmaceuticals Inc., North Carolina, USA) is 
an azo-prodrug of balsalazide indicated for ulcerative colitis. 

 The intrinsic ability of nanoparticles to accumulate at infl ammation sites is also 
exploited for targeted delivery to the colon esp. in case of IBD. This results in long term 
deposition of the nanoparticles and drugs within at the site of infl ammation [ 212 ].  

1.4.6      Intracellular Targeting   

 In this section, the importance and strategies to carry out intracellular/subcellular 
targeting are highlighted. Once the therapeutics are able to reach the intended organ/
tissue of action, they need to act either extracellularly or intracellularly. When the 
action is supposed to occur in extracellular regions, the task of arriving at the specifi c 
organ/tissue is enough. Yet when the mechanism of action of the therapeutic substance 
is on specifi c proteins, peptides, enzymes, nucleic acids (DNA/RNA) which are present 
within the cell, the TDDS needs to go a step or even two, in case of nuclear targeting, 
further to ensure that the specifi c drug/gene enter the cell and are in active form once 
they reach their intracellular targets. The targets in question may be located on the 
plasma membrane or cell components such as endosome, lysosome, endoplasmic 
reticulum, nucleus, mitochondria, or even mRNA binding complexes. 

 Plasma membrane targeting will be important for drugs whose actions are medi-
ated through the proteins, lipids, signaling channels present on the plasma membrane. 
Targeting these drugs can facilitate high loading of the drugs around the cell increas-
ing the effective concentrations where required. It also helps to reduce overall dose 
administered to the body. The plasma membrane has also been the subject of targeting 
in case of infections that depend on binding to the plasma membrane to initiate their 
life cycles. Fusion inhibitors class of HIV/AIDS drugs target and inhibit the HIV 
fusion and entry to the cells [ 213 ,  214 ]. 

 The steps involved in intracellular targeting require the knowledge of how the 
cells can internalize components. Endocytosis is the process of absorbing molecules 
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by the cells, three ways of which are: phagocytosis, pinocytosis, and receptor- mediated 
endocytosis (RME). All of these processes lead into the endocytic pathway fi rst step 
being the early endosomes responsible for sorting the internalized components and 
also mediating release of the receptors (in case of RME) for recycling. The early endo-
somes are characterized by mildly acidic pH. The early endosomes mature into 
the late endosomes or transfer the internalized components to the Golgi apparatus. 
Late endosomes also have mildly acidic pH (5.5) and result in formation of lysosomes 
after fi nal sorting of the internalized material. Lysosomes are acidic and contain 
hydrolytic enzymes that degrade the material within. Defi nitely, the pathway consists 
of several signals and controls which are discussed in detail in this review [ 215 ]. Each 
of the steps in the endocytosis gives an opportunity to target. 

 Targeting the plasma membrane bound receptors (e.g., Tf receptor in tumor or 
brain) specifi cally allows binding to the intended cells of action which undergo 
RME and the TDDS are absorbed into the endosomes. They can be functionalized 
to endosomal markers to trigger the release of the drugs once inside the endosome. 
An acidic pH-sensitive system will, on entry into the endosomes, disintegrate to 
release the drug payload which can diffuse into the cytoplasm. Similarly, endosome- 
disrupting agents, which depend on the “proton sponge effect,” can also be used to 
target the drugs/genes into the cells [ 216 ,  217 ]. The late endosome is responsible for 
traffi cking the mannose-6-phosphate receptors and this can be a useful target for 
enzyme replacement therapy. Genetic disorders like Gaucher’s and Fabry’s require 
lysosomal enzyme replacement therapies where the mannose-6-phoshpate uptake 
can help target the enzyme replacements to the late endosomes and lysosomes 
[ 218 ]. Similarly, delivery of therapeutic substances to lysosomes was improved by 
lysosome-targeted nanosystems using lysosomotropic octadecyl-rhodamine B 
(RhB) [ 219 ,  220 ]. 

 There are several drugs whose substrates lie in the cytoplasm. Even RNAi ther-
apy requires that the siRNA be present in the cytoplasm to form the RNA-induced 
silencing complex (RISC). Hence, delivery of intact drug/gene to the cytoplasm is 
an important factor. As shown before, if the drug is internalized by endocytosis it is 
possible to initiate its release into the cytoplasm via endosome-disruption or stimu-
lus responsive carriers. There is another technique which can deliver the drug/gene 
directly into the cytoplasm. It uses the cell penetrating peptides (CPPs) that trans-
duce into the cells and directly release the payload into the cytosol. Several studies 
have been performed to explore this technology [ 221 – 224 ]. 

 Multiple disease and disorders fi nd their pathology to involve the role of mito-
chondria and its constituents. Consequently, drugs and nucleic acids with actions on 
mitochondria are useful bringing the question of targeting them to the mitochondria 
after entering the cytoplasm. A cytotoxic peptide (r7-kla) was made by conjugating 
mitochondrial membrane targeted fusion peptide (kla) with a cell-penetrating 
domain (r7) as an apoptosis inducer and an antitumor agent by causing targeted 
mitochondrial membrane disruption in both in vitro and in vivo experiments [ 225 ]. 
Other strategies may utilize similar targeting peptides for cell penetration and mito-
chondrial targeting to benefi t patients of cancer as well as neurodegenerative diseases 
[ 226 – 232 ]. 
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 Gene therapy usually requires that the nucleic acids be delivered into the nucleus 
where the nuclear membrane forms an additional barrier. The usual approaches to 
gene therapy use viral-mediated as well as nonviral (e.g., liposomes) gene delivery 
which has been discussed in previous sections.   

1.5     Summary 

 The fi eld of medicine is fi lled with mires when it comes to safety and effi cacy in 
applications of therapeutic substances to several diseases. Often the drug discovery 
provides potent leads but its research is not continued for the want of desirable 
physicochemical properties and absence of adverse effects. In case of some diseases 
such as cancer or HIV/AIDS it is not always possible to not use such drugs and 
while research of fi nding new class of drugs is ongoing, it is exciting to deliver the 
current drugs in a safe and effi cacious fashion with targeted drug delivery systems. 
The advantage of such systems are to allow targeted deposition at intended site, sus-
tained release, safety, reduced dosing frequency, and patient convenience. The goal 
of achieving effi cient targeting has seen contributions from multiple fi elds like 
molecular biology, chemistry, and physics. 

 This chapter covered essential aspects of targeted drug delivery discussing chal-
lenges and strategies in several diseases and specifi c requirements of targeting at 
some locations in the body. Use of such strategies have led to improvement in dis-
ease conditions in several cases and underlines the importance of understanding the 
diseases, their physiology at tissue and molecular levels and identifying targets for 
developing TDDS. 

 While the TDDS has shown benefi ts in multiple conditions, further research is 
validated. The TDDS are not without pitfalls. For instance, while the targeting of 
cancer has shown several benefi ts in in vivo conditions, they are not able to com-
pletely cure cancer in humans. This is because cancer in humans is not just charac-
terized by solid tumors, but metastatic cancer cells move around the body. Even if 
the solid tumors are targeted, the metastatic cancer cells may not be killed and 
cancer remission may be seen. Hence, targeting metastatic cells is also of prime 
importance. Other pitfalls attributed to targeting may include immune responses to 
antibody-directed therapies and the inability to achieve consistent pharmacokinetics 
when transferred from preclinical animal studies to clinical studies. 

 Still, the TDDS remain a viable approach to achieve effi cacious treatments and 
continued exploration will lead to development of breakthrough therapies.  

1.6     Conclusion 

 Thus, there exist both the variety of targets in the body and the variety of means to 
specifi cally bring pharmaceuticals to such targets. The past years have yielded sig-
nifi cant preclinical data for several diseases. As we see throughout this chapter, 
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multiple studies have been carried out in vitro and in vivo to demonstrate the bene-
fi ts of targeting drug delivery. 

 Major challenges exist in bringing TDDS from bench to bedside and continuous 
research needs to address them. One of the most important considerations is to 
understand the translation of preclinically proven TDDS into potential clinical 
material. Successful scale-up and industrial production of such systems, while 
keeping costs in check, will be the foremost step to see them in the clinics as well 
as individualized therapy. 

 The authors would like to highlight that this is an overview of different targeting 
strategies and would encourage readers to study each strategy in depth for better 
understanding.     

   References 

    1.    Strebhardt K, Ullrich A (2008) Paul Ehrlich’s magic bullet concept: 100 years of progress. 
Nat Rev Cancer 8(6):473–480  

    2.    Langer R (2001) Drug delivery. Drugs on target. Science 293(5527):58–59  
    3.    Childress EM, Kleinstreuer C, Kennedy AS (2012) A new catheter for tumor-targeting with 

radioactive microspheres in representative hepatic artery systems–part II: solid tumor- 
targeting in a patient-inspired hepatic artery system. J Biomech Eng 134(5):051005  

    4.    Kleinstreuer C et al (2012) A new catheter for tumor targeting with radioactive microspheres 
in representative hepatic artery systems. Part I: impact of catheter presence on local blood 
fl ow and microsphere delivery. J Biomech Eng 134(5):051004  

    5.    Dunaevsky A (2013) The gene-gun approach for transfection and labeling of cells in brain 
slices. Methods Mol Biol 1018:111–118  

    6.    Han HK, Amidon GL (2000) Targeted prodrug design to optimize drug delivery. AAPS 
PharmSci 2(1):E6  

     7.    Mahato R, Tai W, Cheng K (2011) Prodrugs for improving tumor targetability and effi ciency. 
Adv Drug Deliv Rev 63(8):659–670  

    8.    Torchilin VP (2006) Nanoparticulates as drug carriers. Imperial college press, London, UK  
    9.    Garnett MC (2001) Targeted drug conjugates: principles and progress. Adv Drug Deliv Rev 

53(2):171–216  
    10.    Crielaard BJ et al (2012) Drug targeting systems for infl ammatory disease: one for all, all for 

one. J Control Release 161(2):225–234  
     11.    Stylianopoulos T (2013) EPR-effect: utilizing size-dependent nanoparticle delivery to solid 

tumors. Ther Deliv 4(4):421–423  
    12.    Matsumura Y, Maeda H (1986) A new concept for macromolecular therapeutics in cancer 

chemotherapy: mechanism of tumoritropic accumulation of proteins and the antitumor agent 
smancs. Cancer Res 46(12 Pt 1):6387–6392  

     13.    Torchilin V (2011) Tumor delivery of macromolecular drugs based on the EPR effect. Adv 
Drug Deliv Rev 63(3):131–135  

      14.    Santos-Magalhaes NS, Mosqueira VC (2010) Nanotechnology applied to the treatment of 
malaria. Adv Drug Deliv Rev 62(4–5):560–575  

     15.    Torchilin VP (2007) Targeted pharmaceutical nanocarriers for cancer therapy and imaging. 
AAPS J 9(2):E128–E147  

    16.    Zhang X, Lin Y, Gillies RJ (2010) Tumor pH and its measurement. J Nucl Med 51(8):1167–1170  
    17.    Singh S, Khan AR, Gupta AK (2012) Role of glutathione in cancer pathophysiology and 

therapeutic interventions. J Exp Ther Oncol 9(4):303–316  
     18.    Sawant RR et al (2012) Polyethyleneimine-lipid conjugate-based pH-sensitive micellar carrier 

for gene delivery. Biomaterials 33(15):3942–3951  

1 Targeted Drug Delivery Systems: Strategies and Challenges



30

   19.    Wu H, Zhu L, Torchilin VP (2013) pH-sensitive poly(histidine)-PEG/DSPE-PEG co- polymer 
micelles for cytosolic drug delivery. Biomaterials 34(4):1213–1222  

   20.    Liu J et al (2011) Redox-responsive polyphosphate nanosized assemblies: a smart drug delivery 
platform for cancer therapy. Biomacromolecules 12(6):2407–2415  

   21.    Pan YJ et al (2012) Redox/pH dual stimuli-responsive biodegradable nanohydrogels with 
varying responses to dithiothreitol and glutathione for controlled drug release. Biomaterials 
33(27):6570–6579  

    22.    Lee ES, Na K, Bae YH (2005) Doxorubicin loaded pH-sensitive polymeric micelles for rever-
sal of resistant MCF-7 tumor. J Control Release 103(2):405–418  

    23.    Veiseh O, Gunn JW, Zhang M (2010) Design and fabrication of magnetic nanoparticles for 
targeted drug delivery and imaging. Adv Drug Deliv Rev 62(3):284–304  

    24.    Chomoucka J et al (2010) Magnetic nanoparticles and targeted drug delivering. Pharmacol 
Res 62(2):144–149  

    25.    Kempe M et al (2010) The use of magnetite nanoparticles for implant-assisted magnetic drug 
targeting in thrombolytic therapy. Biomaterials 31(36):9499–9510  

    26.    Bi F et al (2009) Chemical conjugation of urokinase to magnetic nanoparticles for targeted 
thrombolysis. Biomaterials 30(28):5125–5130  

    27.    Chorny M et al (2010) Endothelial delivery of antioxidant enzymes loaded into non- polymeric 
magnetic nanoparticles. J Control Release 146(1):144–151  

   28.    Riegler J et al (2010) Targeted magnetic delivery and tracking of cells using a magnetic reso-
nance imaging system. Biomaterials 31(20):5366–5371  

    29.    Pouponneau P et al (2011) Co-encapsulation of magnetic nanoparticles and doxorubicin into 
biodegradable microcarriers for deep tissue targeting by vascular MRI navigation. 
Biomaterials 32(13):3481–3486  

    30.    Hua MY et al (2010) Magnetic-nanoparticle-modifi ed paclitaxel for targeted therapy for 
prostate cancer. Biomaterials 31(28):7355–7363  

   31.    Dilnawaz F et al (2010) Dual drug loaded superparamagnetic iron oxide nanoparticles for 
targeted cancer therapy. Biomaterials 31(13):3694–3706  

   32.    Enriquez GG et al (2013) Formulation and evaluation of drug-loaded targeted magnetic 
microspheres for cancer therapy. Int J Nanomedicine 8:1393–1402  

   33.    Hua MY et al (2011) Superhigh-magnetization nanocarrier as a doxorubicin delivery platform 
for magnetic targeting therapy. Biomaterials 32(34):8999–9010  

   34.    Purushotham S, Ramanujan RV (2010) Thermoresponsive magnetic composite nanomaterials 
for multimodal cancer therapy. Acta Biomater 6(2):502–510  

    35.    Wang H et al (2012) Folate-targeting magnetic core-shell nanocarriers for selective drug 
release and imaging. Int J Pharm 430(1–2):342–349  

    36.    Dilnawaz F et al (2012) The transport of non-surfactant based paclitaxel loaded magnetic 
nanoparticles across the blood brain barrier in a rat model. Biomaterials 33(10):2936–2951  

    37.    Yang FY et al (2012) Focused ultrasound and interleukin-4 receptor-targeted liposomal doxo-
rubicin for enhanced targeted drug delivery and antitumor effect in glioblastoma multiforme. 
J Control Release 160(3):652–658  

    38.    Park EJ et al (2012) Ultrasound-mediated blood-brain/blood-tumor barrier disruption 
improves outcomes with trastuzumab in a breast cancer brain metastasis model. J Control 
Release 163(3):277–284  

   39.    Nomikou N, McHale AP (2010) Exploiting ultrasound-mediated effects in delivering tar-
geted, site-specifi c cancer therapy. Cancer Lett 296(2):133–143  

    40.    Nomikou N, Li YS, McHale AP (2010) Ultrasound-enhanced drug dispersion through solid 
tumours and its possible role in aiding ultrasound-targeted cancer chemotherapy. Cancer Lett 
288(1):94–98  

    41.    Gasselhuber A et al (2012) Targeted drug delivery by high intensity focused ultrasound medi-
ated hyperthermia combined with temperature-sensitive liposomes: computational modelling 
and preliminary in vivovalidation. Int J Hyperthermia 28(4):337–348  

    42.    Anderson CR et al (2011) Ultrasound molecular imaging of tumor angiogenesis with an 
integrin targeted microbubble contrast agent. Invest Radiol 46(4):215–224  

B.S. Pattni and V.P. Torchilin



31

    43.    Cochran MC et al (2011) Doxorubicin and paclitaxel loaded microbubbles for ultrasound 
triggered drug delivery. Int J Pharm 414(1–2):161–170  

   44.    Wang CH et al (2012) Aptamer-conjugated and drug-loaded acoustic droplets for ultrasound 
theranosis. Biomaterials 33(6):1939–1947  

   45.    Li P et al (2012) Ultrasound triggered drug release from 10-hydroxycamptothecin-loaded 
phospholipid microbubbles for targeted tumor therapy in mice. J Control Release 
162(2):349–354  

   46.    Zhao YZ et al (2011) Enhancing chemotherapeutic drug inhibition on tumor growth by ultra-
sound: an in vivo experiment. J Drug Target 19(2):154–160  

   47.    Rapoport NY et al (2009) Controlled and targeted tumor chemotherapy by ultrasound- 
activated nanoemulsions/microbubbles. J Control Release 138(3):268–276  

    48.    Ting CY et al (2012) Concurrent blood-brain barrier opening and local drug delivery using 
drug-carrying microbubbles and focused ultrasound for brain glioma treatment. Biomaterials 
33(2):704–712  

    49.    Korin N et al (2012) Shear-activated nanotherapeutics for drug targeting to obstructed blood 
vessels. Science 337(6095):738–742  

    50.    Uesugi Y et al (2010) An ultrasound-responsive nano delivery system of tissue-type 
 plasminogen activator for thrombolytic therapy. J Control Release 147(2):269–277  

    51.    Sun L et al (2013) The use of cationic microbubbles to improve ultrasound-targeted gene 
delivery to the ischemic myocardium. Biomaterials 34(8):2107–2116  

    52.    Deckers R, Moonen CT (2010) Ultrasound triggered, image guided, local drug delivery. 
J Control Release 148(1):25–33  

   53.    Bohmer MR et al (2009) Ultrasound triggered image-guided drug delivery. Eur J Radiol 
70(2):242–253  

    54.    Rapoport N et al (2011) Ultrasound-mediated tumor imaging and nanotherapy using drug 
loaded, block copolymer stabilized perfl uorocarbon nanoemulsions. J Control Release 
153(1):4–15  

    55.    Liu HL et al (2010) Magnetic resonance monitoring of focused ultrasound/magnetic nanopar-
ticle targeting delivery of therapeutic agents to the brain. Proc Natl Acad Sci U S A 
107(34):15205–15210  

    56.    Ranjan A et al (2012) Image-guided drug delivery with magnetic resonance guided high 
intensity focused ultrasound and temperature sensitive liposomes in a rabbit Vx2 tumor 
model. J Control Release 158(3):487–494  

    57.    Sharma SK et al (1994) Antibody-directed enzyme prodrug therapy (ADEPT). A three-phase 
study in ovarian tumor xenografts. Cell Biophys 24–25:219–228  

    58.    Rajendran L, Knolker HJ, Simons K (2010) Subcellular targeting strategies for drug design 
and delivery. Nat Rev Drug Discov 9(1):29–42  

   59.    Christopher ME, Wong JP (2006) Recent developments in delivery of nucleic acid-based 
antiviral agents. Curr Pharm Des 12(16):1995–2006  

    60.    Shan L et al (2012) A paclitaxel-conjugated adenovirus vector for targeted drug delivery for 
tumor therapy. Biomaterials 33(1):146–162  

    61.    Musacchio T et al (2010) Effective stabilization and delivery of siRNA: reversible siRNA- 
phospholipid conjugate in nanosized mixed polymeric micelles. Bioconjug Chem 21(8):
1530–1536  

   62.    Buyens K et al (2012) Liposome based systems for systemic siRNA delivery: stability in 
blood sets the requirements for optimal carrier design. J Control Release 158(3):362–370  

    63.    Goula D et al (1998) Polyethylenimine-based intravenous delivery of transgenes to mouse 
lung. Gene Ther 5(9):1291–1295  

      64.    Patel NR et al (2013) Nanopreparations to overcome multidrug resistance in cancer. Adv 
Drug Deliv Rev 65(13–14):1748–1762  

    65.    Grupp SA et al (2013) Chimeric antigen receptor-modifi ed T cells for acute lymphoid leuke-
mia. N Engl J Med 368(16):1509–1518  

    66.    Maeda H, Bharate GY, Daruwalla J (2009) Polymeric drugs for effi cient tumor-targeted drug 
delivery based on EPR-effect. Eur J Pharm Biopharm 71(3):409–419  

1 Targeted Drug Delivery Systems: Strategies and Challenges



32

    67.    Patil YB et al (2010) The use of nanoparticle-mediated targeted gene silencing and drug 
delivery to overcome tumor drug resistance. Biomaterials 31(2):358–365  

    68.    Patel NR et al (2011) Reversal of multidrug resistance by co-delivery of tariquidar (XR9576) 
and paclitaxel using long-circulating liposomes. Int J Pharm 416(1):296–299  

    69.    Bae S et al (2012) Doxorubicin-loaded human serum albumin nanoparticles surface-modifi ed 
with TNF-related apoptosis-inducing ligand and transferrin for targeting multiple tumor 
types. Biomaterials 33(5):1536–1546  

   70.    Wagner S et al (2010) Enhanced drug targeting by attachment of an anti alphav integrin anti-
body to doxorubicin loaded human serum albumin nanoparticles. Biomaterials 31(8):
2388–2398  

   71.    Sawant RR et al (2013) Targeted transferrin-modifi ed polymeric micelles: enhanced effi cacy 
in vitro and in vivo in ovarian carcinoma. Mol Pharm 11(2):375–381  

   72.    Lukyanov AN et al (2004) Tumor-targeted liposomes: doxorubicin-loaded long-circulating 
liposomes modifi ed with anti-cancer antibody. J Control Release 100(1):135–144  

    73.    Abouzeid AH et al (2013) Anti-cancer activity of anti-GLUT1 antibody-targeted polymeric 
micelles co-loaded with curcumin and doxorubicin. J Drug Target 21(10):994–1000  

    74.    Zhu L, Torchilin VP (2013) Stimulus-responsive nanopreparations for tumor targeting. Integr 
Biol (Camb) 5(1):96–107  

   75.    Koren E et al (2012) Multifunctional PEGylated 2C5-immunoliposomes containing pH- 
sensitive bonds and TAT peptide for enhanced tumor cell internalization and cytotoxicity. 
J Control Release 160(2):264–273  

    76.    Sawant RR, Torchilin VP (2011) Design and synthesis of novel functional lipid-based bio-
conjugates for drug delivery and other applications. Methods Mol Biol 751:357–378  

    77.    Perche F, Torchilin VP (2013) Recent trends in multifunctional liposomal nanocarriers for 
enhanced tumor targeting. J Drug Deliv 2013:705265  

    78.    Torchilin VP (2006) Multifunctional nanocarriers. Adv Drug Deliv Rev 58(14):1532–1555  
    79.    Jackman AL, Leamon CP (2011) Targeted drug strategies for cancer and infl ammation. 

Springer, New York, NY  
   80.    Kratz F, Senter P, Steinhagen H (2012) Drug delivery in oncology: from basic research to 

cancer therapy. Weinheim, Wiley-VCH-Verlag  
   81.    Neidle S (2013) Cancer drug design and discovery. Elsevier Science, Amsterdam  
   82.    Tew K, Fisher P (2013) Advances in cancer research. Elsevier Science, Amsterdam  
    83.    Giaccone G, Soria JC (2013) Targeted therapies in oncology. Taylor & Francis, London  
    84.    Antoniadou A et al (2013) Impact of a hospital-wide antibiotic restriction policy program on 

the resistance rates of nosocomial Gram-negative bacteria. Scand J Infect Dis 
45(6):438–445  

    85.    Hurdle JG et al (2011) Targeting bacterial membrane function: an underexploited mechanism 
for treating persistent infections. Nat Rev Microbiol 9(1):62–75  

    86.    Sharma A et al (2012) Nano-technology for targeted drug delivery to combat antibiotic resis-
tance. Expert Opin Drug Deliv 9(11):1325–1332  

    87.    Zhang L et al (2010) Development of nanoparticles for antimicrobial drug delivery. Curr Med 
Chem 17(6):585–594  

    88.    Takemoto K et al (2004) Comparative studies on the effi cacy of Am Bisome and Fungizone 
in a mouse model of disseminated aspergillosis. J Antimicrob Chemother 53(2):311–317  

    89.    Umamaheshwari RB, Jain NK (2003) Receptor mediated targeting of lectin conjugated 
gliadin nanoparticles in the treatment of Helicobacter pylori. J Drug Target 11(7):415–423, 
discussion 423–424  

    90.    Subramanya S et al (2010) Targeted delivery of small interfering RNA to human dendritic 
cells to suppress dengue virus infection and associated proinfl ammatory cytokine production. 
J Virol 84(5):2490–2501  

    91.    Koul A et al (2011) The challenge of new drug discovery for tuberculosis. Nature 
469(7331):483–490  

    92.    Kaneko T, Cooper C, Mdluli K (2011) Challenges and opportunities in developing novel 
drugs for TB. Future Med Chem 3(11):1373–1400  

B.S. Pattni and V.P. Torchilin



33

     93.    Clemens DL et al (2012) Targeted intracellular delivery of antituberculosis drugs to 
Mycobacterium tuberculosis-infected macrophages via functionalized mesoporous silica 
nanoparticles. Antimicrob Agents Chemother 56(5):2535–2545  

    94.    Bhatt K, Salgame P (2007) Host innate immune response to Mycobacterium tuberculosis. J Clin 
Immunol 27(4):347–362  

    95.    Chono S et al (2008) Effi cient drug targeting to rat alveolar macrophages by pulmonary 
administration of ciprofl oxacin incorporated into mannosylated liposomes for treatment of 
respiratory intracellular parasitic infections. J Control Release 127(1):50–58  

    96.    Wijagkanalan W et al (2008) Effi cient targeting to alveolar macrophages by intratracheal 
administration of mannosylated liposomes in rats. J Control Release 125(2):121–130  

    97.    Pandey R, Khuller GK (2005) Solid lipid particle-based inhalable sustained drug delivery 
system against experimental tuberculosis. Tuberculosis (Edinb) 85(4):227–234  

     98.    Abdulla S et al (2013) Randomized, controlled trial of the long term safety, immunogenicity 
and effi cacy of RTS, S/AS02(D) malaria vaccine in infants living in a malaria-endemic 
region. Malar J 12:11  

    99.    Qiu L, Jing N, Jin Y (2008) Preparation and in vitro evaluation of liposomal chloroquine 
diphosphate loaded by a transmembrane pH-gradient method. Int J Pharm 361(1–2):
56–63  

    100.    Robertson RT et al (2008) Liposomes incorporating a Plasmodium amino acid sequence tar-
get heparan sulfate binding sites in liver. J Pharm Sci 97(8):3257–3273  

   101.    Haynes SM et al (2008) Liposomal polyethyleneglycol and polyethyleneglycol-peptide com-
binations for active targeting to liver in vivo. Drug Deliv 15(4):207–217  

    102.    Tsai MS et al (2011) Binding patterns of peptide-containing liposomes in liver and spleen of 
developing mice: comparison with heparan sulfate immunoreactivity. J Drug Target 
19(7):506–515  

    103.    Mosqueira VC et al (2004) Effi cacy and pharmacokinetics of intravenous nanocapsule formu-
lations of halofantrine in Plasmodium berghei-infected mice. Antimicrob Agents Chemother 
48(4):1222–1228  

    104.    Gupta Y, Jain A, Jain SK (2007) Transferrin-conjugated solid lipid nanoparticles for enhanced 
delivery of quinine dihydrochloride to the brain. J Pharm Pharmacol 59(7):935–940  

    105.    Agrawal AK, Gupta CM (2000) Tuftsin-bearing liposomes in treatment of macrophage-based 
infections. Adv Drug Deliv Rev 41(2):135–146  

    106.    Olotu A et al (2013) Four-year effi cacy of RTS, S/AS01E and its interaction with malaria 
exposure. N Engl J Med 368(12):1111–1120  

    107.    Moorthy VS et al (2013) Assessment of the RTS, S/AS01 malaria vaccine. Lancet Infect Dis 
13(4):280–282  

    108.    Schrager LK, D’Souza MP (1998) Cellular and anatomical reservoirs of HIV-1 in patients 
receiving potent antiretroviral combination therapy. JAMA 280(1):67–71  

     109.    Gupta U, Jain NK (2010) Non-polymeric nano-carriers in HIV/AIDS drug delivery and targeting. 
Adv Drug Deliv Rev 62(4–5):478–490  

    110.    Taylor PR et al (2005) Macrophage receptors and immune recognition. Annu Rev Immunol 
23:901–944  

    111.    Mishra V et al (2006) Targeted brain delivery of AZT via transferrin anchored pegylated 
albumin nanoparticles. J Drug Target 14(1):45–53  

    112.    Kaur CD, Nahar M, Jain NK (2008) Lymphatic targeting of zidovudine using surface- 
engineered liposomes. J Drug Target 16(10):798–805  

    113.    Shah LK, Amiji MM (2006) Intracellular delivery of saquinavir in biodegradable polymeric 
nanoparticles for HIV/AIDS. Pharm Res 23(11):2638–2645  

    114.    Gunaseelan S et al (2010) Surface modifi cations of nanocarriers for effective intracellular 
delivery of anti-HIV drugs. Adv Drug Deliv Rev 62(4–5):518–531  

   115.    das Neves J et al (2010) Nanotechnology-based systems for the treatment and prevention of 
HIV/AIDS. Adv Drug Deliv Rev 62(4–5):458–477  

    116.    Wong HL et al (2010) Nanotechnology applications for improved delivery of antiretroviral 
drugs to the brain. Adv Drug Deliv Rev 62(4–5):503–517  

1 Targeted Drug Delivery Systems: Strategies and Challenges



34

       117.    Alam MI et al (2010) Strategy for effective brain drug delivery. Eur J Pharm Sci 40(5):385–403  
    118.    Pardridge WM (2003) Blood-brain barrier drug targeting: the future of brain drug development. 

Mol Interv 3(2):90, -105, 51  
    119.    Roney C et al (2005) Targeted nanoparticles for drug delivery through the blood-brain barrier 

for Alzheimer’s disease. J Control Release 108(2–3):193–214  
    120.    Westphal M et al (2006) Gliadel wafer in initial surgery for malignant glioma: long-term 

follow-up of a multicenter controlled trial. Acta Neurochir (Wien) 148(3):269–275, discus-
sion 275  

     121.    Beduneau A, Saulnier P, Benoit JP (2007) Active targeting of brain tumors using nanocarri-
ers. Biomaterials 28(33):4947–4967  

     122.    Temsamani J et al (2000) Brain drug delivery technologies: novel approaches for transporting 
therapeutics. Pharm Sci Technolo Today 3(5):155–162  

    123.    Begley DJ (2004) Delivery of therapeutic agents to the central nervous system: the problems 
and the possibilities. Pharmacol Ther 104(1):29–45  

   124.    Wang M, Etu J, Joshi S (2007) Enhanced disruption of the blood brain barrier by intracarotid 
mannitol injection during transient cerebral hypoperfusion in rabbits. J Neurosurg Anesthesiol 
19(4):249–256  

   125.    Cosolo WC et al (1989) Blood-brain barrier disruption using mannitol: time course and electron 
microscopy studies. Am J Physiol 256(2 Pt 2):R443–R447  

    126.    Doolittle ND et al (1998) Blood-brain barrier disruption for the treatment of malignant brain 
tumors: The National Program. J Neurosci Nurs 30(2):81–90  

    127.    Erdlenbruch B et al (2002) Increased delivery of erucylphosphocholine to C6 gliomas by 
chemical opening of the blood-brain barrier using intracarotid pentylglycerol in rats. Cancer 
Chemother Pharmacol 50(4):299–304  

    128.    Cloughesy TF, Black KL (1995) Pharmacological blood-brain barrier modifi cation for selec-
tive drug delivery. J Neurooncol 26(2):125–132  

    129.    Salahuddin TS et al (1988) Observations on exsudation of fi bronectin, fi brinogen and albumin 
in the brain after carotid infusion of hyperosmolar solutions. An immunohistochemical study 
in the rat indicating longlasting changes in the brain microenvironment and multifocal nerve 
cell injuries. Acta Neuropathol 76(1):1–10  

    130.    Sawynok J (1986) The therapeutic use of heroin: a review of the pharmacological literature. 
Can J Physiol Pharmacol 64(1):1–6  

    131.    Yang SC et al (1999) Body distribution in mice of intravenously injected camptothecin solid 
lipid nanoparticles and targeting effect on brain. J Control Release 59(3):299–307  

    132.    Tsuji A (2005) Small molecular drug transfer across the blood-brain barrier via carrier- 
mediated transport systems. NeuroRx 2(1):54–62  

    133.    Mena I, Cotzias GC (1975) Protein intake and treatment of Parkinson’s disease with levodopa. 
N Engl J Med 292(4):181–184  

    134.    Pardridge WM (1992) Recent developments in peptide drug delivery to the brain. Pharmacol 
Toxicol 71(1):3–10  

    135.    Pardridge WM (2001) Brain drug targeting and gene technologies. Jpn J Pharmacol 87(2):
97–103  

   136.    Thole M et al (2002) Uptake of cationzied albumin coupled liposomes by cultured porcine 
brain microvessel endothelial cells and intact brain capillaries. J Drug Target 10(4):337–344  

    137.    Vorbrodt AW (1989) Ultracytochemical characterization of anionic sites in the wall of brain 
capillaries. J Neurocytol 18(3):359–368  

    138.    Bickel U et al (1994) In vivo demonstration of subcellular localization of anti-transferrin 
receptor monoclonal antibody-colloidal gold conjugate in brain capillary endothelium. 
J Histochem Cytochem 42(11):1493–1497  

   139.    Shi N, Pardridge WM (2000) Noninvasive gene targeting to the brain. Proc Natl Acad Sci U 
S A 97(13):7567–7572  

   140.    Gosk S et al (2004) Targeting anti-transferrin receptor antibody (OX26) and OX26-conjugated 
liposomes to brain capillary endothelial cells using in situ perfusion. J Cereb Blood Flow 
Metab 24(11):1193–1204  

B.S. Pattni and V.P. Torchilin



35

    141.    Beduneau A et al (2007) Design of targeted lipid nanocapsules by conjugation of whole anti-
bodies and antibody Fab′ fragments. Biomaterials 28(33):4978–4990  

     142.    Pardridge WM (2010) Biopharmaceutical drug targeting to the brain. J Drug Target 
18(3):157–167  

    143.    Pardridge WM et al (1995) Human insulin receptor monoclonal antibody undergoes high 
affi nity binding to human brain capillaries in vitro and rapid transcytosis through the blood- 
brain barrier in vivo in the primate. Pharm Res 12(6):807–816  

    144.    Dehouck B et al (1994) Upregulation of the low density lipoprotein receptor at the blood- 
brain barrier: intercommunications between brain capillary endothelial cells and astrocytes. 
J Cell Biol 126(2):465–473  

   145.    Meresse S et al (1989) Low-density lipoprotein receptor on endothelium of brain capillaries. 
J Neurochem 53(2):340–345  

   146.    Ramge P et al (2000) Polysorbate-80 coating enhances uptake of polybutylcyanoacrylate 
(PBCA)-nanoparticles by human and bovine primary brain capillary endothelial cells. Eur J 
Neurosci 12(6):1931–1940  

   147.    Alyautdin RN et al (1997) Delivery of loperamide across the blood-brain barrier with 
polysorbate 80-coated polybutylcyanoacrylate nanoparticles. Pharm Res 14(3):325–328  

   148.    Ambruosi A et al (2006) Biodistribution of polysorbate 80-coated doxorubicin-loaded 
[14C]-poly(butyl cyanoacrylate) nanoparticles after intravenous administration to 
glioblastoma- bearing rats. J Drug Target 14(2):97–105  

   149.    Wilson B et al (2008) Targeted delivery of tacrine into the brain with polysorbate 80-coated 
poly(n-butylcyanoacrylate) nanoparticles. Eur J Pharm Biopharm 70(1):75–84  

   150.    Wilson B et al (2008) Poly(n-butylcyanoacrylate) nanoparticles coated with polysorbate 80 
for the targeted delivery of rivastigmine into the brain to treat Alzheimer’s disease. Brain Res 
1200:159–168  

    151.    Blasi P et al (2007) Solid lipid nanoparticles for targeted brain drug delivery. Adv Drug Deliv 
Rev 59(6):454–477  

    152.    Salem AK et al (2001) Synthesis and characterisation of a degradable poly(lactic acid)-
poly(ethylene glycol) copolymer with biotinylated end groups. Biomacromolecules 
2(2):575–580  

    153.    Prow TW et al (2011) Nanoparticles and microparticles for skin drug delivery. Adv Drug 
Deliv Rev 63(6):470–491  

     154.    Papakostas D et al (2011) Nanoparticles in dermatology. Arch Dermatol Res 303(8):
533–550  

    155.    Agrawal U et al (2013) Hyperbranched dendritic nano-carriers for topical delivery of dithra-
nol. J Drug Target 21(5):497–506  

   156.    Bhalekar MR et al (2009) Preparation and evaluation of miconazole nitrate-loaded solid lipid 
nanoparticles for topical delivery. AAPS PharmSciTech 10(1):289–296  

   157.    Liu J et al (2007) Isotretinoin-loaded solid lipid nanoparticles with skin targeting for topical 
delivery. Int J Pharm 328(2):191–195  

   158.    Maia CS, Mehnert W, Schafer-Korting M (2000) Solid lipid nanoparticles as drug carriers for 
topical glucocorticoids. Int J Pharm 196(2):165–167  

   159.    Tang T et al (2011) Targeting superfi cial or nodular Basal cell carcinoma with topically 
formulated small molecule inhibitor of smoothened. Clin Cancer Res 17(10):3378–3387  

   160.    de Jalon EG et al (2001) PLGA microparticles: possible vehicles for topical drug delivery. 
Int J Pharm 226(1–2):181–184  

    161.    Pierre MB, Dos Santos Miranda Costa I (2011) Liposomal systems as drug delivery vehicles 
for dermal and transdermal applications. Arch Dermatol Res 303(9):607–621  

    162.    Knorr F et al (2009) Follicular transport route–research progress and future perspectives. 
Eur J Pharm Biopharm 71(2):173–180  

    163.    Lademann J et al (2001) Investigation of follicular penetration of topically applied sub-
stances. Skin Pharmacol Appl Skin Physiol 14(Suppl 1):17–22  

   164.    Lademann J et al (2008) Hair follicles–an effi cient storage and penetration pathway for topi-
cally applied substances. Summary of recent results obtained at the Center of Experimental 

1 Targeted Drug Delivery Systems: Strategies and Challenges



36

and Applied Cutaneous Physiology, Charite -Universitatsmedizin Berlin, Germany. Skin 
Pharmacol Physiol 21(3):150–155  

    165.    Toll R et al (2004) Penetration profi le of microspheres in follicular targeting of terminal hair 
follicles. J Invest Dermatol 123(1):168–176  

    166.    Meidan VM, Bonner MC, Michniak BB (2005) Transfollicular drug delivery–is it a reality? 
Int J Pharm 306(1–2):1–14  

    167.    Blume-Peytavi U, Vogt A (2011) Human hair follicle: reservoir function and selective targeting. 
Br J Dermatol 165(Suppl 2):13–17  

    168.    Otberg N et al (2007) Follicular penetration of topically applied caffeine via a shampoo 
formulation. Skin Pharmacol Physiol 20(4):195–198  

    169.    Agarwal R, Katare OP, Vyas SP (2000) The pilosebaceous unit: a pivotal route for topical 
drug delivery. Methods Find Exp Clin Pharmacol 22(2):129–133  

    170.    Jain B et al (2010) Development and characterization of minoxidil-loaded liposomal system 
for delivery to pilosebaceous units. J Liposome Res 20(2):105–114  

    171.    Balsari AL et al (1994) Protection against doxorubicin-induced alopecia in rats by liposome- 
entrapped monoclonal antibodies. FASEB J 8(2):226–230  

   172.    Yarosh D et al (1994) Localization of liposomes containing a DNA repair enzyme in murine 
skin. J Invest Dermatol 103(4):461–468  

    173.    Gupta PN et al (2005) Non-invasive vaccine delivery in transfersomes, niosomes and liposomes: 
a comparative study. Int J Pharm 293(1–2):73–82  

    174.    Wosicka H, Cal K (2010) Targeting to the hair follicles: current status and potential. 
J Dermatol Sci 57(2):83–89  

    175.    Rytting E et al (2008) Biodegradable polymeric nanocarriers for pulmonary drug delivery. 
Expert Opin Drug Deliv 5(6):629–639  

    176.    Vyas SP, Khatri K (2007) Liposome-based drug delivery to alveolar macrophages. Expert 
Opin Drug Deliv 4(2):95–99  

     177.    Shoyele SA, Cawthorne S (2006) Particle engineering techniques for inhaled biopharmaceu-
ticals. Adv Drug Deliv Rev 58(9–10):1009–1029  

    178.    Garcia-Contreras L et al (2006) Evaluation of dosing regimen of respirable rifampicin 
biodegradable microspheres in the treatment of tuberculosis in the guinea pig. J Antimicrob 
Chemother 58(5):980–986  

    179.    Ruijgrok EJ, Vulto AG, Van Etten EW (2001) Effi cacy of aerosolized amphotericin B desoxy-
cholate and liposomal amphotericin B in the treatment of invasive pulmonary aspergillosis in 
severely immunocompromised rats. J Antimicrob Chemother 48(1):89–95  

    180.    Vyas SP et al (2005) Aerosolized liposome-based delivery of amphotericin B to alveolar 
macrophages. Int J Pharm 296(1–2):12–25  

    181.    Vyas SP et al (2004) Design of liposomal aerosols for improved delivery of rifampicin to 
alveolar macrophages. Int J Pharm 269(1):37–49  

    182.    Zhang Q, Shen Z, Nagai T (2001) Prolonged hypoglycemic effect of insulin-loaded polybut-
ylcyanoacrylate nanoparticles after pulmonary administration to normal rats. Int J Pharm 
218(1–2):75–80  

   183.    Kawashima Y et al (1999) Pulmonary delivery of insulin with nebulized DL-lactide/glycolide 
copolymer (PLGA) nanospheres to prolong hypoglycemic effect. J Control Release 
62(1–2):279–287  

    184.    Amidi M et al (2008) Preparation and physicochemical characterization of supercritically 
dried insulin-loaded microparticles for pulmonary delivery. Eur J Pharm Biopharm 
68(2):191–200  

    185.    Howard KA et al (2006) RNA interference in vitro and in vivo using a novel chitosan/siRNA 
nanoparticle system. Mol Ther 14(4):476–484  

    186.    Kennedy BG, Mangini NJ (2002) P-glycoprotein expression in human retinal pigment epi-
thelium. Mol Vis 8:422–430  

    187.    Marmor MF (1975) Structure and function of the retinal pigment epithelium. Int Ophthalmol 
Clin 15(1):115–130  

      188.    Duvvuri S, Majumdar S, Mitra AK (2003) Drug delivery to the retina: challenges and oppor-
tunities. Expert Opin Biol Ther 3(1):45–56  

B.S. Pattni and V.P. Torchilin



37

   189.    Urtti A (2006) Challenges and obstacles of ocular pharmacokinetics and drug delivery. Adv 
Drug Deliv Rev 58(11):1131–1135  

      190.    Janoria KG et al (2007) Novel approaches to retinal drug delivery. Expert Opin Drug Deliv 
4(4):371–388  

    191.    Lee SS, Hughes PM, Robinson MR (2009) Recent advances in drug delivery systems for 
treating ocular complications of systemic diseases. Curr Opin Ophthalmol 20(6):511–519  

    192.    Geroski DH, Edelhauser HF (2000) Drug delivery for posterior segment eye disease. Invest 
Ophthalmol Vis Sci 41(5):961–964  

    193.    Kaur IP, Kanwar M (2002) Ocular preparations: the formulation approach. Drug Dev Ind 
Pharm 28(5):473–493  

    194.    Diaz-Llopis M et al (1992) Liposomally-entrapped ganciclovir for the treatment of cyto-
megalovirus retinitis in AIDS patients. Eperimental toxicity and pharmacokinetics, and clini-
cal trial. Doc Ophthalmol 82(4):297–305  

   195.    Veloso AA Jr et al (1997) Ganciclovir-loaded polymer microspheres in rabbit eyes inoculated 
with human cytomegalovirus. Invest Ophthalmol Vis Sci 38(3):665–675  

    196.    Maurice D (2001) Review: practical issues in intravitreal drug delivery. J Ocul Pharmacol 
Ther 17(4):393–401  

    197.    Bourges JL et al (2003) Ocular drug delivery targeting the retina and retinal pigment epithe-
lium using polylactide nanoparticles. Invest Ophthalmol Vis Sci 44(8):3562–3569  

    198.    Sakurai E et al (2001) Scleral plug of biodegradable polymers containing ganciclovir for 
experimental cytomegalovirus retinitis. Invest Ophthalmol Vis Sci 42(9):2043–2048  

    199.    Kim TW et al (2002) Intraocular distribution of 70-kDa dextran after subconjunctival injec-
tion in mice. Invest Ophthalmol Vis Sci 43(6):1809–1816  

     200.    Hosoya K, Tachikawa M (2009) Inner blood-retinal barrier transporters: role of retinal drug 
delivery. Pharm Res 26(9):2055–2065  

    201.    Han H et al (1998) 5′-Amino acid esters of antiviral nucleosides, acyclovir, and AZT are 
absorbed by the intestinal PEPT1 peptide transporter. Pharm Res 15(8):1154–1159  

    202.    McConnell EL, Short MD, Basit AW (2008) An in vivo comparison of intestinal pH and 
bacteria as physiological trigger mechanisms for colonic targeting in man. J Control Release 
130(2):154–160  

   203.    Matsuda K et al (1996) Effect of food intake on the delivery of fl uorescein as a model drug in 
colon delivery capsule after oral administration to beagle dogs. J Drug Target 4(2):59–67  

    204.    Patel MM (2011) Cutting-edge technologies in colon-targeted drug delivery systems. Expert 
Opin Drug Deliv 8(10):1247–1258  

    205.    Philip AK, Philip B (2010) Colon targeted drug delivery systems: a review on primary and 
novel approaches. Oman Med J 25(2):79–87  

    206.    Ishibashi T et al (1999) In vivo drug release behavior in dogs from a new colon-targeted 
delivery system. J Control Release 57(1):45–53  

    207.    Yang L, Chu JS, Fix JA (2002) Colon-specifi c drug delivery: new approaches and in vitro/in 
vivo evaluation. Int J Pharm 235(1–2):1–15  

    208.    Friend DR, Chang GW (1985) Drug glycosides: potential prodrugs for colon-specifi c drug 
delivery. J Med Chem 28(1):51–57  

    209.    Friend DR, Chang GW (1984) A colon-specifi c drug-delivery system based on drug glycosides 
and the glycosidases of colonic bacteria. J Med Chem 27(3):261–266  

    210.    Saffran M et al (1991) Oral insulin in diabetic dogs. J Endocrinol 131(2):267–278  
    211.    Shantha KL, Ravichandran P, Rao KP (1995) Azo polymeric hydrogels for colon targeted 

drug delivery. Biomaterials 16(17):1313–1318  
    212.    Lamprecht A et al (2001) Biodegradable nanoparticles for targeted drug delivery in treatment 

of infl ammatory bowel disease. J Pharmacol Exp Ther 299(2):775–781  
    213.    Eckert DM, Kim PS (2001) Mechanisms of viral membrane fusion and its inhibition. Annu 

Rev Biochem 70:777–810  
    214.    Zhou G, Chu S (2013) Discovery of small molecule fusion inhibitors targeting HIV-1 gp41. 

Curr Pharm Des 19(10):1818–1826  
    215.    Gruenberg J (2001) The endocytic pathway: a mosaic of domains. Nat Rev Mol Cell Biol 

2(10):721–730  

1 Targeted Drug Delivery Systems: Strategies and Challenges



38

    216.    Duan H, Nie S (2007) Cell-penetrating quantum dots based on multivalent and endosome- 
disrupting surface coatings. J Am Chem Soc 129(11):3333–3338  

    217.    Suma T et al (2012) Smart multilayered assembly for biocompatible siRNA delivery 
featuring dissolvable silica, endosome-disrupting polycation, and detachable PEG. ACS Nano 
6(8):6693–6705  

    218.    Grabowski GA, Hopkin RJ (2003) Enzyme therapy for lysosomal storage disease: principles, 
practice, and prospects. Annu Rev Genomics Hum Genet 4:403–436  

    219.    Koshkaryev A et al (2011) Targeting of lysosomes by liposomes modifi ed with 
 octadecyl- rhodamine B. J Drug Target 19(8):606–614  

    220.    Thekkedath R, Koshkaryev A, Torchilin VP (2013) Lysosome-targeted octadecyl-rhodamine 
B-liposomes enhance lysosomal accumulation of glucocerebrosidase in Gaucher’s cells 
in vitro. Nanomedicine (Lond) 8(7):1055–1065  

    221.    Torchilin VP (2007) Tatp-mediated intracellular delivery of pharmaceutical nanocarriers. 
Biochem Soc Trans 35(Pt 4):816–820  

   222.    Sawant RR, Torchilin VP (2009) Enhanced cytotoxicity of TATp-bearing paclitaxel-loaded 
micelles in vitro and in vivo. Int J Pharm 374(1–2):114–118  

   223.    Kale AA, Torchilin VP (2007) “Smart” drug carriers: PEGylated TATp-modifi ed pH- sensitive 
liposomes. J Liposome Res 17(3–4):197–203  

    224.    Patel LN, Zaro JL, Shen WC (2007) Cell penetrating peptides: intracellular pathways and 
pharmaceutical perspectives. Pharm Res 24(11):1977–1992  

    225.    Law B et al (2006) A mitochondrial targeted fusion peptide exhibits remarkable cytotoxicity. 
Mol Cancer Ther 5(8):1944–1949  

    226.    Muratovska A et al (2001) Targeting large molecules to mitochondria. Adv Drug Deliv Rev 
49(1–2):189–198  

   227.    Szeto HH (2006) Mitochondria-targeted peptide antioxidants: novel neuroprotective agents. 
AAPS J 8(3):E521–E531  

   228.    Szeto HH (2008) Development of mitochondria-targeted aromatic-cationic peptides for neu-
rodegenerative diseases. Ann N Y Acad Sci 1147:112–121  

   229.    Biswas S et al (2012) Liposomes loaded with paclitaxel and modifi ed with novel 
triphenylphosphonium- PEG-PE conjugate possess low toxicity, target mitochondria and dem-
onstrate enhanced antitumor effects in vitro and in vivo. J Control Release 159(3):393–402  

   230.    Patel NR et al (2010) Mitochondria-targeted liposomes improve the apoptotic and cytotoxic 
action of sclareol. J Liposome Res 20(3):244–249  

   231.    Biswas S et al (2012) Surface conjugation of triphenylphosphonium to target poly(amidoamine) 
dendrimers to mitochondria. Biomaterials 33(18):4773–4782  

    232.    Biswas S et al (2011) Surface modifi cation of liposomes with rhodamine-123-conjugated 
polymer results in enhanced mitochondrial targeting. J Drug Target 19(7):552–561    

B.S. Pattni and V.P. Torchilin



   Part II 
   Disease-Based Targeting        



41© Controlled Release Society 2015
P.V. Devarajan, S. Jain (eds.), Targeted Drug Delivery: Concepts and Design, 
Advances in Delivery Science and Technology, DOI 10.1007/978-3-319-11355-5_2

    Chapter 2   
 Recent Advances in Tumor Targeting 
Approaches 

             Kaushik     Thanki    ,     Varun     Kushwah    , and     Sanyog     Jain    

       Abbreviations 

  17 AAG    17-Allylamino-17-Demethoxygeldanamycin   
  17-DMAG    17-dimethylaminoethylamine-17-demethoxy-geldanamycin   
  ADCC    Antibody dependent cellular cytotoxicity   
   ADEPT      Antibody directed enzyme prodrug therapy   
  ANA    Monoclonal antinuclear autoantibody   
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  FDG    2-Deoxy-2-( 18 F) fl uoro- D -glucose   
  GMCSF    Granulocyte-macrophage colony-stimulating factor   
  GRP78    78 kDa glucose-regulated protein   
  H3K4me3/2    Trimethylation and dimethylation of histone H3 at lysine 4   
  HAMA    Human anti-mouse antibody   
  HARA    Human anti-ricin antibody   
  hCG    Human chorionic gonadotrophin   
  HDAC    Histone deacetylase   
  HER2    Human epidermal growth factor receptor 2   
  HIF    Hypoxia inducible factor   
  HOP    HSP90 organizing protein   
  HPMA    N-(2-hydroxy propyl) methacrylamide   
  HSP    Heat shock proteins   
  IFP    Interstitial fl uid pressure   
  IL    Interleukin   
  IMP-288    1,4,7,10-Tetraazacyclododecane-N,N′,N″,N′″-tetraacetic acid   
  JAG1    Jagged 1 protein   
  LECs    Lymphatic endothelial cells   
  LLC    Lewis lung carcinoma   
  LTTs    Ligand-targeted therapeutics   
  mAbs    Monoclonal antibody   
  MAPK    Mitogen-activated protein kinase   
  MCT    Monocarboxylate transporters   
  MMPs    Matrix metalloproteinases   
  MPS    Macrophagocytosis systems   
  mTOR    Mechanistic target of rapamycin   
  Myc    Myelocytomatosis oncogene   
  p14 ARF     Alternate reading frame   
  PI-3    Phosphoinositide 3-kinase   
  PDEPT    Polymer directed enzyme prodrug therapy   
  PE    Phosphatidyl ethanolamine   
  PKB    Protein kinase B   
  PSMC2    26S protease regulatory subunit 7 gene   
  pRb    Retinoblastoma tumor suppressor protein   
  RAIT     Radioimmunotherapy     
  Rb    Retinoblastoma   
  RBC    Red blood cell   
  RES    Reticuloendothelial system   
  SAR    Structure–activity relationship   
  STA    3-(2,4-dihydroxy-5-isopropyl-phenyl)-4-(1-methyl-indol-5-yl)-

5-hydroxy-[1,2,4]triazole   
  TCMC    2-(4-isothiocyanotobenzyl)-1, 4, 7, 10-tetraaza-1, 4, 7, 10-tetra-

(2-carbamonyl methyl)-cyclododecane   
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  TNF    Tumor necrosis factors   
  TP53/p53    Tumor protein P53   
   VEGF      Vascular endothelial growth factor   
  vSMCs    Vascular smooth muscle cells   
  WHO    World Health Organization   

2.1           Introduction 

 Tremendous technological developments in the fi eld of cancer therapy have been 
observed in the past few decades to combat the ever-increasing mortality rate and its 
peculiar pathophysiology, referred to as carcinogenesis. As per WHO records, can-
cer is a leading cause of death across the globe accounting 8.2 million and 14 million 
new cases in 2012 with almost twofold rise in next couple of decades [ 1 ]. By defi ni-
tion, cancer is referred to as a generic terminology covering over 200 different types 
of cancers. Crudely, it is a pathophysiological condition in which the normal cells 
transform into immortal cells that grow without any control, often referred to as 
carcinogenesis. Principally, persistent tissue injury and/or genetic factors such as 
mutations, epigenetic and global transcriptome changes contribute to  carcinogen-
esis   (Fig.  2.1 ). Cumulatively, it could be considered as multistep (comprising a 
variety of genetic alterations), multipath (including various apoptotic and  angio-
genesis   pathways), and multifocal (constitutive of both field carcinogenesis 
and clonal expansion) [ 2 ]. Subsequently these changes lead to distinct tumor 

  Fig. 2.1    Key contributing factors of carcinogenesis       
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microenvironment as compared to normal cells. This discriminatory microenvironment 
and altered pathophysiological signaling pathways have been classically used in 
the recent drug discovery approaches and set the genesis of molecularly targeted 
therapies.  

 Unfortunately, most of the anticancer drugs till time target the DNA or other 
biologicals actively involved in cell division and thereby control the rapidly diving 
cancer cells. However, in the course of that, the normal host tissues are also not 
spared and nonspecifi c generalized toxicity is noted which may be severely intense 
at times and may lead to either early termination of therapy or other secondary 
complications. The host tissues main targets include rapidly dividing lympho- 
hematopoietic cells, epithelial linings and other mucus secreting regions of gut, hair 
follicular regions, etc. These complexities lead to low chemotherapeutic index of 
the anticancer drugs. Secondly, rapid emergence of drug resistance also contributes 
majorly to the poor cancer chemotherapeutics [ 3 ]. Hence, there lies a strong need to 
develop selective anticancer therapeutics which would principally act to cancer 
cells without affecting the normal tissues. The materialization of the concept “magic 
bullets” seems to be mandatory considering the widespread prevalence of cancer. 

  Tumor targeting   is defi ned as the improving the drug’s chemotherapeutic index 
by (a) preferentially localizing its pharmacological activities at the site of action, 
(b) recognition and interaction with target cells, and (c) achieving cellular concen-
trations so as to exhibit therapeutic response [ 4 ]. Very often a variety of homing 
devices are being employed to direct the drug and/or carriers to the particular site of 
action. Mechanistically, these homing devices are the special molecular signatures 
that are expressed to a greater extent at the tumor tissues such as folic acid, etc. The 
principal need for tumor targeting is required due to limited accessibility of drugs to 
tumor tissues, requirement of high doses, intolerable cytotoxicity, development of 
multidrug resistance and nonspecifi c targeting [ 5 ]. However, although fascinating, 
the tumor targeting is often exposed to a variety of barriers mediated by peculiar 
tumor microenvironment.  

2.2     Normal Vs  Tumor Vasculature   

 Classically, there lies a prominent homeostasis among the proangiogenic and anti-
angiogenic molecules in the normal tissues which are responsible for balanced 
organization of the blood vessels for meeting the metabolic demands. This system 
works in tandem with lymphatics for clearance of the cellular by-products. 
Carcinogenesis leads to imbalances in these systems leading to a variety of altera-
tions. The chaos starts with alterations in the normal vasculature (abnormalities in 
the functional and structural aspects) leading to diminished nutrients supply and 
clearance of cellular waste products. Subsequently, compromised basal membrane, 
disorganized pericyte layer, downregulation of the adhesion molecules and 
 endothelial linings contribute to high permeability of the tumor tissues. 
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 Tumor vessels usually grow abnormally with unusual vessel diameter, lower 
vascular density and longer tortuous paths for diffusion of molecules. Further, fl uc-
tuant fl ow, poor plasma channels, and arteriolar-venous shunts for effi cient RBCs 
supply are responsible for two types of hypoxic conditions, i.e., chronic due to 
compromised diffusion and acute due to lower exchanges, ultimately leading to 
heterogeneous tumor oxygenation supply [ 6 ]. Cumulatively, the principal barriers 
for the conventional chemotherapeutic agents to access the tumor tissues are 
malformed tumor vasculature which leads to altered vascular permeability, high 
interstitial pressure, extracellular acidosis, and hypoxia (due to high mitochondrial 
oxygen consumption) [ 7 ]. 

 Secondly, the interstitial space is regarded as one of the important component for 
maintaining homeostasis in tissues. It is responsible for exchange of primary 
requirements of cells such as oxygen and nutrients along with clearance of waste 
products. In combination with hydrostatic pressure and colloidal osmotic pressure, 
the transcapillary fl ow maintains the hydraulic conductivity and plasma protein 
refl ection coeffi cient among the cells and capillaries in the adjacent to the tissues 
(Fig.  2.2 ) [ 8 ]. Usually, this  transcapillary pressure   is slightly higher in capillary bed 
in the order of 1–3 mmHg so as to maintain the fl ow of solutes and water from capil-
laries to cells via interstitial spaces. However, in case of tumors interstitial pressure 
shoots up to 100 mmHg owing to three principal reasons. These include (a) compro-
mised functionalities of the blood vessel and lymphatics, (b) osmotic pressure 
generated by drainage of solutes from tissues, and (c) high contractile characteris-
tics of tumor tissues [ 7 ]. Interestingly, these are essential targets in the current drug 
discovery strategies for molecularly targeted therapies.  

 Thirdly, the pH of the tumor microenvironment is usually dropped relatively 
towards acidic, as evident from the direct measurement by placing sensitive elec-
trodes into the solid tumors [ 9 ]. Classically, it has been widely accepted that 
hydrolysis of ATP via energy defi cient pathways and anaerobic conditions leads to 
formation of acidic lactate moieties within tumor tissues [ 10 ]. Warburg studied the 
greater production of lactate within the tumor tissues as compared to that of normal 
tissues and was attributed to the respiratory impairment; however, exact biologics of 
reduction in  tumor pH   is not yet identifi ed [ 11 ]. The recent advances using geneti-
cally modifi ed tumor models revealed that existence of non-lactate mediated acidic 
microenvironments [ 12 ]. It further identifi ed that there exists balance among the 
intracellular and extracellular pH mediated by proton pumps, which actually regu-
late the overall tumor pH [ 13 ]. Additionally, the uncleared cellular waste products 
also drastically contribute to the acidic tumor microenvironments [ 14 ].  

2.3     Barriers to Tumor Targeting 

 The principal barriers associated with tumor targeting comprise peculiar tumor vas-
culature which principally comprises heterogeneous blood fl ow and vascular resis-
tance [ 15 ]. In the purview of unregulated growth of tumor vasculature and there 
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  Fig. 2.2    Structural differences between normal and tumor tissues that affect interstitial fl uid 
pressure. ( a ) Normal tissues contain linear blood vessels lined by a smooth layer of endothelial 
cells with pericytes maintaining the integrity of the vessel on its outside. The extracellular matrix
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Fig. 2.2 (continued) consists of a loose network of collagen and other fi bers, and contains a few 
fi broblasts and macrophages. Lymph vessels are also present in normal tissues. ( b ) Tumor tissues 
contain defective blood vessels that are leaky and irregularly shaped, with many sac-like forma-
tions, dead-ends and highly activated endothelia. Blood fl ow is therefore ineffi cient. These blood 
vessels are also covered by fewer pericytes than in normal tissues, resulting in decreased vessel 
stability. Furthermore, many tumors lack lymph vessels, so interstitial fl uid and soluble proteins 
are ineffi ciently removed. The extracellular matrix of tumors contains a much denser network of 
collagen fi bers, which are thicker than in normal tissues. Therefore, the tumor tissue is more rigid 
than normal loose connective tissue. Tumors also contain an increased number of fi broblasts, 
which bind to the collagen fi bers in an integrin-dependent manner and exert an increased tension 
between the fi bers, as well as an increased number of macrophages and other infl ammatory cells; 
these cells release cytokines and growth factors that act on cells of blood vessels and stroma fi bro-
blasts to increase interstitial fl uid pressure. Reproduced from ref. [ 8 ]       

occurs nonuniform distribution of blood vessels across the tumor leading to patches 
of very high blood supply to almost negligible supply. This heterogeneity leads to 
uneven distribution of administered therapeutics often leading to poor therapeutic 
response. Such altered distribution also usually ends up in partial exposure of drug 
to the cells, thereby drastically increasing the multiple drug resistance with the 
tumor cells. Along with these, achievement of therapeutic responses of drug with 
cancer cells is further challenged by overexpression of effl ux transporters, often 
referred to as ATP binding cassette (ABC) transporters such as  P-glycoprotein  , 
multidrug resistance proteins (MRP-1, -2), etc. Most of the anticancer drugs are 
substrates of such effl ux transporters. This piece of information has been exhaus-
tively reviewed by our group previously and is already available in scientifi c domain 
hence kept out of scope of this chapter [ 16 ]. Subsequently, other factors such as 
diffusional barrier due to high intercapillary distance, cell density, and extracellular 
matrix components also pose potential barrier to tumor delivery of therapeutics.  

2.4     Conventional Strategies for Tumor Targeting 

 The principal goals of the  targeted drug delivery system   is aimed at protection of the 
drug in concern to the site of action from the metabolic degradation/inactivation 
during transit, particularity for specifi c target devoid of any nonspecifi c interactions 
with the host tissues and penetration of relevant concentrations of drug within the 
tumor tissues for therapeutic responses. 

 In this regard, selective accumulation of the drug at preferred site is also majorly 
affected by its physicochemical properties. Most of the anticancer drugs fall in the 
category II/IV of Biopharmaceutical Classifi cation Systems (BCS), thereby posing 
pharmaceutical problems while water soluble drugs pose problems related to 
permeability across various biological barriers [ 16 ]. Classically to address these 
concerns, three major approaches could be employed which include (a) subtle struc-
tural modifi cations for improving the physicochemical properties in accordance 
with structure–activity relationships (SAR), (b) conjugating homing ligands for pre-
determined bio-distribution patterns, and (c) involvement of carrier based approaches 
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for targeting the therapeutics at site of action [ 17 ]. Alternatively, targeting could be 
categorized as either passive or active depending upon the approach employed. 

2.4.1      Passive Targeting   

 The natural biodistribution pattern of the drug delivery carrier is exploited for its 
preferential localization in the vicinity of the tumors such as enhanced permeation 
and retention effects, phagocytosis of particulate carrier by mononuclear phagocy-
tosis systems (MPS) and preferential localization in the organs of reticuloendothe-
lial system (RES). In addition, other typical properties of the tumor microenvironment 
such as low extracellular pH, relative micro-acidosis, mild hyperthermia, etc. could 
also be employed for availing passive targeting of therapeutics. However, the 
targeting potential of such a strategy is relatively low and often associated with 
partial nonspecifi c localization of therapeutics in the normal tissues which needs to 
be considered while employing such therapies. 

2.4.1.1     Enhanced Permeation and Retention ( EPR  ) Effect 

 The EPR effect was fi rst noted three decades ago for the preferential localization of 
protein macromolecules in the vicinity of the tumor and since then it has been 
widely explored for the alteration in biodistribution patterns of most of the colloidal 
drug delivery systems such as liposomes, polymeric nanoparticles, polymer drug 
conjugates, etc. However, with the advent of the increased research in this fi eld, 
EPR effect has been regarded as blanket terminology for increased effi cacy of any 
cancer therapeutics. Aggressive studies in this direction suggested EPR effect as 
complex association of various processes such as  angiogenesis  , vascular permeability, 
hemodynamic regulation, genetic heterogeneities among tumors,  lymphangiogenesis  , 
and heterogeneous tumor microenvironment [ 18 ]. 

 Classically, the cell proliferation leads to formation of solid mass and upon 
reaching a specifi c size, cells in the interior starts getting deprived of the nutrients 
which leads to cell death and release of growth mediators signaling the development 
of the blood vessels within tumor. However, the formed blood vessels are often 
leaky owing to absence of basal membrane leading to fenestrations within the size 
of 200–2,000 nm [ 19 ]. The presence of fenestrations results in poor resistance to the 
extravasation of macromolecules to the tumor microenvironment and contributes to 
the enhanced permeation part of EPR. Simultaneously, it has also been found that 
tumor mass is associated with nonuniform lymphatic drainage and experience a 
huge physical stress owing to rapid growth in the dimensions of the tumor mass 
[ 20 ]. This leads to the severe compromise in the drainage functionality of the vessels 
and contributes to the retention part of EPR effect [ 21 ]. 

 Principally, the EPR effect is mediated by extravasation of the macromole-
cules from the blood vessels followed by the subsequent movement in the tumor 
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microenvironment via diffusion and convection. The principal factors affecting EPR 
effect includes vessel architecture, interstitial fl uid composition, extracellular matrix 
composition, phagocyte infi ltration, presence of necrotic domains, factors pertain-
ing to the colloidal carriers such as blood circulation time, particle size, particle 
shape, surface charge, and surface functionalization, if any, (e.g., stealth character-
istics by  PEGylation  ). Exhaustive review on the factors infl uencing EPR effect and 
mobility of the colloidal carriers has been recently compiled and hence kept out of 
the scope of this chapter [ 18 ].  

2.4.1.2     Surface Engineering of Colloidal Carriers for Stealth 
Characteristics 

 The colloidal carriers by virtue of their inherent properties are rapidly taken up by 
the  mononuclear phagocyte system   (MPS) via process of opsonization. However, 
drastic reduction in RES uptake and signifi cant appreciation in the EPR effect of the 
colloidal carriers can be achieved by surface engineering [ 22 ]. Usually, the opsonins 
interact with the colloidal carriers via forces such as van der Waal’s forces, weak 
electrostatic forces, ionic forces, and hydrophobic/hydrophilic forces. In purview of 
this, hydrophobic and charged particles are rapidly processed by RES and signifi -
cant prolongation in the circulation half-life can be achieved by surface functional-
izing PEG chains forming “stealth” systems [ 23 ]. 

 A variety of natural materials such as dextrans, pullulans, gangliosides, etc. have 
been employed for proving stealth characteristics to the colloidal carriers. Of note, 
gangliosides represent the class of glycosphingolipids containing sialic acid and are 
regarded as integral component of plasma membrane, particularly red blood cells. 
The derivatives GM1 and GM type III have been exclusively explored for their 
potential in imparting stealth characteristics and appreciation in circulation half- 
life, while reduction in uptake by spleen and liver has been noted at numerous 
instances [ 24 ,  25 ]. Mechanistically, the stealth characteristics are imparted by steric 
barrier, shielding of anionic charge, and binding with dysopsonins [ 26 ]. 

 The synthetic alternative of the natural polymers for imparting “stealthness” 
includes polyethylene glycol and their derivatives which have been widely explored 
and are often associated with numerous advantages such as simple anchoring pro-
cess, biocompatibility, high solubility, stability, ease of availability at relatively 
inexpensive cost, fl exibility in functionalization, etc. [ 22 ]. Although fascinating, the 
 PEGylation   of colloidal carriers is also associated with a variety of drawbacks such 
as signifi cantly higher hydrophilicity hinders the effi cient hydration of polar head 
groups of phospholipids leading to poor stability and problems of drug leaching 
[ 27 ], often necessitating higher levels of cholesterol to prevent aggregation and 
phase separation [ 28 ]. Secondly, there have been some instances of immunogenicity 
by PEGylated colloidal carriers resulting in hypersensitivity reactions [ 29 ]. The 
activation of complement system and induction of anti-PEG antibodies (IgM) has 
been observed to rapidly clear off the circulating PEGylated colloidal carrier by a 
mechanism called ABC phenomenon and is highly detrimental on appreciation in 
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bioavailability, passive targeting, and ultimately effi cacy of the system, per se [ 30 ]. 
Further the long term safety of the PEGs is also scarcely established particularly the 
biological fate. In purview of this, physiological metabolism of PEGs (<400 Da) 
includes alcohol dehydrogenase mediated oxidation leading to formation of toxic 
diacid and hydroxyl acid metabolites [ 31 ]. On the other hand, the renal clearance 
cutoff for PEGs is 30–50 kDa, further narrowing the limits for its clinical use [ 32 ]. 
Hence, a series of alternative synthetic derivatives are currently being explored 
which include vinyl based lipopolymers, polyoxazolines based lipopolymers, poly-
amino based lipopolymers, zwitterionic lipopolymers, etc.   

2.4.2      Active Targeting   

  Active targeting   refers to the attachment of marker component to the colloidal 
carrier system which is specifi cally recognized by the target in concern may it be 
either from organelle or organ. Usually molecular targets are employed such as 
overexpression of surface receptors on tumor cells for site specifi c delivery of thera-
peutics such as dietary ligands (carbohydrate based,  folate  , etc.), monoclonal anti-
bodies and their fragments, non-antibody ligands (peptidic ligands), etc. The active 
targeting could be divided into various levels depending upon extent of penetration, 
i.e., organ level, cellular level, and subcellular level. However, independent of the 
target location, the preliminary characteristic of the targeting ligand is its specifi city 
which should be neither upregulated nor downregulated upon exposure to physio-
logical conditions [ 33 ]. Concomitantly, the binding affi nity of the targeting ligands 
should also remain unchanged which indirectly is affected by the binding site 
barrier leading to altered tumor penetration. At times very high binding affi nities are 
required considering the higher mobility of the colloidal carrier systems in the phys-
iological conditions. 

2.4.2.1      Albumin   Based Targeting 

  Albumin   plays a critical role in maintaining the homeostasis by mobilizing key 
endogenous hydrophobic molecules. It specially binds via non-covalent interactions 
and executes the transport of molecules in concern by transcytosis across the endo-
thelial cells into interstitial space. Paclitaxel bound albumin nanoparticle represents 
the classical example for establishing the potential of albumin based delivery of 
anticancer drugs [ 34 ]. Mechanistically, it binds to the gp60 receptor present at the 
cell surface and leads to the activation of the caveolin-1 mediated transcytosis which 
also unintentionally transports some of the unbound plasma constituents [ 35 ,  36 ]. 
Concomitantly, tumor cells also secrete albumin binding proteins, SPARC, also 
referred to as BM-40, which are acidic in nature and rich in cysteine, binding to the 
albumin tagged colloidal carrier systems. Such a system could fruitfully be exploited 
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for targeting the therapeutics to the brain via adsorptive mediated transcytosis. 
Cationized albumin signifi cantly increased the uptake of β endorphin in isolated 
brain endothelial cells as compared to its native form [ 37 ]. Furthermore, ~4-fold 
increase in the cellular uptake of albumin bound paclitaxel by endothelial cells has 
been noted as compared to the clinical formulation, Taxol® which was completely 
inhibited upon coadministration with β cyclodextrin, the known inhibitor of gp60 
suggestive of the active transport as predominant uptake mechanism for albumin 
based nanoparticles [ 38 ]. The principal advantages associated with albumin based 
targeting include superior stability over a wide range of pH (4–9) and temperature 
(10–60 °C), biodegradation, non-immunogenic, and nontoxic. A striking advantage 
includes its additional cryoprotectant effect which makes the lyophilization of 
formulation in concern quite easier than other systems in race.  

2.4.2.2     Vitamin Based Targeting 

 The vitamins employed for targeting potential includes  folate  , vitamin B 12 , thia-
mine, and biotin [ 39 ]. The principal advantages associated with vitamins, particu-
larly folic acid, includes stability over shelf and physiological conditions, relatively 
inexpensive, nontoxic, non-immunogenic, endogenous homing ligand, wide fl exi-
bility for diverse chemical reactions, and relatively higher overexpression of folate 
receptors on most of the cancers [ 40 ]. It has been noted that folate functionalized 
colloidal carrier systems are preferably absorbed by receptor mediated endocytosis. 
Folate functionalized nanoparticles have been widely explored by numerous 
research groups including ours for its potential in preferentially localizing the thera-
peutics in the vicinity of the tumor tissues. Our group has developed methotrexate 
loaded folate functionalized albumin nanoparticles for signifi cantly improving its 
antitumor effi cacy and reducing the toxic side effects by virtue of altered biodistri-
bution pattern to target tumor tissues as evident by pharmacoscintigraphic evalua-
tion [ 41 ]. In a separate set of experiments functional magnetite nanoparticles have 
also been explored for active targeting potential which were found to selectively 
target and induce apoptosis in folate receptor overexpressing cancer cells, thereby 
imparting signifi cantly higher anticancer properties as compared to parent drug [ 42 ]. 

 Furthermore, folic acid functionalized carbon nanotubes have also been explored 
to a greater extent to assess its potential for cancer theranostic applications which 
comprised fl uorochrome (Alexa Fluor 488/647), radionuclide (Technitium- 99  m), 
tumor-targeting module (folic acid), and anticancer agent (methotrexate) [ 43 ]. The 
developed system exhibited signifi cantly higher internalization within lung cancer 
cell lines (A549) and breast cancer cell lines (MCF-7) as evident by the lysosomal 
traffi cking and resulting in higher anticancer activity. Subsequently in vivo experi-
ments revealed ~19-fold increase in the tumor localization for the targeted formula-
tion as compared to free drug. Table  2.1  reveals the representative list of formulation 
approaches employed for improving the tumor delivery of therapeutics using  folate   
as targeting ligand.
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   Table 2.1    Folate conjugated nanoparticles for improved tumor delivery of therapeutics   

 Delivery system  Drug  Outcomes  Ref. 

 Magnetic multi-walled carbon 
nanotubes 

 Doxorubicin  Effi cient uptake by U87 cells and higher 
intracellular release of DOX 

 [ 44 ] 

 HPMA copolymer conjugate  Doxorubicin  Higher apoptosis and greater tumor 
spheroid inhibition against Hela cells 

 [ 45 ] 

 High-density lipoprotein 
nanoparticles 

 –  Enhanced selectively towards ovarian 
cancer cells 

 [ 46 ] 

 Superparamagnetic iron oxide 
(Fe 3 O 4 ) 

 Doxorubicin  ~2.5-fold higher than that for the 
non-targeting group. 

 [ 47 ] 

 Folate-tagged liposomes  Ricin  Signifi cant increase in the cytotoxicity 
up to 557.7-fold was demonstrated by 
monensin intercalated folate liposomes 

 [ 48 ] 

 pH responsive polymeric 
nanoparticle 

 Doxorubicin  Increased targeting effi ciency of 
polymeric nanoparticles, resulted in 
enhanced cellular uptake by 100-fold 

 [ 49 ] 

 PLGA nanocapsules  Quercetin  Folate modifi ed PLGA nanocapsules 
showed selective uptake and cytotoxicity 
to folate expressing Hela cells 

 [ 50 ] 

 Poly( L -γ-glutamyl glutamine) 
(PGG) nanoparticle 

 Docetaxel  Folate targeted PGG nanoparticle system 
was found to be highly effective against 
tumor cells and successfully localized in 
the tumor site 

 [ 51 ] 

 Polyhedral oligomeric 
silsesquioxane-F68 hybrid 
vesicles 

 Doxorubicin  Signifi cantly enhanced the uptake in 
Hela and HOS cells 

 [ 52 ] 

 Polymersome  Doxorubicin  Higher anti-glioma effect compared to 
the treatments with free doxorubicin 

 [ 53 ] 

2.4.2.3         Transferrin   Based Targeting 

  Transferrin   receptors are also exclusively overexpressed in most of major types of 
tumors including lung, lymphomas and breast cancers in the order of ~10-fold [ 54 ]. 
The important feature of employing transferrin as targeting ligand is its capability 
for enabling the transcytosis across blood brain barrier [ 55 ]. Sahoo et al. exhaus-
tively explored the potential of transferrin conjugated paclitaxel loaded nanoparti-
cles for variety types of cancer including breast cancer and prostate cancer [ 39 ]. 
Signifi cantly higher levels of paclitaxel were noted in the case of transferrin conju-
gated nanoparticles during cell uptake studies as compared to that of free drug and 
non-targeted formulation counterparts [ 56 ]. Furthermore, in separate set of experi-
ments, transferrin conjugated nanoparticles revealed about threefold higher uptake 
in PC-3 cell lines and concomitantly signifi cant increase in therapeutic effi cacy was 
noted for the developed formulation in in vivo murine model as compared to that of 
free drug and non-targeted formulations [ 57 ]. Table  2.2  represents the representa-
tive list of transferrin conjugated nanoparticles employed for improving the tumor 
delivery of therapeutics.
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2.4.2.4         Lectin   Based Targeting 

 Lectins represent a class of cyto-adhesive targeting ligands which is moderately 
recognized by glycans on the glycosylated cell surface proteins and lipids. Most of 
the cell surface expresses peculiar glycan arrays which can be sensed differentially 
and hence this could be a viable strategy as regards targeting perspectives [ 67 ]. The 
targeting potential of lectins has been explored in a wide fi eld of applications includ-
ing gastrointestinal targeting, nasal delivery, pulmonary delivery, buccal cavity, 
ocular drug delivery, and brain delivery. Of note, targeting of liver targeting has also 
been quite possible using lectins for delivering drugs and genes. The asialoglyco-
protein receptors are specifi cally overexpressed on liver which recognizes either 
β-galactose or  N -acetyl galactosamine residues [ 68 ]. Interestingly, this approach 
could also be employed using polymer drug conjugates wherein drug and galactose 
residues can be covalently linked to polymer backbone [ 69 ]. On similar line of 
action, asialofetuin tagged liposomes have also been explored to improve the hepatic 
delivery of hydrophilic molecules [ 70 ].  

2.4.2.5     Peptide Based Targeting 

 Peptide based tumor targeting strategy is considered as most promising because 
relatively higher stability and smaller size of tumor specifi c peptides. The peptides 

   Table 2.2    Transferrin conjugated nanoparticles for improved tumor delivery of therapeutics   

 Delivery system  Drug  Outcomes  Ref. 

 Mesoporous silica 
nanoparticles 

 Camptothecin  Enhanced uptake by Panc-1 
cancer cells and toxicity of 
cancer cells as compared to 
normal cells 

 [ 58 ] 

 TRAIL (TNF-related 
apoptosis-inducing 
ligand) nanoparticles 

 –  5.2-fold higher tumor 
accumulation 

 [ 59 ] 

 Liposomes  Doxorubicin  Signifi cant improvement in 
survival time 

 [ 60 ] 

 Pegylated nanoscaled 
graphene oxide (GO) 

 Doxorubicin  Enhanced intracellular 
delivery, effi ciency and 
stronger cytotoxicity 

 [ 61 ] 

 Lipoplex  Cytosine deaminase  Signifi cant tumor reduction 
and enhanced apoptosis 

 [ 62 ] 

 DQAsomes  Paclitaxel  Higher uptake and tumor 
cytotoxicity 

 [ 63 ] 

 Polymeric micelles  Curcumin and Paclitaxel  Improved cytotoxic effect 
against the SK-OV-3 cells 

 [ 64 ] 

 Polymeric nanoparticles  si-RNA  Marked tumor 
accumulation 

 [ 65 ] 

 Selenium nanoparticles  Doxorubicin  Signifi cantly enhanced 
cellular uptake 

 [ 66 ] 
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employed for tumor targeting could be either monomeric, homodimeric, heterodi-
meric oligomeric or tetrameric in nature. Cyclic  RGD   peptide anchored liposomes 
were previously prepared preferentially targeting anticancer drug 5-fl uoro uracil to 
tumor vasculature. In vitro endothelial cell uptake studies revealed signifi cantly 
higher uptake of RGD labeled liposomes as compared to non-targeted counterparts 
leading effi cient prevention of spontaneous lung metastasis and  angiogenesis  [ 71 ]. 
The tumor specifi c peptides could be broadly categorized into two categories, one 
targeting tumor cell surface while other targeting tumor vasculature. The cell sur-
face targets could be either lymphomas, myelomas, neuroblastomas, breast cancer, 
head cancer, neck cancer, prostrate cancer, endothelial cells, or human laryngeal 
carcinomas whereas the tumor vasculature targets could be α v β 3 , α v β 5 , aminopepti-
dases, proteoglycans, gelatinases, and vascular endothelial growth factors [ 72 ].   

2.4.3      Physical Targeting   

 A variety of physical approaches have also been explored for their potential to pref-
erentially localize anticancer medicaments in the vicinity of tumors. The physical 
stimuli for drug targeting may either be endogenous such as pH, temperature, redox 
potentials, etc., or be exogenous, i.e., employment of external forces such as 
magnetic, ultrasound, etc. [ 73 ]. As discussed earlier, the tumor microenvironment is 
slightly acidic and exhibits mild hyperthermia which could be specifi cally exploited 
as a stimulus for physical targeting. Stimuli responsive colloidal systems have been 
designed and developed that tend to degrade at acidic pH and/or elevated tempera-
tures. On the other hand, magnet assisted tumor targeting approaches have also 
widely been explored considering its immense potential. In this particular system, 
the drug in concern is immobilized on ferromagnetic colloidal carriers and allowed 
to circulate in body. The external magnetic fi eld is applied at the site of action which 
localizes the circulating carriers leading to exceptional tumor levels of drugs. 
Similarly, the circulating colloidal carrier may be accumulated at the desired site of 
action using ultrasound energy. Signifi cantly higher tumor levels of doxorubicin 
were noted from polymeric micelles upon imparting external ultrasound as com-
pared to that of free drug counterpart [ 74 ]. The driving force for preferential local-
ization herein is the destabilization of colloidal carrier upon exposure of high energy 
external force.   

2.5     Recent Advances in Tumor Targeting Approaches 

2.5.1      Molecular Targeted Therapies   

 Persistent tissue injuries to the cells and/or factors generally tend to dysregulate the 
well organized signaling systems of cell cycle and ultimately leading to  tumorigen-
esis  . Further, understanding of the fact that either a particular site of molecule or 
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whole molecule itself can play very diverse role in the normal cells and cancer cells, 
makes the things quite complicated yet interesting. In this regard, molecular 
targeted therapies are sought and principally include agents which act on aberrant 
functions and expression of cell cycle involved in the pathophysiology of cancer 
such as interference with the pathways exclusively expressed in tumor cells. The 
cell cycle comprises four phases, viz., G 1 , S, G 2,  and M phase. Depending upon the 
cell signaling, the cells in G1 phase determines whether to proceed with S phase, 
apoptosis, or G 0  phase. Upon entering the S phase, DNA synthesis takes place which 
is followed by G 2  phase ultimately enabling the cell to enter M phase where cell 
division occurs and cell cycle continues. Concomitantly, the cell cycle processes are 
also regulated by a variety of kinases referred to as cyclin dependent kinases 
(CDKs) [ 75 ]. A series of CDKs and CDKs inhibitors have been known which are 
constantly employed for ensuring correct cell division processes [ 76 ]. Some of 
these CDKs also monitor checkpoints that cover DNA damage, antephase, and 
spindle assembly (Fig.  2.3 ).  

 In contrast,  tumorigenesis   involves multiple complex set of conditions wherein 
the genetic aberrations and dysregulation of cell cycle occur. Apart from downregu-
lation of tumor suppressor genes such as TP53, BRCA1, BRCA2, alterations in the 
cell cycle also contribute equally to tumor progression. A variety of mediators have 
been known which actually bridge the gap between dysregulation of cell cycle and 
genomic instability such as telomere crisis [ 77 ]. Secondly, downregulation of reti-
noblastoma tumor suppressor protein (pRb2) is regarded as the hallmark of tumor 
cells and mediates by overcoming the S-phase checkpoint and is referred to as 
CDK/p16 INK4A /pRb pathway. Thirdly, p53/HDM2/p14 ARF  pathway is also consid-
ered one of the major cell cycle surveillance pathway operated by HDM2 gene 
amplifi cation or p53 gene alterations [ 75 ]. It affects G1 checkpoint and is sensitive 
to a variety of stress signals such as DNA damage, hypoxia, etc. Of note, E3 ubiq-
uitin ligase is the key enzyme responsible for p53 ubiquitylation and proteasome 
inhibition resulting in transcriptional changes and completes negative feedback 
loop. Inhibition of the CDKs is an important target and is explored to a greater 
extent. These strategic inhibitors could be designed to compete via inhibition of the 
ATP binding sites or upregulation of the native CDK inhibitors. Among various 

  Fig. 2.3    Cell cycle checkpoint pathways       
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cyclins known till date, cyclin D and E are often found to be overexpressed in a 
variety of malignancies [ 78 ,  79 ]. 

 In the purview of molecular targeted therapies, the available bioactives could be 
crudely categorized among three broad generations, viz., fi rst generation compris-
ing ones that act predominantly via DNA damage, synthesis and/or other linked 
processes such as tubulins, second generation comprising agents that target cancer 
growth signaling mechanisms such as kinases, etc., and third generation, which is 
actively updated and is regarded as most recent and under development, comprising 
agents which act on cellular pathways indirectly related to cancer growth such as 
chromatin modifi ers, protein chaperones, proteasome inhibitors, etc. (Fig.  2.4 ) [ 80 ].  

 The classical problems associated with fi rst generation anticancer agents include 
genesis of secondary cancer such as multiple neoplasms in the pediatric patients 
survived with childhood cancers [ 81 ], long terms survivors of patients suffering 
from testicular carcinomas [ 82 ], etc. Furthermore, it also severely affects rapidly 
proliferating normal cells such as hair follicles, cells of hematopoietic system, gas-
trointestinal tract lining, and so on. In addition, detrimental effects on post mitotic 
tissues such as cardiac muscles and that of peripheral nervous systems have also 
been observed [ 83 ,  84 ]. 

 Second generation molecularly targeted anticancer therapeutics, to some extent 
addressed the complications associated with classical drugs. Oncogene addiction 
and non-oncogene addiction targets have been identifi ed which are either direct 
gene alterations or indirect alterations, respectively [ 85 ]. These alterations could be 
either due to gain- or loss-of-function mutations, amplifi cation and/or overexpres-
sion of oncogenes such as MYC, Rb, p53, etc. Recently, it was identifi ed that close 
to 20 % of kinases play critical role in  tumorigenesis  [ 86 ]. In this regard, Gleevac 
(imatinib), a potent inhibitor of tyrosine kinase, was the fi rst product approved clini-
cally for chronic myeloid leukemia [ 87 ]. Subsequently, a series of drug compounds 
were approved which includes Lapatinib (HER2 and epidermal growth factor recep-
tor), vemurafenib (B-Raf), vismodegib (Hedgehog signalling pathway), ruxolitinib 
(Janus kinases), gefi tinib (epidermal growth factor receptor), Sunitinib, sorafenib, 
and pazopanib (multiple tyrosine kinases), and tivatinib (hepatocyte growth factor 
receptor) [ 80 ]. In addition, the monoclonal antibodies, discussed in latter part of this 
chapter are also considered as second generation therapeutics. The other miscella-
neous agents included under this category are non-oncogene addition targets such 
as checkpoint kinases [ 88 ], mTOR[ 89 ], etc. Although these agents act  predominantly 
at oncoprotein targets and are less prone to toxic side effects, acquired resistance 
has been observed quite often with most of the drugs. 

 Third generation of molecular targeted therapies is further in move considering 
the complications associated with available drugs which focusses mainly on DNA 
synthesis, replication, repair, and cell division. These agents include: 

2.5.1.1    Agents Acting on Protein Folding and  Proteotoxic Stresses   

 Considering the typical microenvironment in the vicinity of tumor, cancer cells 
constantly experience a variety of stresses, especially permanent proteotoxic stress 

K. Thanki et al.



  Fig. 2.4    Cellular multicomponent machineries as current and future targets for anticancer drugs. 
Current targets (shown in  red boxes ) include: DNA replication and integrity; the mitotic apparatus; 
chromatin; protein chaperones; and the protein degradation apparatus (the proteasome). Drugs that 
target DNA replication and integrity act via the following mechanisms: by crosslinking nucleo-
bases in DNA and blocking DNA replication; by inhibiting DNA repair; by inserting planar 
polyaromatic molecules between DNA base pairs and stabilizing the DNA–intercalator–topoisom-
erase II ternary complex; by interfering with the polymerization of DNA (e.g., via the incorpora-
tion of nucleoside analogues); and by inhibiting nucleotide synthesis, typically using antagonists 
of ribonucleotide reductases or thymidine synthetase. Drugs that target the mitotic apparatus act by 
binding to the inner portion of microtubules (the “–” end; e.g., taxanes and epothilones), presum-
ably leading to stabilization and enhanced rigidity of the spindle. Vinca alkaloids bind to the “+” 
end of microtubules—that is, the end that usually elongates the microtubule by adding subunits of 
α- and β-tubulin—thereby destabilizing the microtubule. Chromatin modifi cation can be targeted 
by drugs that act on cellular enzyme complexes such as histone deacetylases (HDACs), 
bromodomain- containing proteins (BRDs) and DNA methyltransferases. Protein chaperones assist 
in refolding mutated or stress-misfolded proteins. Complexes consist of the heat shock proteins 
HSP90 and HSP70 (both of which are ATPases), as well as HSP90 organizing protein (HOP; also 
known as STIP1), multiple co-chaperones, adaptor proteins, the ubiquitin E3 ligase CHIP (carboxy 
terminus of HSP70 interacting protein) and the associated HDAC6 (a positive regulator and a 
cytoplasmic deacetylase that keeps HSP90 deacetylated and active). Drugs can inhibit HSP90, 
HSP70, or HDAC6. Drugs can inhibit different protease activities—e.g., chymotrypsin-like activ-
ity, trypsin-like activity, and/or caspase-like activity—within the 26S proteasome to disrupt the 
protein degradation apparatus. The ubiquitylation machinery and ubiquitin retrieval can also be 
manipulated by small molecules, providing additional opportunities for interfering with protea-
somal degradation. Future targets for third-wave anticancer drugs are illustrated in  blue boxes. 
ASM  Acid sphingomyelinase,  GRP78  78 kDa glucose-regulated protein. Reproduced from [ 80 ]       
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which is generally caused by the misfolding and aggregation of proteins. The latter 
effect is predominantly observed in cancer cells owing to molecular crowding of the 
cellular milieu [ 90 ]. Usually such stresses are counterfeited by a group of molecules 
inclusive of chaperones and protein remodeling factors. Many of these are respon-
sive to heat and hence referred to as heat shock proteins (HSPs). HSPs interact with 
their client protein with the help of co-chaperones; however, under extremities of 
cellular stresses owing to oncogene alterations, chaperone pool vanishes quickly 
and chaos originates. In complementarily reactive oxygen species further exagger-
ates the situation and lead to even higher proteotoxic stress [ 91 ]. Taking HSP90 as 
potential target, a variety of therapeutics have been designed for molecular targeting 
of cancer which includes 17-allylamino-17-demethoxygeldanamycin (17 AAG), 
ganetespib, STA-9090, IPI-493, retaspimycin, tanespimycin, geldanamycin, radici-
col, AT-13387, NPV-AUY922, KW-2478, BIIB-021, MPC-3100, NVP-HSP990, 
PU-H71, etc. [ 92 ] (Table  2.3 ).

2.5.1.2        Proteasome Inhibitors   

 Ubiquitin-proteasome system is yet another approach to address the proteotoxic 
stress covering almost 90 % of the total protein clients [ 93 ]. Mechanistically, it 
follows two steps essentially comprising ubiquitin conjugation mediated by a series 
of enzymes such as E1 (Ub-activating), E2 (Ub conjugating), and E3 (Ub ligating) 
to yield Lys48 linked proteins which are then processed for proteasomal degrada-
tion via 26S proteasome complex (Fig.  2.5 ). Herein tumor cells, the proteasome 
functions and its need is always unmet and hence pose a potential target in antican-
cer therapy. Concomitantly, the PSMC2 gene alterations further adds complexity to 
the overall situation. The classical proteasome inhibitors were designed to interact 
with proteasomal components such as 20S core subunit (Bortezomib, carfi lzomib, etc.) 
[ 94 ], interference in the deconjugation of ubiquitin and substrates [ 95 ], inhibition 
of ubiquitin specifi c peptidase-14 [ 96 ], allosteric inhibition of E2 enzyme [ 97 ], 
neddylation[ 98 ], etc.   

2.5.1.3    Targeting  Chromatin Modifi cations   

 Chromatin is crudely regulated by three categories of enzyme systems, viz., epigen-
etic writers, epigenetic erasers, and epigenetic readers [ 99 ]. The fi rst category 
includes enzymes which are responsible for adding chemical moieties to histones or 
DNA such as acetyltransferases, methyltransferases, etc. The second set of enzymes 
is primarily responsible for deletion of groups and includes deacetylases, demethyl-
ases, etc. The third group comprises the protein modules that are responsible for 
chromatin binding leading to either upregulation or downregulation of transcription 
processes, e.g., H3K4me3/2-specifi c histone demethylase. H3K4me3/2 is a ligand 
specifi c for plant homeodomain fi nger (PHD), zinc fi nger-like domain, with Cys4-
His- Cys3 signature motif [ 100 ]. The principal chromatin modifi cation targets 
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   Table 2.3    List of Hsp 70 target based drug delivery system for cancer immunotherapy   

 Hsp 70 inhibitor  Source  Remarks 

 Geldanamycin (GA)  Natural benzoquinone 
ansamycin antibiotic 

 Compete at the ATP-binding site to induce 
the degradation of Hsp90 via the 
proteasome machinery of ubiquitin ligase 

 Radicicol (RD)  Natural macrocyclic 
lactone antibiotic 

 Inhibitory effect against tyrosine kinases 
countered by reducing agents such as 
dithiothreitol 

 17-DMAG  Derivatives of GA  Increased water solubility and better oral 
bioavailability 

 IPI-504  Hydroquinone derivative 
of 17-AAG 

 IPI-504 shows higher water solubility and 
also high mortality rate 

 IPI-493 (17-AG)  Metabolite of 17-AAG  Longer circulation time 
 KF25706  Oxime derivatives of RD  Stable in the presence of dithiothreitol 

(DTT) 
 Herbimycin A (HA)  Benzoquinoid 

ansamycin antibiotic 
 Tyrosine kinase inhibitor and exhibits 
severe hepatotoxicity 

 KW-2478  Non-ansamycin 
resorcinol derivatives 

 KW-2478 caused degradation of FGFR3 as 
well as Hsp90 proteins, i.e., IGF-igβ and 
c-Raf-1, which resulted in cleavages of 
PARP and activation of intrinsic apoptotic 
pathway 

 NVP-AUY922  Resorcinol derivatives  Evaluated in Phase I/II clinical trial for 
NSCLC, breast cancer, colorectal cancer, 
and advanced gastric cancer and visual 
toxicity, i.e., night blindness and blurred 
vision, was reported 

 HSP990  Resorcinol derivatives  Acts via proteasomal degradation of 
oncogenic client proteins 

 AT13387  Resorcinol derivatives  Evaluated in Phase II clinical trial for 
gastrointestinal stromal tumor in 
combination with imatinib 

 Gatenespib 
(STA-9090) 

 Resorcinol derivatives  Evaluated in multiple clinical trials for both 
advanced solid 
 Tumors (NSCLC, colorectal, stomach, 
ocular melanoma, pancreas, prostate, 
breast) and hematological malignancies 

 BIIB-021 (CNF2024)  Purine-scaffold based 
rational drug 

 Evaluated in phase I clinical trials for 
advanced solid tumor, B-cell chronic 
lymphocytic leukemia 

 SNX-5422/
PF-04929113 

 Pyrazole containing 
scaffolds 

 SNX-5422/PF-04929113 is water-soluble 
prodrug of SNX-2112/PF-04928473 and is 
discontinued in Phase I study due to ocular 
toxicity 

include methylation of DNA and a variety of other histone modifi cations such as 
acetylation, ubiquitylation, phosphorylation, etc. Two drugs, 5 azacytidine and 
decitabine represent the pioneer drugs approved for myelodysplastic syndrome. 
Recent advances in this area of molecular targeted therapeutics include design of 
novel agents affecting chromatin modifi cations such as histone deacetylase (HDAC) 
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inhibitors, bromodomain and extra-terminal (BET) proteins downregulators, EZH2 
inhibitors affecting histone methyltransferases, etc. [ 80 ].   

2.5.2     Tumor  Angiogenesis   

 In routine physiological conditions, the vascular network develops in three phases, 
viz., vasculogenesis,  angiogenesis  , and vascular remodeling. The fi rst step com-
prises migration of angioblasts to the desired site followed by differential into endo-
thelial cells and subsequent formation of initial vascular plexus [ 101 ]. The primary 

  Fig. 2.5    Origin of endothelial cells and assembly of the vasculature. Mesodermal cells in the early 
embryo differentiate into endothelial precursor cells (EPCs, angioblasts) and form aggregates, 
known as blood islands ( left ). Fusion of blood islands leads to the vasculogenic formation of 
honeycomb- shaped primary capillary plexi in the yolk sac and embryo itself. Blood circulation is 
established and primary plexi are remodelled into a hierarchical network of arterioles and arteries 
( red ), capillaries ( grey ), and venules and veins ( blue ). The dorsal aorta and cardinal vein are 
directly formed through the assembly of angioblasts. The vasculogenic incorporation of circu-
lating EPCs into growing blood vessels may contribute to regenerative or pathological neovascu-
larization in the adult. Vascular smooth-muscle cells (vSMCs) are associated with arteries and 
veins, whereas capillaries are covered by pericytes ( yellow ). The fi rst lymphatic endothelial cells 
(LECs) sprout from the embryonic veins, then migrate and form lymphatic sacs. Further steps of 
lymphangiogenic growth involve sprouting, branching, proliferation, differentiation and remodel-
ing processes. The recruitment of lymphangioblasts from the adjacent mesenchyme has been 
speculated to be a further source of LECs. Blind-ending lymphatic capillaries ( green ) feed into 
collecting vessels and ducts. These larger lymphatics are sparsely covered by SMCs ( purple ) and 
contain valves that prevent backfl ow. Reproduced from [ 108 ]       
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vascular plexus then undergoes angiogenesis either sprouting or non-sprouting in 
the presence of various endothelial growth factors and is subjected to remodeling 
(Fig.  2.5 ) [ 102 ]. Classical long held view on the tumor angiogenesis was restricted 
to the fact that blood vessels in the tumor microenvironment grow only from the 
preexisting vessels. However, the recent advances in the fi eld of vascular pharma-
cology revealed that vasculogenesis contributes majorly in tumor progression and 
share of endothelial cells derived from endothelial progenitor cells goes shoots 
beyond 40 % [ 103 ]. In purview of this, a variety of factors drives angiogenesis and 
includes vascular endothelial growth factors (VEGFs), fi broblast growth factors, 
angiopoeitins, netrins, semaphorins (class 3), SLIT proteins, JAG1, DLL4, ephrins, 
etc. The process of neovascularization is of utmost importance and starts as early as 
embryogenesis. However, angiogenesis has also been classically associated with a 
list of pathological conditions including cancer. Although the developmental and 
pathological angiogenesis operates on similar line of action, the major difference 
among both is that the latter remains unresolved and principally driven by patho-
logical condition to address the unmet demands of nutrients and oxygen for cells in 
concern [ 104 ]. 

 Crudely,  angiogenesis   is initiated in tumor upon reaching the size 1–2 mm and is 
typically coordinated by the hypoxic microenvironment of the tumor. Hypoxia 
inducible factors (HIFs), heterodimeric transcription factors, direct the expression 
of  VEGF  -A for angiogenic sequences [ 105 ]. Interestingly, since a series of physio-
logical mediators are required for developing a fully functional vascular system, 
mere overexpression of VEGF renders aberrantly formed vessels that are often tor-
tuous, fragile, pericyte defi cient and leakier to raise the interstitial hypertension and 
often poor delivery of therapeutics to tumors [ 106 ]. Yet another complexity associ-
ated with tumor angiogenesis is  vasculogenic mimicry  which is actually a dediffer-
entiation program wherein the stem-like cells assist in formation of vascular system 
[ 107 ]. Cumulatively, these factors needs to be considered while employing and 
designing the antiangiogenesis based cancer chemotherapy. 

 Angiogenesis is considered as very dynamic process and is often regulated by a 
variety of indigenous angiogenic inducers and inhibitors. The former category 
includes principally  VEGF  -A,  matrix metalloproteinases  , fi broblast growth factors, 
placental growth factors, hepatocyte growth factors, etc., whereas the latter 
 comprises thrombospondins, endostatin, angiostatin, and cytokines [ 109 ]. In the 
purview of antiangiogenic therapy, Fig.  2.6  depicts the possible targets for effi cient 
management of tumor  angiogenesis  [ 103 ]. Classically, two approaches have been 
employed for targeting key regulators, i.e., VEGFs. Physiologically, VEGFs signal-
ing system comprises fi ve targeting ligands, VEGF-A to D and placental growth 
factor and three receptors, viz., VEGFR1-3 tyrosine kinases. The fi rst approach 
comprises the use of antibodies for VEGF or its receptors and a series of drugs have 
already been approved clinically such as Bevacizumab (humanized variant, VEGF) 
and some others are under investigation such as VEGF-Trap R1R2 . However, the use 
of such antibodies is associated with side effects, pharmacoeconomic complica-
tions, etc. and hence second approach of VEGF receptor kinases inhibitor could 
also be sought for. Sorafenib was the pioneer candidate in this category to be 
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approved clinically and was followed by sunitinib, pazopanib, axitinib, etc. 
Interestingly, signifi cantly higher therapeutic effi cacy was noted upon combination 
of fi rst approach with conventional chemotherapeutics which could be attributed 
to the  vascular normalization  capabilities of monoclonal antibodies leading to 
increased delivery of anticancer drugs to tumors. Bevacizumab when combined 
with irinotecan, fl uorouracil, and leucovorin, improved therapeutic effi cacy against 
metastatic colorectal cancer [ 110 ]. On similar line of action, combination of afl iber-
cept with fl uorouracil, leucovorin, and irinotecan drastically improves the survival 
in patients with metastatic colorectal cancer [ 111 ]. In contrast the actives in the 
second approach usually work best as single agent and the reasons for discrepancy 
is in part attributed to the tumor stromal architecture, intrinsic sensitivity, and resis-
tance [ 112 ]; however, exact mechanisms are still under investigation [ 113 ].  

 Secondly, thrombospondin-1 represents the naturally occurring secretory angio-
genic inhibitors and is principally responsible for organization of the perivascular 
matrix, endothelial cell adhesion and other process to counterfeit  angiogenesis  [ 114 ]. 
Numerous therapies have been employed for upregulation of thrombospondins such 
as metronomic dosing of antiangiogenic agents [ 115 ]. Cyclophosphamide has been 
found to upregulate circulating TSP-1 and not TSP-2 [ 116 ]. Notably, said approach 

  Fig. 2.6    Targeting tumor vasculature to inhibit angiogenesis. ( a ) Inhibition of binding to pro- 
angiogenic receptors and/or altering the interaction of angiogenic factors with co-receptors. 
( b ) Penetration into the cells followed by binding with tyrosine kinase receptors ( c ) Direct activa-
tion of receptors, e.g., thrombospondin peptide mimetics ( d ) Extracellular matrix receptors, 
e.g., αvβ3 integrins. ( e ) Nonspecifi c inhibitors of proliferation       
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is also reported to sensitize the endothelial cells for TSP induced apoptosis 
mediated by Fas receptor overexpression [ 117 ]. In separate set of experiments, 
polymer implants containing TSP-2 overexpressed fi broblasts signifi cantly 
increased therapeutic effi cacy in the ovarian carcinoma and drastically higher levels 
of circulating TSP-2 were noted even after 5 weeks [ 118 ]. 

 Thirdly,  matrix metalloproteinases   (MMPs) are the class of proteolytic enzymes 
primarily involved in the degradation of extracellular matrix and are part of well 
coordinated system of growth factors, infl ammatory mediators and cell receptors 
[ 119 ]. These macromolecules are important for a variety of physiological functions 
including  angiogenesis   and hence, also explored as potential target in design antian-
giogenic therapeutics [ 120 ]. Although dedicated MMPs inhibitors (MMPI) have not 
been successfully clinically, research is at advance stages to identify the specifi c 
properties which could be sought for rationalized development of MMPI leads. 

 Further, apart from  VEGF   based antiangiogenics which primarily block neovas-
cularization, vascular disrupting agents represents a class of bioactives that selec-
tively destroys the already formed tumor vessels by targeting dysmorphic endothelial 
cells [ 121 ]. Combretastatin A4 phosphate is a potent naturally occurring tubulin 
inhibitor and leads to vascular collapse and shut down of developed vessels and thus 
impart tumor regression [ 122 ]. Mechanistically, these are also reported to interfere 
with the functions of cadherins, thereby resulting in tumor necrosis. The other 
vascular disrupting agents include 5,6-dimethylxanthenone-4-acetic acid (DMXAA) 
that tends to increase nitric oxide, serotonin and tumor necrosis factor-α [ 123 ]; 
TZT-1027: dolastatin-10 analog; ZD6126: interferes with microtubules, Exherin ® : 
cyclic pentapeptide; AVE8062A, ASA404, and MN-029.  

2.5.3      Cancer Immunotherapy   

 The cancer immunotherapy seems to have a great potential in terms of clinical 
cancer therapy considering the remarkable progress in the fi eld of molecular identi-
fi cations of tumor antigens and increased understanding of various immunoregula-
tory pathways operative in the tumor microenvironment [ 124 ]. It is now well 
established that the tumor cells pose antigenicity and can be recognized by a variety 
of immune cells. Recently, the implementation of the shared tumor antigens has 
been largely replaced with the neoantigens that are generated by point mutations of 
genes specifi c to particular types of tumors. This has obvious advantage of improv-
ing the antitumor effi cacy of the T cells by reducing the nonspecifi c interactions 
with that of normal host tissues and increasing the avidity of interactions among 
antigenic peptide and MHC molecule [ 125 ]. Exsome sequencing has been recently 
employed for defi ning the mutant antigens for a variety of cancers [ 126 ]. 
Furthermore, more than 20 antibodies are already approved for a series of disease 
conditions and a large number of them are under exhaustive investigation. 
Principally, these act through antibody dependent cellular cytotoxicity (ADCC) and 
complement-activation dependent cytotoxicity (CDC) for imparting cytotoxicity 
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and play a crucial role in efficient management of a variety of cancers [ 127 ]. 
In contrast to monotherapies, these antibodies are recently explored as adjuvants in 
drastically improving the therapeutic effectiveness of the conventional chemothera-
pies. Recently, antibody derived fragments have been explored to a greater extent as 
compared to that of parent whole antibodies considering the advantages such as 
manageable small size, relative ease in production, economic factors, and feasibility 
in antibody engineering for tailor-made applications. Figure  2.7  depicts various types 
of strategies that are currently employed for cancer immunotherapies [ 99 ,  128 ,  129 ].  

2.5.3.1     Radioimmunotherapy   (RAIT) 

 RAIT or Radioimmunoconjugates refer to the macromolecular entities where 
monoclonal antibodies (mAbs) are covalently attached to high linear energy transfer 
(LET) radionuclides. The radionuclides could either be alpha emitters such as 
 213 bismuth,  211 astatine,  223 radium,  149 terbium,  225 actinium,  227 thorium,  230 uranium or 
beta emitters such as  131 iodine,  90 yttrium,  60 cobalt,  99m technetium capable of damag-
ing DNA either by strand breakage or by other effects ultimately resulting in cell 
death. Concomitantly, the antibodies itself could also be detrimental to the cancer-
ous cells by altering the signal transduction pathways such as alterations of signaling 
pathways and depression in gene expression by anti-CD20. Further, the conjugation 
of antibody with radiommunoconjugate leads to more  favorable biodistribution  
[ 130 ]. Considering the huge potential of RAIT, a couple of products (Zevalin™, 

  Fig. 2.7    Strategies for immunotherapy of cancer       
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Bexxar ® , etc.) have already paved their way in clinical segment for treatment of 
non-Hodgkin lymphomas and many more are under clinical trials. 

 Since its genesis in early 1950s, the major applicability of RAIT has been hema-
tological malignancies and few decades of research established preferential local-
ization within tumor and subsequent therapeutic potential [ 131 ]. Drastic reduction 
in the bulky masses was noted in patients non-Hodgkin lymphomas treated with  131 I 
Lym-1 monoclonal antibodies [ 132 ]. Similar results were also observed with other 
antibodies such as anti-CD37 [ 133 ] and anti-CD20 [ 134 ]. The principal factors 
affecting RAIT includes type of mAbs, nature of radionuclide, and targeted host and 
tumor. The overall effectiveness of the RAIT further depends on the other factors 
such as rate and extent of dose administration, tissue penetration and sensitivity, 
location of target antigens (on tumor or within tumor), bone marrow toxicities, and 
tumor microenvironment [ 135 ]. Figure  2.8  depicts probable strategies that could be 
employed for improving the effi cacy of RAIT whereas Table  2.4  refl ects the exhaus-
tive list of radionuclide and monoclonal antibodies employed for effi cient manage-
ment of cancer. 

   Recently, combination of neoadjuvant radiation therapy and chemotherapy are 
concomitantly employed for effi cient management of cancers. Numerous clinical 
trials are presently undertaken in the direction of assessing the safety and anti-
neoplastic potential of such RAIT, among which majority of trials encompasses 
combination of external-beam radiation therapy (EBRT), chemotherapeutics, and 

  Fig. 2.8    Strategies to improve the therapeutic effectiveness of tumor radioimmunotherapy       
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   Table 2.4    Exhaustive list of radionuclides and monoclonal antibodies employed in combination 
for effi cient management of cancer   

 Radionuclide  Monoclonal antibody  Outcomes  Ref. 

  211 At  A33  Potential for treatment of 
micrometastases originating from 
colorectal carcinoma 

 [ 138 ] 

  213 Bi  Anti-EGFR  Improved therapeutic effi cacy of 
radiation mediated by enhanced 
DNA damage 

 [ 139 ] 

  213 Bi  C595  Useful tool for the treatment of 
micro metastases or minimal 
residual disease (MRD) 

 [ 140 ] 

  213 Bi  Herceptin  Improved cell cytotoxicity against 
BT-474, SK-BR-3, and MDA-231 
cell lines 

 [ 141 ] 

  213 Bi  MTAT  Inhibits lymph node 
micrometastases by induction of 
apoptosis 

 [ 142 ] 

  131 I  CC49 (scFv) 2   Provides a promising delivery 
vehicle for therapeutic applications 

 [ 143 ] 

  123 I  Tat-peptide  Signifi cant G1–S phase arrest and 
effi cient targeting of nuclear 
epitopes 

 [ 144 ] 

  131 I,  88 Y,  177 Lu,  186 Re  cG250  Improved stability and specifi c 
activity of the radionuclide 
conjugates 

 [ 145 ] 

  131 I,  88 Y,  188 Re  Mu-9 anti-CSAp  Promising results in the treatment 
of the GW-39 human colonic 
carcinoma 

 [ 146 ] 

  111 In  Anti-γH2AX  Signifi cant increase in in vitro and 
in vivo anticancer effi cacy 

 [ 147 ] 

  111 In  HuCC49ΔCH2/ 
cCC49 

 ~4-fold appreciation in tumor to 
blood localization ratio of antibody 
conjugate 

 [ 148 ] 

  111 In  Mouse IgG (mIgG)  Tumor targeting was found to 
increase up to 15-fold 

 [ 149 ] 

  111 In  Trastuzumab  Shown potential HER2 specifi c 
targeting and radionuclide delivery 
ability 

 [ 150 ] 

  111 In  U36  Signifi cantly higher uptake in 
tumor with a favorable 
biodistribution 

 [ 151 ] 

  111 In and  177 Lu  HER2/trastuzumab  Improved in vivo biodistribution 
profi les, tumor uptake and 
tumor-to-tissue activity 

 [ 152 ] 

  111 In and  90 Y  CC49  Signifi cant reduction of 
extrahematopoietic toxicity 

 [ 153 ] 

  177 Lu  chCE7/ ChCE7agl  High and specifi c accumulation of 
radioactivity with enhanced 
antitumor effi cacy 

 [ 154 ] 

(continued)
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 Radionuclide  Monoclonal antibody  Outcomes  Ref. 

  177 Lu  M-BR96  Increased effi cacy without 
signifi cant increase in toxicity 

 [ 155 ] 

  212 Pb  Trastuzumab  Increased uptake rate in the tumor 
over a 72-h period with reduced 
systemic toxicity 

 [ 156 ] 

  149 Pm,  166 Ho,  177 Lu  CC49  Signifi cant increase in the tumor 
uptake 

 [ 157 ] 

  99m Tc  BIWA 1  Increased selectivity and tumor 
uptake with lower toxicity 

 [ 158 ] 

  227Th   Rituximab  Novel approach for targeted 
delivery system 

 [ 159 ] 

  227Th   Trastuzumab  Increased cumulative absorbed 
radiation dose to tumor by 
fractionation of the dosage 

 [ 160 ] 

  90 Y  HMFG1  Shown potential treatment effi cacy 
at a dose of 18.5 mCi/m 2  with 
reduced toxicity 

 [ 161 ] 

Table 2.4 (continued)

immunotherapy [ 136 ]. The principal component of the immunotherapy is usually a 
vascular endothelial growth factor ( VEGF  )-blocking antibody, whereas preferred 
chemotherapeutics is a platinum derivative such as cisplatin, oxaliplatin, etc. 
Table  2.5  lists the clinical trials presently undergoing on cancer RAIT [ 137 ].

   With the advent of nanotechnology based approaches, the therapeutic effective-
ness of the RAIT has been drastically improved. The said approach has been exclu-
sively exploited in a variety of preclinical and clinical conditions and its potential 
has now been widely accepted. The principal amenities associated with these 
nanoparticles are their diverse functionalization potentials which help is improving 
the therapeutic effi cacy and reducing the unwanted and toxic side effects to normal 
tissues. Figure  2.9  depicts the general architecture of these multifunctional 
 nanoparticles and various advantages associated with said approach. In this context, 
a variety of  nanocarriers   have been fabricated till date for management of cancer 
and could broadly be categorized under the banner of either organic or inorganic 
nanocarriers [ 162 ]. Furthermore, employing the radiation chemistry, a radionuclide 
is conjugated to the antibody to form radionuclide–antibody conjugates which 
could be either conjugation of peptide ligands and antibodies or tumor targeted 
antibodies and radioisotopes [ 163 ]. The latter is then in incorporated into nanopar-
ticles to yield targeted radioisotope labeled nanoparticles [ 164 ]. Table  2.6  list 
various nanocarrier based approaches employed for RAIT. The principal disadvan-
tages with either plain radiation therapies or radio antibody conjugates are longer 
half lives, higher ϒ-emissions leading to undesirable side effects, ineffi cient inter-
nalization within lysosomes, mandate chelator requirements which often is associ-
ated with poor targeting or nonuniform dosimetry, etc. [ 165 ]. 
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   Table 2.5    Representative list of clinical trials comprising of radioimmunotherapy   

 Neoplasms  Phase  Radiation/antibody  Drug 

 Abdominal  I-III   90 Y-HMFG-1,  212 Pb-TCMC- 
Trastuzumab ,  131 I-8H9 

  -  

 Adenocarcinoma  0-II   90 Y-m170,  90 Y-MN14,  18  F-FDG, 
cetuximab, fi lgrastim 

 Paclitaxel, docetaxel, 
cisplatin 

 Bronchial  0-II   131 I-L19SIP,  177 Lu-IMP-288, 
 111 In-IMP-288, antibody TF2, 
Pre-targeted radioimmuno-
therapy,  90 Y-antiCEA cT84.66, 
 18  F-FDG, cetuximab 

 Cisplatin, docetaxel 

 Carcinoma  0-III   131 I-di-DTPA, carbon ion boost, 
 177 Lu-IMP-288,  111 In-IMP-288, 
 131 I-L19SIP,  90 Y-antiCEA cT84.66, 
 90 Y-DOTA anti-CEA M5A, 
 90 Y-HMFG-1,  111 In-MN14, 
antibody TF2, hMN14 
(labetuzumab), cetuximab, 
bevacizumab, fi lgrastim 

 Doxorubicin hydrochloride, 
docetaxel, cisplatin, 
5-fl uorouracil, irinotecan 
hydrochloride, leucovorin 
calcium 

 CNS  I-II   131 I-3 F8,  131 I-8H9,  131 I-L19SIP  Cisplatin, lomustine, 
vincristine sulfate 

 Colorectal  I-II   177 Lu-IMP-288,  111 In-IMP-288, 
 90 Y-DOTA anti-CEA M5A, 
 90 Y-antiCEA cT84.66,  111 In-IMP-
205xm734,  111 In-MN14, 
 90 Y-MN14, TF2, hMN14 
(labetuzumab), fi lgrastim, 
bevacizumab 

 Oxaliplatin, leucovorin 
calcium, fl uorouracil, 
gemcitabine, fl oxuridine, 
irinotecan, hydrochloride 

 Leukemia  I-II   90 Y-Epratuzumab,  111 In-LL2 IgG, 
 111 In-MN14,  131 I-Anti-B1, 
 131 I-BC8,  111 In-ibritumomab 
tiuxetan,  90 Y-ibritumomab 
tiuxetan,  131 I-tositumomab, 
rituximab, fi lgrastim, oprelvekin 

 Busulfan, cyclosporine, 
cyclophosphamide, 
etoposide, fl udarabine 
phosphate, methotrexate, 
mycophenolate mofetil, 
melphalan, sirolimus, 
tacrolimus 

 Liver  I-II   90 Y-antiCEA cT84.66,  90 Y-DOTA 
anti-CEA M5A 

 Gemcitabine hydrochloride, 
fl oxuridine, fl uorouracil, 
leucovorin calcium, 
oxaliplatin 

 Lymphomas  I-II   111 In-ibritumomab tiuxetan, 
 90 Y-ibritumomab tiuxetan, 
 131 I-tositumomab,  111 In-LL2 IgG, 
 90 Y-epratuzumab,  111 In-Lym-1, 
 90 Y-Lym-1,  111 In-MN14, 
rituximab, fi lgrastim 

 Cyclophosphamide, cisplatin, 
cytarabine, 
methylprednisolone, 
fl udarabine phosphate, 
etoposide 

 Ovarian  I-III   212 Pb-TCMC-Trastuzumab, 
 90 Y-HMFG-1,  111 In-MN14, 
 90 Y-MN14, fi lgrastim 

 – 

 Prostrate  I   117 Lu-J591,  90 Y-m170, fi lgrastim  Cyclosporine, paclitaxel 
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  Fig. 2.9    General architecture of multifunctional nanoparticles and associated principal advan-
tages. Adapted and modifi ed with permission from [ 166 ]       

2.5.3.2        Immunotoxins   

  Immunotoxins   represents a group of macromolecular species essentially comprising 
toxin conjugates and targeting antibodies linked via gene fusions, peptide bonds, 
disulfi de bonds, thioether bonds, etc. [ 180 ]. Upon successful internalization within 
target cells, the immunotoxins releases toxin by a variety of mechanisms such as 
degradation by proteases, reduction of disulfi de bonds, or acid hydrolysis (Fig.  2.10 ). 
Primarily bacterial toxins such as diphtheria toxins,  Pseudomonas  exotoxin, and 
plant toxins such as ricin, modeccin, abrin, etc. are employed as toxin conjugates. 
These are usually proteinaceous in nature and are considered as highly potent, 
owing to which even limited availability at site of action is suffi cient for execution 
of cellular responses [ 181 ]. Once inside the cells, these tend to inhibit the protein 
synthesis pathways and result in cell cytotoxicity. Although fascinating, the clinical 
intervention of immunotoxins is a great challenge owing to associated limitations 
such as poor antigen specifi city, lower cytotoxicity potential, nonspecifi c side 
effects, immunogenicity, and manufacturing complications. Recently, in the last 
couple of decades, strategic developments in the fi eld of immunotoxins have been 
noticed. Started with its genesis from isolation of potential toxins in early 1970s, a 
variety of immunotoxins have made their way to clinical trials successfully clearing 
in vitro tissue culture experiments and in vivo preclinical testing. One product, 
DT-IL2 (denileukin diftitox, Ontak™), has been clinically approved for human use 
and specifi cally targets IL-2 receptors [ 182 ].  

 The targeting antibodies could either be whole antibody or small fragments. 
In the latter case, A chain subunit of the toxin is linked to the  monoclonal antibody   
and are referred to as A chain immunotoxins. A principal advantage associated with 
such A chain immunotoxins is lower nonspecifi c side effects in in vivo setting; how-
ever, in contrast some signifi cant compromise in overall targeting potential and cell 
cytotoxicity was noted as compared to whole antibody immunotoxins [ 183 ]. The 
results are indicative of the crucial role of B chain in improving the interactions of 
immunotoxins with target cells and preferential assistance in entry to cytosol. 
Furthermore, considering the pharmacokinetic perspectives, the larger the con-
structs, the longer the circulation half-life. Furthermore, classical to any anticancer 
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   Table 2.6    List of nanocarrier based approaches employed for RAIT   

 Radionuclide 
 Nanocarrier 
approach  Functionalization  Outcomes  Ref. 

  90 Y  Polymerized 
liposomes 

 Integrin antagonist; 
anti-Flk-1 mAb 

 Signifi cant tumor growth 
delay in K1735-M2 and 
CT-26 tumors 

 [ 167 ] 

  99m Tc  PEGylated 
liposomes 

 MIBI  Twofold higher uptake in 
MCF-7 ras tumor bearing 
mice 

 [ 168 ] 

  111 In,  88 Y  PAMAM 
dendrimer 

 Humanized 
anti-TacIgG 
(HuTac) 

 Signifi cant differences in the 
biodistribution patterns of 
the saturated and 
unsaturated dendrimers were 
noted 

 [ 169 ] 

  111 In  PEGylated PE 
micelles 

 2C5  Signifi cantly higher tumor 
accumulation in murine 
LLC 

 [ 170 ] 

  111 In  Albumin 
nanoparticles 

 RGDGSSV 
peptide, fi brinogen 

 Signifi cant retardation in 
tumor growth and tumor 
specifi c reduction blood 
fl ow to B16F0 hind limb 
tumors 

 [ 171 ] 

  111 In  Perfl uorocarbon 
nanoparticles 

 α ν β 3 -integrin 
binding a  

 Fourfold higher mean tumor 
activity in Vx-2 tumor 
bearing rabbits as compared 
to nontargeted controls 

 [ 172 ] 

  188 Re  Liposomes  Doxorubicin  Signifi cant increase in the 
therapeutic effi cacy against 
C26 murine solid tumor 
animal model 

 [ 173 ] 

  111 In  Nanocapsules  Polysaccharides  Signifi cant retardation in the 
clearance rate and 
preferential biodistribution 
within lymphatic system 

 [ 174 ] 

  131 I  Dextran 
magnetic 
nanoparticles 

 Sc-7269  Signifi cant tumor growth 
delay and tumor inhibition 
rate were noted without any 
compromise in safety profi le 

 [ 175 ] 

  90 Y  Apoferritin  Biotin  Signifi cant pre- targeting 
capabilities 

 [ 176 ] 

  125m Te  ZnS 
nanoparticles 

 mAb 201B  Signifi cantly higher 
localization within lungs 

 [ 177 ] 

  64 Cu  Carbon 
nanotubes 

 RGD  Signifi cantly higher tumor 
uptake with minimal renal 
clearance 

 [ 178 ] 

  225 Ac  PEGylated 
liposomes 

 PSMA J591 
antibody, A10 
PSMA aptamer 

 Signifi cantly higher 
cytotoxicity against PSMA 
overexpressing human 
LNCaP cells, rat Mat-Lu 
cells and HUVEC cells 

 [ 179 ] 

   a Perfl uorocarbon nanoparticles bind to α ν β 3 -integrin receptors  
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  Fig. 2.10    Mechanisms of action of monoclonal antibody (Ab) conjugates. Monoclonal antibodies 
and their fragments can be conjugated or linked to cytotoxic agents. Chemotherapy and toxin 
conjugates must be internalized via receptor-mediated endocytosis, whereas internalization is not 
required for radioisotope conjugates. After internalization, the active cytotoxic component is 
released and mediates cell death. Ricin-based immunotoxins depurinate ribosomal RNA and 
inhibit protein synthesis. Pseudomonas (PE)- and diphtheria (DT)-derived immunotoxins ADP 
ribosylate elongation factor-2 and inhibit protein synthesis. Antibody drug conjugates mediate 
cytotoxicity by drug-specifi c actions (e.g., targeting tubulin by maytansin and auristatin, and 
induction of DNA breaks by calicheamicin).  dgRTA  deglycosylated ricin A chain. Reproduced 
from ref. [ 186 ]       

chemotherapy, the potency of immunotoxins could be drastically improved by 
coadministration with  enhancing agents . Such improvements in the entry of immu-
notoxins within the cells could be facilitated by understanding the vesicular entry 
systems classical to proteins, employing the pathways adapted by natural toxins 
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during pathological conditions, and exploiting the structure–function relationships 
of natural toxins in designing the entry systems [ 184 ]. Classically, pharmacologi-
cally active molecules such as lysosomotropic amines or carboxylic ionophores 
have also been employed as enhancing agents [ 185 ]. 

 Concomitant with high therapeutic potency, there also lie numerous side effects 
associated with immunotoxins. These includes fl u-like syndrome, vascular leak 
syndrome, infusion related hypersensitive reactions, and transient increase in the 
levels of hepatic toxicity markers such as transaminases owing to preferential pro-
cessing of immunotoxins in liver [ 33 ]. Furthermore, immunotoxicity can also occur 
either due to monoclonal antibodies or toxins which could be marginally circum-
vented by employing antibody alterations or humanization. 

 Table  2.7  list various immunotoxins employed for management of cancer. 
Particularly, deglycosylated ricin A (dgA) chains have been particularly explored in 
a wide array of malignancies considering diminished hepatotoxicity (owing overex-
pression of mannose receptors in liver) classically observed with anti-B4 blocked 
ricin [ 187 ]. The lateris also associated with signifi cant human anti-mouse antibody 
(HAMA), anti-ricin (HARA) immune responses and vascular leak syndrome [ 188 ]. 
In purview of this, the particular amino acid sequences in toxins responsible for 
both therapeutic effects and detrimental side effects have been identifi ed and 
employed [ 189 ,  190 ]. The reduction in HARA immune responses could be medi-
ated by employing the PEGylated ricin as compared to plain ricin [ 191 ]. Interestingly, 
 PEGylation   does not affect the inhibition of protein synthesis pathways by ricin.

   Notably, immunotoxins usually lacks any bystander effects. However, consider-
ing the very therapeutic potency, this property could be fruitfully exploited in 
combination therapeutic regimen to combat minimal residual diseases, particularly 
hematological malignancies.  Immunotoxins   along with RAIT have been success-
fully employed for treating disseminated human B-cell lymphoma in immunodefi -
cient mice model and curative therapeutic regimen was observed by optimizing the 
temporal order of administration without any life threatening vascular leak syn-
drome (Fig.  2.11 ) [ 209 ].   

2.5.3.3     Immunocytokines   

  Immunocytokines   represents yet another important type of macromolecular species 
employed for effi cient management of cancer. These are fusion proteins essentially 
comprise  monoclonal antibody   and cytokine. Cytokines are referred to as cell sig-
naling molecules responsible for cell–cell communication and mediate a variety of 
humoral and cellular immune responses to maintain homeostasis [ 210 ]. These 
include interleukins, interferons, chemokines, colony stimulating factors, lympho-
kines, and tumor necrosis factors, to name a few. Mechanistically, immunocyto-
kines tend to accelerate the compromised tumor immune responses and hence the 
immunocytokines therapy seems to be most promising as compared to any other 
immunotherapies (Fig.  2.12 ). Considering such potential, IL-2 based immunocyto-
kines therapy has been clinically approved for treatment of advanced stages of 
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   Table 2.7    Immunotoxins employed for effi cient management of cancer   

 Toxin conjugate 
 Monoclonal 
antibody  Remarks  Ref. 

 Diphtheria toxin (DT)  Trastuzumab 
(Herceptin) 

 Trastuzumab-DT conjugates exhibited 
signifi cant killing of SK-BR-3 cells 

 [ 192 ] 

 Diphtheria toxin 
mutant (CRM9) 

 Anti-vascular 
endothelial growth 
factor (VEGF) 

 Markedly higher cell cytotoxicity than 
control groups 

 [ 193 ] 

 Gelonin  Monoclonal 
antibody 31 
(MOC31) 

 MOC31-gelonin and 5-aminolevulinic 
acid (5-ALA) combination induced 
synergistic cytotoxic effect against the 
WiDr cells via enhanced photo chemical 
internalization as a result of 
protoporphyrin IX (PpIX) 

 [ 194 ] 

 Granzyme M  Humanized 
single-chain 
antibody fragment 
(scFv) H22 

 Specifi c and effi cient toxicity upon 
binding to CD64, an FcγRI receptor 
overexpressed on activated myeloid cells 
and leukemic cells 

 [ 195 ] 

 Listeriolysin O (LLO)  B3  Specifi c elimination of antigen positive 
MCF7 cells with up to 80–250-fold less 
sensitivity towards antigen negative cell 
lines 

 [ 196 ] 

 LysPE38QQR 
(truncated form of 
Pseudomonas 
exotoxin) 

 K1 (murine IgG1)  Exhibits higher toxicity against 
mesothelin positive A431-K5 cells 

 [ 197 ] 

 Mutant Pseudomonas 
exotoxin A (ETA') 

 anti-EGFR 
425(scFv) 

 Higher binding activity and specifi city of 
towards EGFR-positive pancreatic 
carcinoma cell line L3.6p1 

 [ 198 ] 

 Mutant Pseudomonas 
exotoxin 38 (PE38) 

 B3  About 12-fold higher cytotoxicity on 
CRL1739 cell lines 

 [ 199 ] 

 Pseudomonas 
exotoxin (PE38) 

 Mutant MR1(Fv)  Increased affi nity and cytotoxic activity  [ 200 ] 

 Pseudomonas 
exotoxin 38 (PE38) 

 RFB4  Exhibited fi vefold to tenfold increase in 
activity on various CD22-positive cell 
lines and up to 50 times more cytotoxic 
to cells from patients with chronic 
lymphocytic leukemia and hairy-cell 
leukemia 

 [ 201 ] 

 Pseudomonas 
exotoxin 40, (PE40) 

 Humanized 
anti-CEA antibody 
(hMN14) 

 hMN14(Fv)-PE40 showed specifi c 
growth suppression of CEA expressing 
cell lines MIP-CEA (high CEA) and 
LS174T (moderate CEA) with IC 50s  of 
12 ng/mL (0.2 nM) and 69 ng/mL 
(1.1 nM) respectively with reduced 
toxicity towards normal tissues 

 [ 202 ] 

 Pseudomonas 
exotoxin A 

 anti-CD22  Remarkable increase in thermal stability 
and an enhanced resistance to trypsin 
degradation 

 [ 203 ] 

(continued)
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Table 2.7 (continued)

 Toxin conjugate 
 Monoclonal 
antibody  Remarks  Ref. 

 Pseudomonas 
exotoxin A ETA 

 HER2-specifi c 
single-chain 
antibody 
scFv(FRP5) 

 scFv(FRP5)-ETA showed specifi cally 
higher cytotoxicity towards HER2 
positive cell lines LNCaP 

 [ 204 ] 

 rAbrin  mAb F1G4  Immunotoxin mAb F1G4-rABRa-A, 
inhibits protein synthesis specifi cally on 
cells expressing the gonadotropin 
releasing hormone receptor and also it 
exhibited differences in the kinetics of 
inhibition of protein synthesis, in 
comparison to abrin, which was 
attributed to differences in 
internalization and traffi cking of 
F1G4-rABRa-A within the conjugate 

 [ 205 ] 

 Recombinant gelonin 
toxin (rGel) 

 FGFR3-specifi c 
Fv fragments (3C) 

 3C/rGel fusion showed an signifi cant 
reduction of IC50 value up to 
200 nmol/L against cells compared with 
1, 500 nmol/L for free rGel 

 [ 206 ] 

 Ricin A  (anti-PSMA) 
monoclonals 
(J591, PEQ226.5, 
and PM2P079.1 

 Various immunotoxins showed an 
signifi cant reduction PSMA + cells with 
IC50 value in nanomolar range (IC 50s  of 
1.6–99 ng/mL) and complete eradication 
with J591-smpt-nRTA with IC  50  of 
0.35–31.7 ng/mL 

 [ 207 ] 

 Saporin  Trastuzumab 
(Herceptin) and 
cetuximab 
(Erbitux) 

 Trastuzumab (Herceptin) and cetuximab 
(Erbitux) were conjugated via cleavable 
disulfi de bonds to the plant derived toxin 
saporin shown to have overcome the 
present limitations of therapeutic 
antibodies with a higher antitumoral 
effi cacy via endosomal/lysosomal 
release of the toxin moiety 

 [ 208 ] 

melanoma and renal carcinoma [ 211 ]. In addition, some allied pharmacological 
activities of cytokines have also been noted such as inhibition of tumor vasculature 
by tumor necrosis factors [ 212 ]. Considering the physiological functions of cyto-
kines as either auto or paracrine factors, pretty high concentrations needs to achieved 
in the close proximities of site of action, i.e., producing cells. However, the clinical 
limitations does not permit such high dose administrations systemically [ 213 ] and 
hence the classical approaches includes either direct injection within solid tumor 
[ 214 ] or localized treatment such as isolated limb perfusion of tumor necrosis factor 
[ 215 ]. Unfortunately, the said approaches does not comply in most of the malignan-
cies at the advanced stages and hence the concept of immunocytokines emerged 
wherein a tumor antibody is attached to the cytokine to achieve preferential higher 
tumor concentrations and hence drastically reduce toxic side effects to normal 
tissues. Furthermore, drastic improvements in the pharmacokinetics of cytokines 
could be achieved by said strategy [ 210 ].  
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  Fig. 2.11    Internalization of ligand targeted therapeutics and the “bystander effect.” ( a ) Binding of 
the ligand-targeted therapeutics (LTTs) to their target epitopes will, in the case of some antibodies, 
promote receptor-mediated internalization of the LTT and, following release of the therapeutic 
intracellularly, lead to cytotoxicity (e.g., immunoliposomes and immunotoxins). ( b ) Binding of 
LTTs linked to noninternalizing antibodies will result in the LTT remaining attached at the target- 
cell surface (e.g., ADEPT (antibody-directed enzyme–prodrug therapy)). ( c ) All the cancer cells 
will preferably express the target epitope; however, some of the cancer cells might not. Drug that 
is released into the tumour interstitial space might be taken up non-selectively by cancer cells that 
do not express the target epitope; this results in cytotoxicity by the “bystander effect” (e.g., immu-
noliposomes and ADEPT). ( d ) Immunotoxins must be internalized to show cytotoxicity, so no 
opportunity for a bystander effects exists. Reproduced with permission from ref. [ 33 ]       

  Interleukins  , especially IL-2, have been exhaustively studied for tumor immuno-
therapy. High dose IL-2 was the pioneer immunotherapy approved for treatment of 
melanomas and had complete response of ~6 % and partial response of ~10 % 
[ 216 ]. However, it is associated with severe side effects such as vascular leak syn-
drome, hypersensitivity reactions, etc. In contrast, the immunocytokines therapy 
demonstrated remarkably higher tumor accumulation of cytokines without notable 
compromise in safety profi le [ 217 ]. In another set of experiments, 20-fold higher 
potency was noted for antibody targeted IL-12 in contrast to that of naked IL-12 
[ 218 ]. On these grounds, a variety of immunocytokines based products such as 
Proleukin™, Aldesleukin™ comprising IL-2; Beromun™ comprising TNF-α; 
Roferon-A™ and Intron-A™ comprising interferon-α2; and Leukine™ and 
Leucomax™ comprising granulocyte-macrophage colony-stimulating factor 
(GMCSF) have been approved clinically [ 219 ]. In parallel, the exploration of 
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cytokines as vaccine adjuvants is also in move. Upon combination with dendritic 
cells interesting memory immune responses were noted in the sense that site 
specifi c memory response mediated by effector memory T cells was executed 
whereas the central memory T cells were not formed [ 220 ]. The hypothesis was 
based on the fact that in rechallenge test the no tumor relapse was observed in organ 
in concern whereas tumor was induced in other organs. Recently, complete eradica-
tion in the B-cell lymphoma xenograft was observed upon treatment with combina-
tion of rituximab and L19-IL2 [ 221 ]. Similar results were also noted when L19-IL2 
combined with (Cytotoxic T-Lymphocyte antigen 4) CTLA-4 blockade or L19-TNF 
[ 222 ]. Of note, not all cytokines exhibit antitumor effects, lymphotoxins represent a 
class of cytokines leading to physiology of  tumorigenesis   mediated by infl amma-
tory pathways [ 223 ]. The said discrepancy could possibly be attributed to the typical 
structural motif of lymphotoxins which is trimeric in contrast to that of  heterodimeric 
structure of potent antitumor cytokines such as IL-12 [ 185 ]. Hence, while employ-
ing immunocytokines based cancer therapy, the alterations in allied pathways and 
its clinical implications should be considered. Table  2.8  depicts various immunocy-
tokines employed for cancer immunotherapy.

  Fig. 2.12    Working mechanism of immunocytokines exemplifi ed for tumor targeted IL-2. 
A monoclonal antibody specifi c for a tumor-associated antigen allows the enrichment of cytokines 
in the tumor microenvironment. In the case of interleukin-2 (IL-2) it enhances antibody-dependent 
cellular cytotoxicity mediated by Fc-receptor positive effector cells such as natural killer cells. 
In addition, tumor-targeted IL-2 stimulates T cells to expand and attack the tumor. High concentra-
tions of plasmin at the tumor site enable the cleavage of IL-2 from the fusion protein through the 
plasmin cutting site within the linker (depicted in the fi gure by scissors). Reproduced from ref. [ 211 ]       
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   Table 2.8    List of immunocytokines employed for cancer immunotherapy   

 Cytokine 
 Monoclonal 
antibody  Outcomes  Ref. 

 IL-2  2aG4, PS 
targeting 
antibody 

 80 % of mice inoculated with 2aG4-IL2/4 T1 
vaccine survived free of tumor and signifi cantly 
increased 4 T1 specifi c cytotoxicity and ability to 
secrete interferon gamma (IFNγ) 

 [ 224 ] 

 IL-2  14G2A 
antibody 

 Uterine leiomyosarcoma diffusely expressed GD2 
and binds the therapeutic 
immunocytokine14.18-IL2 and shown to be a 
potential target for effective management of 
aggressive tumors 

 [ 225 ] 

 IL-2  F8 antibody  F8-IL2 effectively inhibited the growth of 
EDA-Fn-expressing melanomas in combination 
with paclitaxel as a result of recruitment of 
F8-IL2-induced natural killer (NK) cells to the 
tumor via paclitaxel mediated enhanced tumor 
perfusion and permeability. 

 [ 226 ] 

 IL-2  F16 antibody  Selective tumor staining of F16 and preferential 
tumor accumulation of radiolabeled F16-IL2 

 [ 227 ] 

 IL-2  L19 and 
anti-CTLA-4 
antibody 

 L19-IL2 exhibited complete tumor eradications 
when used in combination with CTLA-4 blockade 

 [ 222 ] 

 IL-2  F8 antibody  28 % cure rate and substantial tumor growth 
retardation were observed for the combination of 
sunitinib with F8-IL2 immunocytokine 

 [ 228 ] 

 IL-2  hu14.18 
antibody 

 Patients treated with hu14.18-IL2 immunocytokine 
developed anti-idiotypic antibodies and anti-
Fc-IL2 antibodies 

 [ 229 ] 

 IL2  huKS antibody  Paclitaxel and cyclophosphamide followed by 
huKS-IL2 resulted in enhanced antitumor 
responses against CT26/KSA colon, 4 T1/KSA 
mammary and LLCKSA Lewis lung carcinomas 
due to increased uptake of the huKS-IL2 
immunocytokine into the tumor microenvironment 
by the virtue of reduced diffusion barrier by drug 
therapy 

 [ 230 ] 

 IL2  huKS antibody  Signifi cantly increased (complete tumor resolution 
in 50 % of mice) the antitumor effect of RFA 
(Radiofrequency ablation) by combining it with 
huKS-IL2. Immunocytokine also showed 
antitumor effects against distant untreated tumor 
and greater proportion of cytokine-producing CD4 
T cells and CD8 T cells 

 [ 231 ] 

 IL-7  F8 antibody  Improved tumor targeting performance with 
tumor: blood ratio = 16:1 

 [ 232 ] 

 IL-12  NHS76 
antibody 

 Signifi cant increase in the toxicity profi le of 
NHS-IL12 was achieved as a result of attenuated 
IFN gamma production, selective targeting and 
longer half-life 

 [ 233 ] 

(continued)
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 Cytokine 
 Monoclonal 
antibody  Outcomes  Ref. 

 IL-12  SS1 Fv  IL12-SS1 (Fv) immunocytokine signifi cantly 
inhibited human tumor expressing mesothelin 
proteins, i.e., malignant mesothelioma (NCI-
H226) and ovarian (OVCAR-3) cells as well as 
recombinant mesothelin on A431/H9 cells 

 [ 234 ] 

 IL-12  Recombinant 
human antibody 
fragment L19 

 Antitumor activity of EMD 521873 (Selectikine 
immunocytokine) was reported in heterogeneous 
patient population as prolonged disease 
stabilisation and a transient drop in tumor markers 
and also it was found that at all dose-levels there 
were transient increase in total lymphocyte, 
eosinophil, and monocyte counts 

 [ 235 ] 

 IL-15, GMCSF  L19 antibody  L19-IL-15 and L19-GM-CSF displayed a potent 
antitumor activity via CD8+ T cells 

 [ 236 ] 

 IFN-α  hRS7, hMN 15, 
hL243, and 
c225 antibodies 

 Up to 1,000-fold improved anti-proliferative 
potency of IFN-λ1, when tethered with antibodies 
hRS7, hMN 15, hL243, and c225, was 
demonstrated against targeted cancer cell lines 
along with increased antiviral activity against 
encephalomyocarditis virus and hepatitis C virus 
IFN-λ1 via (15)-λ1 or (c225)-λ1 respectively 

 [ 237 ] 

 IFN-γ  Anti-CD70 
antibody 

 Anti-CD70 IFN-γ immunocytokines displayed 
high levels of species specifi c IFN-γ activity and 
selective binding to CD70 on human RCC cells 
and higher tumoricidal activity by the virtue of 
RIP1-dependent necrosis in RCC cells in the 
presence of bortezomib 

 [ 238 ] 

 TNF  scFv23  scFv23/TNF was found to be highly cytotoxic to 
TNF-resistant HER-2/neu-expressing pancreatic 
cancer cell lines and demonstrated a synergistic 
cytotoxic effect with 5-fl uorouracil (5-FU) by the 
virtue of downregulation of HER-2/neu, p-Akt, 
Bcl-2 and upregulation of TNF-R1, caspase-8, and 
caspase-3 

 [ 239 ] 

Table 2.8 (continued)

2.5.3.4       Antibody Directed Enzyme Prodrug Therapy ( ADEPT  ) 

  ADEPT   represents an improved version of cancer immunotherapy among the above 
discussed strategies for effi cient management of advanced malignancies and solid 
tumors. Classical immunotherapies face challenges such as limited penetrating 
capabilities, need for internalization, antigen heterogeneity, nonuniform drug 
release and subsequent altered potency levels. Principally, ADEPT operates via 
usage of antibodies specifi c for tumor agents that are covalently linked to enzyme in 
the concern. In the fi rst step, such antibody–enzyme conjugate is administered to 
the patients and allowed to preferentially localize in the vicinities of tumor. Once 
the unbound conjugates are cleared of the body by a variety of means, a prodrug 
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sensitive to pre-targeted enzyme is administered which will generate very high local 
concentrations of active drug in the extracellular regions of tumor. The active drug 
can then be passively internalized within cells and impart cytotoxicity (Fig.  2.13 ) 
[ 240 ]. One of the promising advantages is bystander effects which also impart cyto-
toxicity to antigen negative cells (Fig.  2.11 ) [ 241 ].  

 The principal components of  ADEPT   include target, antibody, enzyme, aben-
zymes/catalytic antibodies, and prodrugs [ 242 ]. Firstly, target should usually be 
native to the tumor and should have minimal expression over normal tissues. 
However, it is practically diffi cult to fi nd such targets and hence care should be 
taken that normal expression of target is at minimal at least on the vital organs so to 
avoid any irreparable damages to the critical body organs. However, heterogeneity 
among in antigen expression in epithelial tumors is quite common. Furthermore, the 
internalization of the antibody–enzyme conjugate should be avoided so as to avoid 
failure of therapy. The additional advantage of the surface linked enzyme is rapid 
conversion of many prodrug molecules and higher tumoral concentrations. While 
selecting target antigen, care should also be taken that it should not be secretory in 
nature; however, there have been some exceptions such as ADEPT in the case of 
human chorionic gonadotrophin (hCG) producing tumors was successful in spite of 
higher concentrations of hCG in central compartment [ 243 ]. 

  Fig. 2.13    Basic principle of ADEPT.  Stage 1 , administered AEC is allowed to localize at site of 
action.  Stage 2  the excess circulating prodrug is cleared of the blood.  Stage 3  nontoxic prodrug is 
administered that specifi cally generates active at site of action       
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 Secondly, antibody plays an important role in preferentially localizing the 
enzymes and hence the therapeutics at the target location so as to achieve the maxi-
mum benefi ts, per se. This retention of enzymes at the target site may extend up to 
several days. In this regard, considering the binding affi nity of the employed anti-
body, interplay of antibody–enzyme conjugate in the vicinity of tumor and in 
central compartment could be modulated with ideal situation being nil antibody–
enzyme conjugate in central compartment for achieving maximum therapeutic effi -
cacy. Such highly stable antibody complex could be achieved by employing class I 
or II IgG monoclonal antibodies. Furthermore, this balance could be modulated in a 
better way by usage of antibody fragments such as F(ab)′2 which are associated 
with principal advantages of rapid clearance from the central compartment impart-
ing better targeting potential to the tumors; however, the binding affi nity, size of 
fragment, renal clearance and hence total available enzymatic concentrations at the 
site of action, etc. should be taken into account while comparing it with whole anti-
bodies [ 244 ]. 

 Thirdly, enzyme has principal role for success of  ADEPT  . However, there lies 
certain restriction on type of enzymes which could be used such as human enzymes 
exhibit wide normal tissue distribution while nonhuman enzymes face problems of 
immunogenicity and possible human isoforms in physiological conditions. Among 
the available options, bacterial enzymes are explored considering their potential 
effi ciency to a greater extent; however, their immunogenicity is debatable. In pur-
view of decreasing the immunogenicity, efforts are being to identify the responsible 
amino acid sequences and their suitable replacement in modifi ed enzymes [ 245 , 
 246 ]. In this regard, yet another interesting concept of preparing mutant human 
enzymes is prevailing which will enable the prodrug processing only by mutated 
enzymes, whereas original human forms of these enzymes remain inactive, e.g., 
T268G mutant of human carboxypeptidase A1 for prodrugs of methotrexate [ 247 ]. 
Table  2.9  lists various enzymes employed for ADEPT.

   Fourthly, the concept of catalytic antibodies is also emerging as promising 
component of  ADEPT   with the principal advantage of overcoming immunogenicity 
related problems [ 267 ]. Conceptually these are improved version of therapeutic 
antibodies which are equipped with additional enzymatic catalytic power (Fig.  2.14 ). 
The most classical methods to prepare such catalytic antibodies are transition state 
analogue approach, hapten substrate approach and reactive immunization approach. 
Their immense clinical relevance arises from the promising advantages such as 
improved circulation half-life in central compartment, increased specifi city and 
affi nity for the target and prodrugs, and feasibility to exploit antibody/genetic engi-
neering along with the classical advantage of low immunogenicity. Some examples 
of catalytic antibodies include 38C2 for aldolase activity; 84G3, 85H6, 90G8, and 
VHHC10 for aliinase activity; 3D8-VL for mRNA of HER2 hydrolysis; A17 for 
degradation of organophosphate compounds, ETNF-6-H for hydrolysis of TNF-α, 
etc. Recently, cell targeting and prodrug activation capabilities of the next genera-
tion therapeutic antibody, catalytic Ab 38C2, have been established in the case of 
selective tumor immunotherapy with doxorubicin prodrugs [ 268 ].  
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   Table 2.9    List of enzymes employed for ADEPT based cancer immunotherapy   

 Enzyme  Characteristics  Ref. 

 β-glucosidase  β-glucosidase conjugated with tumor associated monoclonal 
antibody HMFG1 enhances the cytotoxic effect of amygdalin 
by 36-fold while increased rate of survival of U87MG 
(HMFG1- negative) cells 

 [ 248 ] 

 β-glucuronidase  After fusion with a humanized single-chain antibody (scFv) of 
mAb CC49 to S2 (a human β-glucuronidase (hβG) variant) 
displays enhanced human enzyme catalytic activity and more 
effective in killing antigen-positive cancer cells 

 [ 249 ] 

 β-Lactamase  Fusion protein TAB2.5 (conjugation of CC49 and β-lactamase) 
showed prolonged retention (T1/2 = 36.9 h) with tumor to 
plasma ratios of up to 1,000 

 [ 250 ] 

 β-Lactamases  When fused with ACDCRGDCFCG peptide (RGD4C), it 
found to be active for specifi city in MCF-7 cell lines 

 [ 251 ] 

 Carboxypeptidase-A  Anti-seminoprotein (SM) single-chain antibody/human 
carboxy peptidase A fusion protein (scFv/hCPA) mediated 
hydrolysis of methotrexate prodrug increased cytotoxicity up to 
1,000-fold with no systemic toxicity of the prodrug 

 [ 252 ] 

 Carboxypeptidase A  HuA33 antibody–carboxy peptidase A (acts on methotrexate 
phenylalanine prodrug) demonstrates higher specifi city of 
tumor uptake with eightfold reduced cytotoxicity (LD50 of 
MTX) to non-tumor sites 

 [ 253 ] 

 Carboxypeptidase 
G2 (CPG2) 

 Conjugation of CPG2 with SB43 anti- carcinoembryonic 
antigen antibody fragment A5B7-F(ab′) 2  shown to reduce the 
percentage of injected dose per gram in blood and a tumor-to- 
blood ratio of 45: 1 at 24 h, which increased to 100: 1 at 72 h 

 [ 254 ] 

 Carboxypeptidase 
G2 (CPG2) 

 F(ab′) [SUB2] anti-CEA antibody A5B7 and the bacterial 
enzyme CPG2 conjugates converts ZD2767P (4-[N,N-bis(2-
iodoethyl) amino] phenoxycarbonyl  L -glutamic acid) to 
ZD2767 (bifunctional alkylating agent) at the tumor site which 
resulted in 229-fold increase in activity. 

 [ 255 ] 

 Carboxypeptidase 
G2 (CPG2) 

 Anti-carcinoembryonic A5B7 conjugated to the bacterial 
enzyme carboxypeptidase G2 acts on the prodrug 
4-[(2-chloroethyl)(2-mesyloxyethyl)amino]benzoyl- L -glutamic 
acid resulted in signifi cantly enhanced tumor growth with no 
concomitant increase in systemic toxicity 

 [ 256 ] 

 Carboxypeptidase 
G2 (CPG2) 

 MFECP, a recombinant fusion protein of CP with MFE-23, a 
single chain Fv (scFv) antibody, modifi ed to hexahistidine tag 
(His-tag) MFECP found to have signifi cantly reduced human 
antibody response 

 [ 257 ] 

 Cytosine 
deaminase (CD) 

 Fused LinkCD, hyaluronan binding domain of TSG-6 (Link) 
and yeast cytosine deaminase (CD) with an N-terminal His(×6) 
tag shown to have increased duration of the enzyme activity 
and signifi cant tumor size reduction in animals that received 
LinkCD/5-FC treatment 

 [ 258 ] 

(continued)
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 Enzyme  Characteristics  Ref. 

 Cytosine 
deaminase (CD) 

 Fusion of anti-gpA33 single chain fragment, A33scFv, with 
cytosine deaminase from yeast (CDy), which converts 
5-fl uorocytosine (5-FC) into 5-fl uorouracil (5-FU), results 
demonstrate bifunctional activity of A33scFv::CDy fusion 
protein which is equally cytotoxic to equimolar amounts of 
5-FU 

 [ 259 ] 

 Human 
β-glucuronidase (βG) 

 chTNT-3 and β-glucuronidase enzyme fusion protein (acts on 
doxorubicin glucuronide prodrug), specifi cally localize to 
tumor sites with rapid clearance from blood and normal tissues 

 [ 260 ] 

 Human 
β-glucuronidase (βG) 

 It was found that ortho-substituted phenyl carbamates (i.e., 
N-[4-O-(Methyl-βD- glucopyranosyluronate)-3 
nitrobenzyloxycarbonyl] doxorubicin) are better substrates for 
fusion protein human β-glucuronidase-humanized CEA than 
the corresponding para-substituted analogues 

 [ 261 ] 

 Human 
β-glucuronidase (βG) 

 Anti-CD20 mouse monoclonal antibody (MoAb) 1H4 and 
human β-glucuronidase activates nontoxic prodrug  N -[4-
doxorubicin- N -carbonyl(-oxymethyl) phenyl] O-β-
glucuronylcarbamate to doxorubicin at the tumor site 

 [ 262 ] 

 Mutant human 
purine nucleoside 
phosphorylase 

 Double mutant with amino acid substitutions E201Q:N243D 
(hDM) is the most effi cient in cleaving (deoxy) adenosine-
based prodrugs, i.e., 2-fl uoro-2′-deoxyadenosine to a cytotoxic 
drug 

 [ 263 ] 

 Mutant human 
carboxypeptidase 
A1, changed at 
position 268 from 
the wild type 
threonine to a 
glycine 
(hCPA1-T268G) 

 hCPA1-T268G was conjugated to ING-1 (antibody that binds 
to the tumor antigen Ep-Cam) or to Campath-1H (an antibody 
that binds to the T and B cell antigen CDw52) which acts on 
MTX-α-3- cyclobutylphenylalanine and MTX-α-3- 
cyclopentyltyrosine prodrugs releasing free methotrexate. It is 
found that ING-1:hCPA1-T268G conjugate produced excellent 
activation of the MTX prodrugs to kill HT-29 cells as 
effi ciently as MTX itself 

 [ 247 ] 

 Mutant 
prolylendopeptidase 
(Glu289 → Gly) 

 Mutant human prolyl endopeptidase was chemically 
conjugated with L19 human antibody, a marker of angiogenesis 
which acts on the prodrug N-protected glycine-proline 
dipeptide doxorubicin or melphalan, i.e., Benzyloxycarbonyl) 
glycylprolyl melphalan producing free melphalan 

 [ 264 ] 

 Nitroreductase 
enzyme 

 It bioactivates CB 1954 (alkylating agent) much more rapidly 
than Walker DT diaphorase as a result it overcomes the 
intrinsic resistance of human cell lines towards CB 1954 

 [ 265 ] 

 Penicillin-V 
amidase (PVA) 

 Folate-PVA- 125 I (PVA covalently labeled with three molecules 
of folic acid) which converts doxorubicin- N - p -hydroxy 
phenoxyacetamide prodrug (DPO) into its potent parent drug, 
doxorubicin, bind specifi cally to KB cells (FR-positive tumor 
cells) but not to A549 cells (FR-negative tumor cells) with 
higher clearance from the blood 

 [ 266 ] 

Table 2.9 (continued)

 Fifthly, prodrugs remains the fundamental and rate limiting component of 
 ADEPT  . The ratio of activity of therapeutically active form to the inactive form 
majorly determines the potency of the ADEPT in concern and this ratio usually 
ranges from 100 to 1,000 s. Classically it is anticipated that the dose response of the 
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  Fig. 2.14    Conceptual understanding of catalytic antibody       

active drugs should be concentration dependent and should ideally have very low 
decay half-life so as to avoid any detrimental effects to the normal tissues from the 
drug that leaked into central compartment. 

 Recent trend in the fi eld of  ADEPT   include design and developments in the fi eld 
of two and three phase systems. Apart from activation of prodrug at tumor site, 
efforts are being made to rapidly clear the antibody–enzyme conjugates from the 
blood compartment in the view to avoid any possible toxicity to the normal tissues. 
The hypothesis has been classically tested in LS174T xenografted mice adminis-
tered with monoclonal anti-carcinoembryonic antigen antibody fragment A5B7- 
F(ab′) 2  conjugated to a bacterial enzyme, carboxypeptidase G2 (CPG2) [ 254 ]. 
Among the tested approaches, the fi rst comprised inactivator of CPG2, SB43, which 
was galactosylated and administered to clear out plasma antibody–enzyme conju-
gates mediated by carbohydrate receptor in liver. Interestingly, upon optimizing 
dose schedule, minimal compromise in therapeutic effi cacy could be achieved. The 
second approach in contrast includes direct galactosylation of the antibody–enzyme 
conjugate in a manner such that binding affi nity with the tumor antigen is altered. 
The said conjugate acts on receptor saturation mechanism and either rapidly bound 
to tumor tissues or cleared from the plasma cumulatively leading to almost 100-fold 
tumor to blood ratio of antibody–enzyme conjugates. 

 Furthermore, on similar line of  ADEPT  , Gene directed enzyme prodrug therapy 
(GDEPT) has also been widely explored for its potential in improving the tumor 
delivery of anticancer therapeutics. It is also referred to as suicide gene therapy 
(SGT), virus directed enzyme prodrug therapy ( VDEPT  ), and gene prodrug activa-
tion therapy (GPAT). The principal difference herein is the activation of drug at 
intracellular level in contrast to ADEPT which releases the drug in extracellular 
matrices. The principal examples include activation of cyclophosphamide and ifos-
famide using cytochrome p450, 5-fl uorocytidine and 5-fl uorouridine using cytosine 
deaminase, etc. Primarily, the tumor specifi c regulatory element and gene encoding 
enzyme is loaded in a suitable colloidal carrier system which upon reaching at 
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intracellular levels results in transgene expression and leads to execution of prodrug 
activation system, thereby imparting cell cytotoxicity [ 269 ].  

2.5.3.5     Immunoliposomes   

 Liposomes represent an important class of  nanocarriers   with established applicability 
in a variety of disease conditions and diffi cult-to-deliver therapeutics. Though con-
comitant with widespread applicability, there also lie some negative points such as 
rapid clearance from the plasma process of opsonization of proteins on the surface 
of plain phospholipid vesicles. However, with the advent of  PEGylation  , the prob-
lem has been addressed to some extent and some quality products have made their 
way to clinical practice such as Doxil ® . This stealth property of hydrophilic coatings 
enable liposomal drug delivery system to evade the reticuloendothelial systems and 
lead to preferential localization in the vicinity of extracellular tumor matrices by 
so-called enhanced permeation and retention effect [ 270 ]. However, in the purview 
of further increasing the therapeutic potential of these sophisticated colloidal drug 
delivery systems to tumor tissues, antibody targeting could be sought for. 
Structurally, these comprise stealth liposomes end functionalized with antibody, 
usually referred to as immunoliposomes [ 271 ]. Both whole antibody and antibody 
fractions specifi c to tumor antigens have been exhaustively used for exploring the 
potential of immunoliposomes for cancer therapy. 

 In the purview of formulation development, numerous methods have been pro-
posed till date for linking antibodies to liposomal surface; however, post insertion 
technique remains the most viable and widely accepted [ 272 ]. In some instances, 
even the micelles of PEG linked antibodies have been incubated with marketed 
liposomal products to form immunoliposomes [ 273 ]. The classical chemical strate-
gies include linking hydrazine group of PEG chains with oxidized carbohydrate 
group of oligosaccharide portion of antibody, maleimide group linked with thio-
lated antibodies, pyridyldithio propionate method, and biotin–avidin method [ 274 ]. 
Employing these chemistries numerous antigen targeted ligands have been linked to 
liposomes; however, the fruitful alteration in the various physicochemical proper-
ties of immunoliposomes and its optimization is still underway. Primarily, internal-
izing antibodies are employed for achieving signifi cant appreciation in the 
therapeutic effi cacy such as CD19 epitopes for B-cell lymphomas [ 275 ]. Figure  2.15  
depicts various internalization mechanisms with liposomal drug delivery systems. 
Recent trends include combining immunoliposomes with endosome disruptive 
peptides for improved cytosolic delivery of therapeutics such as fusogenic peptide 
diINF-7 linked liposomes targeted to ovarian carcinoma [ 276 ].  

 The principal advantage associated with immunoliposomes is the very high drug 
payload as compared to any other available immunotherapies. Secondly, liposomal 
surface pose maximum capability to link the antibodies than classical immunothera-
peutic approaches. This feature could be fruitfully exploited in employing monova-
lent antibody fragments, thereby eliminating the need of formation of scFv 
fragments by excessive antibody engineering to improve upon their valences and 
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hence binding affi nity [ 271 ]. The concept of immunoliposomes has emerged since 
old times and in numerous instances, potential has been established. Table  2.10  lists 
various approaches for immunoliposomes based drug delivery for effi cient manage-
ment of cancer [ 277 ].

2.5.3.6        Immunopolymers   

 Blending polymer engineering with antibody engineering is probably the most 
recent era of immunotherapy. Polymer based drug delivery is widely accepted as 
one stop solution for almost all kinds of therapeutics ranging from small molecules, 
nucleic acid, proteins, peptides, hormones, etc. The barriers of physicochemical 
properties of said therapeutics can be effi ciently circumvented by designing apt 
polymeric drug delivery system. With the advent of antibody directed polymers, 
plethora of chemically and functionally diverse synthetic yet biomimetic systems 
have been explored in last couple of decades [ 294 ]. The principal advantages associ-
ated with antibody conjugation with polymers includes signifi cant appreciation in 
solubility, immunocompatibility, favorable pharmacokinetics, improved stability, 

  Fig. 2.15    Internalization of liposomal drug delivery systems. (A) Plain liposomes are entitled for 
either specifi c adsorption ( a ), nonspecifi c adsorption at cell surface ( b ) fusion with cell membrane 
( c ), destabilized of liposomes upon adsorption at cell surface by internal components ( d ), direct or 
transfer-protein-mediated exchange of lipid component ( e ) and endocytosis ( f ). The endocytosed 
liposomes either fuses with lysosomes ( g ) or leads to endosomal escape and drug delivery to cyto-
plasm ( h ). (B) Surface functionalization of the liposomes with appropriate ligands can be per-
formed ( a ) to interact with target receptors ( b ), followed by endocytosis ( c ), and drug release ( d )       
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   Table 2.10    List of immunoliposomes based drug delivery system for cancer immunotherapy   

 Antibody  Drug(s)  Indication/target  Outcomes  Ref. 

 Anti-EGFR 
(epidermal 
growth factor 
receptor) Fab 

 Adriamycin and 
ribonucleotide 

 EGFR positive 
hepatocellular 
carcinoma(HCC) 

 Targeted LPD 
(liposome–polycation–
DNA complex) 
conjugated with 
anti-EGFR (epidermal 
growth factor receptor) 
Fab′ co-delivering 
adriamycin (ADR) and 
ribonucleotide 
reductase M2 (RRM2) 
siRNA (ADR-RRM2- 
TLPD) was prepared 
with enhanced 
therapeutic effects 

 [ 278 ] 

 Reductase M2 
siRNA 

 Anti-EGFR-Fab  siRNA  MDA-MB-231 breast 
cancer cells 

 TLPD-FCC (Targeted 
liposome–polycation–
DNA complex 
conjugated with 
anti-EGFR Fab′ by 
conventional 
conjugation) showed 
signifi cantly enhanced 
binding affi nity and 
luciferase gene 
silencing activity by 
∼20 % in EGFR 

 [ 279 ] 

 Anti-EGFR-Fab  siRNA  SMMC-7721 
hepatocellular 
carcinoma cells 

 Two PEG derivative 
linkers (DSPE-PEG- 
COOH and DSPE-
PEG-MAL) were used 
to develop 
immunoliposomes. 
Immunoliposomes 
derived from DSPE-
PEG-MAL (TLPD-
FPM) shown to have 
signifi cantly greater 
cellular uptake and up 
to threefold higher 
luciferase gene 
silencing effi ciency 
than that of TLPD-FPC 

 [ 280 ] 

(continued)
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(continued)

 Antibody  Drug(s)  Indication/target  Outcomes  Ref. 

 Anti-EGFR and 
anti-HER2 

 Topotecan 
(TPT) 

 HER2 overexpressing 
human breast cancer 
(BT474) 

 Stabilization of 
topotecan in 
nanoliposomes 
signifi cantly improves 
the targetability and 
pharmacokinetic profi le 
of topotecan 

 [ 281 ] 

 Anti-HB-EGF  Doxorubicin  HB-EGF positive 
breast cancer 

 Results showed 
selective binding and 
uptake of the 
immunoliposomes in 
HB-EGF-expressing 
cells 

 [ 282 ] 

 Antinucleosome 
monoclonal 
antibody 2C5 

 Doxorubicin  Nucleosome  Signifi cant reduction in 
tumor growth and 
enhanced therapeutic 
effi cacy of the drug in 
both drug resistant and 
drug sensitive mice was 
obtained 

 [ 283 ] 

 Anti-VEGFR2  Doxorubicin  HT-29 human colon 
cancer/MMTV-PyMT 
mouse model of breast 
cancer 

 Histopathological and 
molecular analysis 
revealed strong 
antiangiogenic effect of 
anti-VEGFR2- ILs-dox 
(Anti-VEGFR2- 
targeted 
immunoliposomes (ILs) 
loaded with 
doxorubicin) 

 [ 284 ] 

 Anti-RON 
antibody Zt/c9 

 Doxorubicin  CD24+, CD44+, 
ESA + (triple positive) 
pancreatic L3.6pl 
cancer cells 

 Anti-RON antibody Zt/
c9-directing 
doxorubicin- 
immunoliposomes (Zt/
c9-Dox-IL) was 
developed which 
specifi cally interacted 
with CSCs  +24/44/ESA  

 [ 285 ] 

 Anti-RON 
antibody Zt/g4 

 Doxorubicin  Hypoxic colon 
HCT116 and SW620 
cells 

 Zt/g4-Dox-IL was 
found to be effective in 
killing hypoxic 
HCT116 and SW620 
cells with reduced IC 
50 values compared to 
Dox and pegylated-
liposomal Dox 

 [ 286 ] 

Table 2.10 (continued)
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(continued)

 Antibody  Drug(s)  Indication/target  Outcomes  Ref. 

 Cetuximab 
(α-hEGFR) 

 –  Glioblastoma 
multiforme 

 In vitro studies revealed 
signifi cantly higher 
binding of α-hEGFR-
ILs (PEGylated 
immunoliposomes 
conjugated with 
anti-human epidermal 
growth factor receptor 
(EGFR) antibodies) 
when compared with 
liposomes conjugated 
with isotypic 
nonimmune Ig resulting 
in enhanced uptake and 
accumulation of 
liposomes 

 [ 287 ] 

 Cetuximab  Doxorubicin  Human ovarian 
adenocarcinoma 
(SKOV3, 
SKOV3.i.p.1) cells 

 Showed effi cient and 
specifi c receptor- 
mediated binding to 
ovarian carcinoma cells 

 [ 288 ] 

 IGFI-R 
antagonistic 
antibody (1H7) 

 Doxorubicin  Neuroendocrine 
tumors of the 
gastroenteropancreatic 
system (GEP-NETs) 

 Anti-IGFI-R 
immunoliposomes 
displayed specifi c 
tumor cell and 
internalization in 
human neuroendocrine 
tumor cells in vitro and 
superior antitumor 
effi cacy in vivo 

 [ 289 ] 

 mAb 2C5  Doxorubicin  B16-F10, HeLa, and 
MCF-7 cell lines 

 Multifunctional 
immunoliposomal 
nanocarrier with 
pH-sensitive PEG-PE 
component, TATp and 
the cancer cell specifi c 
mAb 2C5 showed 
enhanced cytotoxicity 
and internalization by 
cancer cells 

 [ 290 ] 

 Trastuzumab  Bleomycin  HER2 positive human 
breast cancer 

 Immunoliposomes 
showed enhanced 
cytotoxicity towards 
HER2 positive MCF-7/
Her18 cells and also 
affect trastuzumab-
resistant MDA-453 cell 

 [ 291 ] 

Table 2.10 (continued)
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 Antibody  Drug(s)  Indication/target  Outcomes  Ref. 

 Trastuzumab  Curcumin and 
resveratrol 

 HER2 positive human 
breast cancer 

 Signifi cant increase in 
the antiproliferative 
effects of curcumin and 
resveratrol in HER2 
positive human breast 
cancer cells as a result 
of enhanced uptake of 
curcumin and 
resveratrol at 
intracellular level 

 [ 292 ] 

 Trastuzumab  Docetaxel  Her2/neu positive 
gastric tumor 

 Docetaxel-loaded 
immuno (trastuzumab) 
liposomes (IDL) 
showed a signifi cantly 
higher distribution of 
docetaxel in the N87 
xenograft tumor tissues 
and superior antitumor 
effi cacy 

 [ 293 ] 

Table 2.10 (continued)

relatively higher cellular uptake, reduced aggregation, relatively higher antibody 
payload, feasibility to modulate intracellular traffi cking, etc. Recent advances in the 
fi eld of recombinant technology has enable the use of a variety of products such as 
isolated antibodies and their fragments including humanized, tumor biomarkers, 
structural components of microbes, natural and synthetic sources of immunostimulators. 

  Immunopolymers   primarily comprise antibody (either whole antibody or anti-
body fragments) linked to polymers (may be functionalized for specifi c applica-
tions). Recent advances in the fi eld of antibody engineering enable the de novo 
design and development of antibody fragments for a variety of end applications 
[ 295 ]. These antibody fragments when linked to polymeric counterparts avail addi-
tional advantage of relatively higher binding density owing to smaller size [ 296 ]. 
 PEGylation   of antibody fragments has been explored to a greater extent in improv-
ing the circulation half-life, per se. A variety of approaches employed for linking 
these antibody fragments to polymer backbone include thiol modifi cations, linking 
via sugar portions, fusion proteins, etc. Generally, either N- or C- terminal end of 
the antibody fragments is opted for modifi cations; however, in some cases such as 
in scFvs inter-domain peptide linker may be sought for without any compromise in 
binding affi nity [ 297 ]. Recently, novel functionalities in the scFvs could be added 
employing a variety of protein and chemical engineering approaches such as 
tagging with hexahistidine or streptavidin for site specifi c conjugation or delivery 
[ 298 ]. Similarly, C-terminal cysteine modifi cation has also been greatly explored 
and could lead to ~100-fold appreciation in circulation half-life [ 299 ]. Furthermore, 
PEGylation of scFvs also render the resulting immunopolymers resistant to proteo-
lytic enzymes [ 300 ]. Owing to these functionalities, PEGylated antibody fragments 
have been widely explored from tumor targeting perspectives. In a representative 
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study, PEGylated di(Fab′) exhibited signifi cantly higher antitumor effi cacy as 
compared to PEGylated IgG and the latter being comparable to that of plain IgG in 
xenograft tumor bearing thymic mice [ 301 ]. Similar results were also noted in case 
of PEGylated anti-CEA F(ab′) 2  exhibiting signifi cant increase in circulation half- 
life and tumor accumulation [ 302 ]. In separate set of experiments effect of 
molecular weight of PEG was also studied and it was found that higher molecular 
weights in the order of 25 kD tend to localize equally within normal tissues also in 
contrast to that of low molecular weights (~5 kD) [ 303 ]. In an interesting study, 
 111 I n-cysteinyl- DOTA-PEG3400-diabody conjugate and  125 I-PEG3400-diabody were 
explored for its potential in imaging liver metastasis in a nude mouse xenograft 
model (Fig.  2.16 ) [ 304 ].  

 Apart from PEGylated antibodies, stimuli responsive polymers represent yet 
another area where antibodies are being explored to a greater extent. Classically, 
these stimuli responsive polymers are sensitive to pH, temperature, presence of 

  Fig. 2.16    Radioimmunoimaging of (a)  111 In-cys-DOTA-PEG3400-diabody and (b)  125 I-PEG3400- 
diabody  in nude mice bearing LS174T xenografts. Reproduced from ref. [ 304 ]       
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small molecules such as amino acids, external energies such as electrical and 
magnetic, etc. [ 294 ]. In this domain,  N - (2 hydroxy propyl) methacrylamide 
(HPMA) has been exhaustively explored. Signifi cant increase in the cell cytotoxic-
ity of Fab′ was noted against ovarian carcinoma when co-polymerized with HPMA 
[ 305 ]. On similar line of action, galactosylated HPMA conjugate comprising doxo-
rubicin with Gly-Phe-Leu-Gly spacer revealed great clinical potential with notable 
responses in hepatoma patients [ 306 ]. Mechanistic studies with anti-Thy1.2 targeted 
or CD71 targeted HPMA polymers further revealed preferential nuclear localiza-
tion tendencies intracellularly [ 307 ]. Recent advances in the fi eld of polymer drug 
conjugates include its combination with  ADEPT   and the resulting therapy is referred 
to as polymer directed enzyme prodrug therapy (PDEPT) where combination of 
polymeric prodrug and polymer enzyme conjugate is employed to impart cytotoxicity 
at the site of action. PK1-HPMA copolymer-Gly-Phe-Leu-Gly- doxorubicin conju-
gate in combination with HPMA copolymer-cathepsin B led to 4.2-fold higher 
tumor accumulation in B16F10 tumor bearing mice as compared to plain free 
enzyme [ 308 ]. Table  2.11  lists immunopolymers employed for improving the 
deliverability of antibodies.

2.5.4         Targeting  Multidrug Resistant Tumors   

 The principal problem associated with the advanced anticancer therapeutics, i.e., 
molecular targeted therapies and immunotherapy are increased chances of resis-
tance and inter-, intra-tumor variability, often leading to poor therapeutic responses. 
Broadly, two factors have been considered responsible for multidrug resistance, 
viz., cellular and physiological factors [ 319 ]. The former includes a variety of 
genetic alterations at cellular levels such as effl ux transporters, whereas the latter is 
more focused on the physicochemical changes at tissue levels such as pH, extracel-
lular interactions and peculiar tumor microenvironment (Fig.  2.17 ). Based on these 
factors, effl ux of the bioactives is regarded as most common mechanism of drug 
resistance in cancer therapeutics [ 320 ]. A variety of approaches could be employed 
to counterfeit drug effl ux systems and these include pharmacologically active P-gp 
inhibitors, functional excipients such as natural polymers, surfactants, lipids, cyclo-
dextrins, polyethylene glycol and derivatives, thiolated polymers, etc. [ 16 ].  

 Furthermore, in purview of increasing therapeutic responses in cancer chemo-
therapy and sensitize the multidrug-resistant tumors, nanotechnology seems to be 
most effi cient approach. Recent advances in the fi eld of nanocarrier based approaches 
have paved the way to effi ciently deliver therapeutics to multidrug resistant cancer 
therapy and includes polymeric nanoparticles, lipid  nanocarriers  , dendrimers, 
carbon nanotubes and inorganic nanocarriers, to name a few. The principal focus of 
employing nanocarriers relies on improving the interactions with target cells, 
enhanced internalization mechanisms, tumor specifi c biodistribution pattern, avail-
ing benefi ts of “click chemistry,” reducing the nonspecifi c binding, tailoring the 
ligand properties such as choice of ligand and its density, charge, orientation, etc. [ 322 ].   

2 Recent Advances in Tumor Targeting Approaches



92

   Table 2.11    List of immunopolymers employed for improving the deliverability of antibodies   

 Antibody  Polymer  Outcomes  Ref. 

 Anti-CD20 
monoclonal 
antibody 

 HPMA  Cytostatic activity of the anti-CD20 monoclonal 
Ab-targeted conjugates tested on several 
CD20-positive or negative human and mouse 
cancer cell lines confi rmed considerable 
targeting capacity of the monoclonal Ab after 
its binding to the polymer carrier 

 [ 309 ] 

 Anti-EGF 
 receptor 
antibody 

 DSPE-PEG lipid 
polymer complex 

 In vivo accumulation of PLNP-Mal- EGFR was 
found to be higher than that of nontargeted 
nanoparticles in SMMC-7721 HCC cells 
overexpressing EGFR with enhanced antitumor 
activity against HCC compared with 
nontargeted nanoparticles and free adriamycin 

 [ 310 ] 

 Anti-HER2 - 
affi body-anti-
DTPA- Fab 
complexes 
(BAAC), 
anti-DTPA-Fab 

 Polyglutamic acid  There was no total body weight (TBW) loss at 
three times the doxorubicin equivalent 
maximum tolerated dose (MTD) with 
 D -DOX- PGA . Therapeutic effi cacy was 
equivalent in mice pre-targeted with BAAC/
targeted with D-Dox-PGA to mice treated only 
with doxorubicin 

 [ 311 ] 

 Anti-PSMA 
antibody 

 HPMA  Rate of endocytosis of P-anti-PSMA was much 
faster than that of control HPMA copolymer 
conjugates containing nonspecifi c IgGvia 
clathrin-mediated endocytosis, 
macropinocytosis, and clathrin-, caveolae-
independent endocytosis 

 [ 312 ] 

 Catalytic 
antibody 38C2 

 HPMA  Catalytic antibody–HPMA copolymer 
conjugate was evaluated in vitro for its ability 
to activate an etoposide prodrug and it was 
found that the inhibition using the prodrug and 
the conjugate was almost identical to inhibition 
by the free antibody and the prodrug 

 [ 313 ] 

 HD39 
monoclonal 
antibody 

 Poly(propylacrylic 
acid) (PPAA) 

 Subcellular fractionation studies of HD39/
SA-PPAA conjugates showed 89 % of HD39/
SA was associated with endosomes (Rab5+) 
and lysosomes (Lamp2+), while 45 % of HD39/
SA-PPAA was translocated to the cytosol 
(lactate dehydrogenase+) which demonstrate 
the endosomal releasing properties of PPAA 
with antibody–polymer conjugates 

 [ 314 ] 

 Monoclonal 
anti-RAGE and 
polyclonal 
human Ig 
(huIgG) 

 Poly( N -(2- 
hydroxypropyl)-
methacrylamide) 
(poly-HPMA) 

 Antibody polymer conjugate, two different 
model antibodies, monoclonal anti-RAGE and 
polyclonal human Ig (huIgG) antibodies, were 
attached to maleimide functionalized poly(N-
(2- hydroxypropyl)-methacrylamide) (poly-
HPMA) through reversible addition 
-fragmentation chain transfer (RAFT) 
polymerization of pentafl uorophenyl 
methacrylate via the intermediate step of an 
activated ester polymer was developed with 
preserved affi nity 

 [ 315 ] 

(continued)

K. Thanki et al.



 Antibody  Polymer  Outcomes  Ref. 

 HPMA  Polyclonal and 
monoclonal 
anti-Thy 1.2 or 
anti-Ia k  antibody 

 Daunomycin toxicity of daunomycin-antibody- 
copolymer conjugate against hematopoietic 
precursors in bone marrow colony forming unit 
spleen was found to be decreased up to 80-fold 
and with no signifi cant irritation of Kupffer 
cells in liver 

 [ 316 ] 

 OV-TL16 
antibody 

 Pegylated 
polyethylenimine 
(PEG-PEI) 

 Sixfold higher degree of binding of PEG-PEI-
Fab'/DNA complexes to OA3 positive human 
ovarian carcinoma cell lines compared to 
unmodifi ed PEG-PEI/DNA complexes and up 
to 80-fold increase in luciferase reporter gene 
expression compared to PEG-PEI 

 [ 317 ] 

 Polyclonal 
rabbit 
anti-mouse 
thymocyte 
globulin (ATG) 

 Poly(ethylene 
glycol) (PEG) 

 Antibody polymer drug conjugates exhibited 
signifi cant antitumor effi ciency against murine 
T-cell EL 4 lymphoma in vivo 

 [ 318 ] 

Table 2.11 (continued)

  Fig. 2.17    Factors infl uencing tumor heterogeneity and drug resistance. Genetic, nongenetic, and 
microenvironmental factors give rise to tumor heterogeneity, which signifi cantly infl uences the 
drug sensitivity of cancer cells through an array of cellular mechanisms, such as transporter over-
expression. Reproduced from ref. [ 321 ]       
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2.6     Conclusion and Future Prospects 

 Recent advances in the fi eld of tumor targeting focus on the design and development 
of highly sophisticated molecules with high tumor specifi city.  Molecular targeted 
therapies   are rapidly changing its paradigm towards tumor specifi c antigen and have 
reached quite near to the original concept of  magic bullet . Furthermore, in combina-
tion with antiangiogenics, immunotherapy and nanotechnology based approaches, 
the effi cient management of even  multidrug resistant tumors   is also quite possible 
and several studies are currently under exhaustive clinical trials. The future work in 
the fi eld of cancer therapy includes clearing the clinical trial pipeline into approved 
products followed by dedicated cancer prevention programs such as cancer vaccines.     
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    Chapter 3   
 Infectious Diseases: Need for Targeted 
Drug Delivery 

             Padma     V.     Devarajan     ,     Shilpa     M.     Dawre    , and     Rinku     Dutta   

3.1             Infectious Diseases in the Modern World 

 Infectious diseases are among the leading cause of death worldwide, even in the 
twenty-fi rst century. Developing nations are more susceptible due to lack of proper 
sanitation, uneducated population and increasing pollution and the booming popu-
lation explosion. Tuberculosis, HIV/AIDS, malaria are infectious diseases that have 
become epidemic in a true sense. According to a 2004 World Health Organization 
(WHO) report, infectious diseases are a major cause of morbidity in developing 
countries. A more recent report in 2012 records the death of more than 8.7 million 
people worldwide in 2008, due to infectious diseases. Diseases earlier confi ned to 
particular territories have changed face as global epidemics, due to globalisation 
and cross movement of people across geographical boundaries. A classic example 
is swine fl u which originated in Asia and rapidly spread to the west. 

3.1.1     Extracellular and Intracellular Infectious Diseases 

 Several microorganisms survive in the extracellular spaces within the body, or on 
epithelial surfaces, to cause extracellular infections. Extracellular pathogens release 
specifi c toxins or proteins which triggers the production of antibodies. On the other 
hand, intracellular infections reside within the cells of the body’s defence system 
the reticuloendothelial system (RES). The normal body response to a pathogen is 
rapid opsonisation followed by phagocytosis, which results in killing and clearing 
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of the microorganism. Intracellular infections result when the organisms cleverly evade 
destruction following phagocytosis. The intracellular location of these microorgan-
isms protects them from the host defence mechanisms, such as antibodies or com-
plement, and from the action of drugs that are unable to penetrate the cell effi ciently. 
Hence, while adequate drug concentrations are readily achieved at extracellular 
infection sites to enable effi cient therapy, intracellular infections are more diffi cult 
to treat. Some common intracellular and extracellular infectious diseases and their 
causative organisms are listed in Table  3.1 .

3.2         Reticuloendothelial System and Intracellular Infections 

 The RES also known as the mononuclear phagocytic system (MPS)/macrophage 
system is the primary defence mechanism of the human body and hence the site of 
intracellular infections. The macrophages constitute the major defence cells of the 
RES. Derived from the bone marrow the RES also contributes to both non-specifi c 
and specifi c immunity. Recognition by the RES is facilitated by opsonins, with the 
step of opsonisation being a precursor to phagocytosis. 

   Table 3.1    Infectious diseases and causative organisms   

 Intracellular diseases 

 Infectious diseases  Causative organisms 
 AIDS/HIV  Human immunodefi ciency virus 
 Cholera   Vibrio cholerae  (bacteria) 
 Dengue  Dengue (RNA) virus 
 Hepatitis A/B/C  Hepatitis A virus (HAV), Hepatitis B virus (HBV), Hepatitis C virus (HCV) 
 Infl uenza  RNA viruses (Infl uenza A/B/C viruses)(e.g. H1N1) 
 Legionellosis  Legionella 
 Leishmaniasis   Leishmania donovani  
 Listeriosis   Listeria monocytogenes  
 Malaria   Plasmodium  sp .  
 Shigellosis   Shigella  
 Tuberculosis   Mycobacterium tuberculosis  
 Typhoid   Salmonella typhi  
 Tularemia   Francisella tularensis  
 Extracellular diseases 
 African 
trypanosomiasis 

  Trypanosoma brucei gambiense, Trypanosoma brucei rhodesiense  

 Pneumonia   Streptococcus pneumonia, Haemophilus infl uenza, Chlamydophila 
pneumonia, Mycoplasma pneumonia, Staphylococcus aureus, Moraxella 
catarrhalis, Legionella pneumophila, Klebsiella pneumonia; rhinoviruses, 
coronaviruses, infl uenza virus, respiratory syncytial virus (RSV), 
adenovirus, and parainfl uenza  

 Schistosomiasis   Schistosoma mansoni, Schistosoma intercalatum, Schistosoma 
haematobium, Schistosoma japonicum, Schistosoma mekongi  
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3.2.1     Opsonisation 

    Opsonisation is the process by which bacteria are altered by opsonins so as to 
become more readily and effi ciently engulfed by phagocytosis. Opsonisation is 
mediated by the complement system: C3b, C4b, and iC3b, antibodies IgG and IgM 
and mannose-binding lectin. Mannose binding lectin initiates the formation of C3b. 
Opsonisation of particles enables recognition by the Fc receptors, complement 
receptors or specifi c receptors for phagocytosis. Opsonins are generally proteins 
which can bind to pattern-recognition receptors (PRRs) or other specifi c receptors 
expressed on the surface of macrophages. Pentraxins [C-reactive protein and serum 
amyloid P]    [ 1 ], mindin, collectins [ 2 ] and fi colins [ 3 ] are such opsonins. The func-
tion of pattern-recognition receptors (PRRs) is to recognise and enhance phagocy-
tosis of pathogen-associated molecular patterns (PAMPs), specifi c patterns present 
on microbial pathogens like lipopolysaccharide (LPS) in Gram-negative bacteria, 
lipotechoic acid (LTA) in Gram-positive bacteria and mannans in yeast. Toll-like 
receptors (TLRs) are PRRs essential for recognition of microbial components such 
as TLR4 (LPS) [ 4 – 6 ], TLR3 [double-stranded RNA] [ 7 ], TLR6 [mycoplasmal 
macrophage- activating lipopeptide—2 kDa] [ 8 ],    TLR9 [CpG bacterial DNA] [ 9 ], 
TLR5 [bacterial fl agellin] [ 10 ], and TLR2 [peptidoglycan]. However, the exact 
mechanisms of TLR recognition of microbial components remain unclear.  

3.2.2     Phagocytosis 

 Opsonisation facilitates adherence of pathogens to macrophages, and is facilitated 
by integrins. Adherence induces membrane protrusions, called pseudopodia, to 
extend around the attached material. Following fusion with the macrophage, the 
pseudopodia forms a phagosome that encloses the pathogen within a membrane, 
which then enters the endocytic process. Phagosomes coalesce with intracellular 
organelles to mature into phagolysosomes, which have an acidic environment with 
many digestive proteins which fi nally degrades the internalised material. 
Phagocytised material is eliminated by exocytosis. The process of phagocytosis is 
mediated by several proteins such as actin, dynamin and cortactin. While actin is 
connected to the lipidic membrane and responsible for invagination of the mem-
brane to form the endosome, cortactin is an actin-binding protein which stimulates 
its polymerisation. Dynamin hydrolyses guanidine triphosphate and uses the result-
ing energy for the contraction of actin and formation of endosome. Particulates that 
cannot be digested remain sequestered in residual bodies within the cell. Other cells 
such as fi broblast, endothelial and epithelial cells also exhibit phagocytic activity 
and can engulf microbes like Shigella, Listeria and Yersinia [ 11 ]. Such phagocyto-
sis is mediated by laminin and fi bronectin receptors/heparan sulfate present on the 
membrane surface [ 11 ]. However, the major cells responsible for phagocytosis are 
macrophages.  
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3.2.3     Macrophages 

 Macrophages (Greek: makros means large and phagein means eat) are cells formed 
by the differentiation of monocytes in tissues. Macrophages play an important role 
in both innate and adaptive immunity in vertebrates. These specialised phagocytic 
cells engulf and destroy infectious microbes, foreign particles and cancer cells [ 12 ]. 
The macrophages also regulate lymphocyte, granulocyte populations and important 
tumor growth modulators [ 13 ]. Macrophages act by both oxygen- dependent killing 
and oxygen independent killing mechanisms. The mediators for oxygen- dependent 
killing are reactive oxygen intermediates (ROIs) (superoxide anion, hydroxyl radi-
cals, hydrogen peroxide and hypochlorite anion), reactive nitrogen intermediates 
(RNIs) (nitric oxide, nitrogen dioxide and nitrous acid) and monochloramine, while 
the mediators for oxygen independent killing are defensins, tumor necrosis factor 
(macrophage only), lysozyme and hydrolytic enzymes. Floating macrophages pre-
dominate in the vascular system, while tissue macrophages are localised in specifi c 
tissues. Based on the tissue of residence they have specifi c nomenclature (Fig.  3.1 ).  

 Macrophages can be classifi ed mainly into two groups: (1) pro-infl ammatory or 
classically activated macrophages (M1) and (2) anti-infl ammatory or alternatively 
activated macrophages (M2). 

  Fig. 3.1    Tissue macrophages and their organs of residence       
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3.2.3.1     Activated Macrophages (M1) 

 M1 macrophages are immune effector cells that aggressively work against microbes 
and cause their destruction much more readily. M1 is mainly associated with gas-
trointestinal infections (e.g. typhoid fever and  Helicobacter pylori  gastritis) and 
active tuberculosis. M1 macrophages are stimulated by interferon (IFN)-g or lipo-
polysaccharide (LPS) to release nitric oxide (NO), important for killing intracel-
lular pathogens. Activated macrophages are characterised by expression of major 
histocompatibility molecule like MHC class II and CD86 and their ability to 
secrete proinfl ammatory cytokines such as tumor necrosis factor (TNF)-a, IL-1b, 
IL-12, IL-18 and the chemokines CCL15, CCL20, CXCL8-11 and CXCL13 [ 14 ]. 
Activated M1 macrophages facilitate killing of microorganisms by endocytosis, 
synthesising reactive oxygen intermediates (ROI), limiting the uptake of nutrients 
and iron essential for the growth of bacteria and replication of viruses, or production 
of nitric oxide facilitated by IFN-g-inducible NO synthase (iNOS).  

3.2.3.2     Alternative Activated Macrophages (M2) 

 M2 macrophages are important for killing extracellular parasites, wound healing, 
tissue repair, and to turn-off immune system activation. M2 macrophages are acti-
vated by interleukin (IL)-4 or IL-13 (M2a) to produce IL-10, transforming growth 
factor (TGF)-b and arginase-1 (Arg1), to enable this function [ 14 ]. M2 macrophages 
are mostly observed in lepromatous leprosy, Whipple’s disease and localised infec-
tions (keratitis, chronic rhinosinusitis). 

 A number of infectious organisms which manage to overcome the RES defence 
develop unique adaptive mechanisms which enable them to survive within the cell 
for prolonged periods of time. Eradication of such intracellular organisms poses 
immense challenges.   

3.2.4     Survival Mechanisms Adapted by Pathogens 

 Many pathogens have an innate ability to develop adaptive mechanisms under stress 
conditions to fi ght for their survival. Such adaptive mechanisms or protective strate-
gies, enables them to exhibit greater defence to the host and there by prolong survival. 
The different adaptive mechanisms employed by pathogens are discussed below. 

3.2.4.1     Inhibition of Phagolysosome Formation 

 Strategies adopted by microorganisms to inhibit phagolysosome formation include 
interference with the transformation of primary endosomes into late endosome, 
fusion with lysosomes and or phagosome acidifi cation. This delays the fusion of 
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endosomes with lysosomes [ 15 ] or blocks the same [ 16 ]. The strategies to inhibit 
phagolysosome formation and the pathogens which exhibit the same [ 17 ] are 
summarised in Table  3.2 .

3.2.4.2        Fusion of Endosome with Cell Organelles Other than Lysosome 

 Pathogens which exhibit this adaptation survive and multiply in vesicles formed by 
fusion of endosomes with cell organelles other than the lysosome, such as the rough 
endoplasmic reticulum, ribosome or mitochondria [ 29 ] and thus avoid phagolyso-
some formation. They thereby bypass destruction due to the enzymatic activity in 
the lysosome [ 30 ].  

3.2.4.3     Disruption of the Phagolysosome 

 Escape from endocytosis is a crucial step for intramacrophagic survival. Pathogens 
from this category contain lytic enzymes which enable them to break the endo-
somes membrane and disrupt membrane of the vacuole [ 31 ], and hence evade 
degradation in the phagolysosome, and enter the cytosol rich in nutrients [ 32 ]. 
Specifi c enzymes are produced by the microorganisms for instance,  L. monocytogenes  

   Table 3.2       Mechanisms of inhibition of phagolysosome formation   

 Mechanism  Pathogens  Diseases  References 

 Enzymatic breakdown   Mycobacterium 
tuberculosis  

 Tuberculosis  Sturgill-Koszycki et al. 
[ 18 ] 

  Mycobacterium 
leprae  

 Leprosy  Frehel and Rastogi [ 19 ] 

  Listeria 
monocytogenes  

 Listeriosis  Alvarez- Dominguez 
et al. [ 20 ] 

  Salmonella enteric   Salmonellosis  Buchmeier et al. [ 21 ] 
  Leishmania  spp.  Leishmaniasis  Desjardins et al. [ 22 ]; 

Mosser et al. [ 23 ] 
  Toxoplasma gondii   Toxoplasmosis  Sibley [ 24 ] 
  Helicobacter pylori   GIT infections  Borlace et al. [ 25 ] 
  Trypanosoma cruzii   Trypanosomiasis  Ochatt et al. [ 26 ] 

 Lack of acidifi cation   Yersinia pestis   Pneumonia, 
septicemia 

 Pujol et al. [ 17 ] 

 Disturbs the formation of 
lipid rafts by producing 
beta-1,2 glucans 

  Brucella  spp.  Brucellosis  Roy [ 27 ] 

 Alteration of host cell 
signaling by 
dephosphorylation of 
signal regulated kinase 

  Leishmania  spp.  Leishmaniasis  Ghosh et al. [ 28 ] 
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produces listeriolysin O (LLO) [ 33 ] and haemolysin C [ 34 ] while phospholipases 
are produced by the  Rickettsia  spp. [ 35 ].  

3.2.4.4     Survival in the Late Phagolysosomes 

 The microbes in this category exhibit virulence factors which allow them to survive in 
lytic enzymes, acidic conditions and oxidants, the harsh conditions in the phagolyso-
some environment. Intramacrophagic resistance employing multiple virulence factors 
enables alternative pathways for survival and multiplication [ 36 ].  

3.2.4.5     Internalisation by Non-phagocytic Pathways or by 
Parasitophorous Vacuole 

 Pathogens are internalised into macrophages by alternate routes. They traverse 
inside the cell by receptor mediated pathways like clathrin [ 37 ] and lipid rafts [ 38 ]. 
Formation of vesicles with new properties after fusion between the pathogen and 
membrane of the cell, like the parasitophorous vacuole formed by  Toxoplasma 
gondii  [ 38 ] also provides protection. In certain infections successful fusion of 
microorganisms with the macrophage is followed by secretion of antiapoptotic 
molecules (e.g. Bcl2). This results in impairment of apoptosis of the infected cells. 
Table  3.3  summarises illustrative examples of pathogens and their adaptive mecha-
nisms for survival.

   In addition to the adaptive mechanisms certain microbes employ highly specifi c 
strategies for persistence inside the cell. Such strategies are discussed with refer-
ence to some important diseases.   

3.2.5     Specifi c Approaches of Some Important Pathogens 
for Persistence Inside the Cell 

3.2.5.1     Tuberculosis 

 The adaptive mechanisms of  Mycobacterium tuberculosis  to survive inside the 
macrophages are prevention of fusion of the phagosome with lysosomes by produc-
ing tryptophan–aspartate-containing coat protein (TACO). Transformation of primary 
endosomes into phagolysosomes is prevented by a number of actions that occur 
simultaneously. These include reduced levels of proton ATPase inside the endo-
somes [ 18 ] removal of the Phosphatidylinositol 3-phosphate (PI3P) [ 16 ] and 
coupling of the inducible nitric oxide synthase (iNOS) [ 53 ]. The  M. tuberculosis  
cell envelop comprises mycolic acid which can interact with cholesterol in the 
plasma membrane [ 50 ]. Further, mycobacteria are taken up inside macrophages by 
multiple receptors. The complement receptors are among the most widely used 
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receptors for mycobacteria, for both opsonised and non- opsonised entry [ 54 – 56 ]. 
Other receptors are mannose receptors that bind glycosylated structures on the 
bacterial surface [ 57 ]. Fc receptors that can internalise IgG-opsonised bacteria [ 58 ] 
and scavenger receptors [ 59 ,  60 ] have also been implicated in mycobacterial uptake. 
Uptake of mycobacteria by the complement receptor pathway protects it from the 
aggressive lysosomal compartment ensuring relatively hospitable conditions.  

3.2.5.2     Salmonellosis 

 Salmonella specifi cally forms a glycolipid capsule or biofi lm. Biofi lm formation in 
salmonella is related to the multicellular and aggregative response of rdar [ 61 ], rugose 
[ 62 ], or lacy [ 63 ]. This multicellular behavior is a property of salmonellae [ 64 ] 

   Table 3.3    Other adaptive mechanisms of pathogens for persistence in macrophages   

 Adaptive mechanisms  Pathogens  Disease  References 

 Fusion of endosome 
with cell organelles 
other than lysosome 

  Legionella 
pneumophila 
Toxoplasma gondii  

 Legionellosis  Sibley et al. [ 38 ] 
 Toxoplasmosis  Sibley et al. [ 38 ] 

 Disruption of 
phagolysosome 

  Listeria 
monocytogenes  

 Listeriosis  Dabiri et al. [ 39 ] 

  Shigella  spp.  Shigellosis  Van der Wel et al. [ 40 ] 
  Mycobacterium 
tuberculosis  

 Tuberculosis  Schroeder et al. [ 41 ] 

  Mycobacterium leprae   Leprosy  Schroeder et al. [ 41 ] 
  Francisella tularensis   Tularemia  Santic et al. [ 42 ] 
  Trypanosoma cruzi   Trypanosomiasis  Andrews et al. [ 43 ] 
  Rickettsia  spp.  Typhus fever  Winkler et al. [ 44 ] 

 Survival in the late 
phagolysosomes 

  Leishmania  spp.  Leishmaniasis  Alexander et al. [ 45 ] 
  Legionella 
pneumophila  

 Legionellosis  Clemens et al. [ 46 ] 

  Coxiella burnetii   Q fever  Burton et al. [ 47 ] 
  Yersinia pestis   Pneumonia  Straley et al. [ 48 ] 
  Staphylococcus 
aureus  

 Septicemic 
Endocarditis 
Bacteremia 

 Miller et al. [ 49 ] 

 Internalization by 
non-phagocytic 
pathways or 
parasitophorous 
vacuole 

  Escherichia coli   GIT infections  Shin et al. [ 37 ] 
  Mycobacterium 
tuberculosis  

 Tuberculosis  Gatfi eld et al. [ 50 ] 

  Salmonella  spp.  Salmonellosis  Catron et al. [ 51 ] 
  Clostridium  spp.  Q fever  Simons et al. [ 52 ] 
  Streptococcus  spp.  Meningitis, 

bacterial 
pneumonia, 
endocarditis 

 Simons et al. [ 52 ] 

  Toxoplasma gondii   Toxoplasmosis  Sibley et al. [ 38 ] 
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and is responsible for elaboration of thin fi mbriae like Tafi , curli [ 65 ], cellulose [ 66 ], 
and other uncharacterised extracellular polysaccharides. Together, these compo-
nents form the extracellular matrix that confers resistance to acid and bleach and 
facilitates environmental persistence [ 62 ,  64 ,  67 – 70 ].  

3.2.5.3     Fungal Infections 

 Pathogens which cause fungal infections adapt various mechanisms to increase their 
pathogenesis and survive inside macrophages.  C. albicans  contains superoxide dis-
mutases (SOD) and catalase enzymes which are able to convert O 2-  into molecular 
oxygen and hydrogen peroxide, thereby decreasing the scavenging and toxic effects 
of O 2 -  and H 2 O 2  levels by certain reactions [ 71 ]. Further,  C. neoformans  evade phago-
cytic uptake by phenotypic switching. This mechanism is observed in yeast cells that 
express glucuronoxylomannan mucoid capsule that resist phagocytic uptake and 
cause high lethality in mice [ 72 ]. In case of  Aspergillus conidia  infection collectins, 
pentraxin proteins are essential for opsonisation, but their defi ciency is responsible for 
high susceptibility to infection in immunocompetent mice. Furthermore, several 
enzymes such as elastases and proteases released by the fungus enable conidia to 
escape from phagocytic uptake by alveolar macrophages.  

3.2.5.4     HIV Infection 

 In HIV-1-infected macrophages, the viral envelope protein induces macrophage 
colony-stimulating factor (M-CSF). This pro-survival cytokine down regulates the 
TRAIL (tumor necrosis factor-related apoptosis-inducing ligands) receptor and up 
regulates the anti-apoptotic genes Bfl -1 and Mcl-1 enabling HIV to survive inside 
the macrophages. HIV invades the macrophage through CCR5 a chemokine recep-
tor and through binding of gp120 to CD4 [ 73 ]. Macropinocytosis as a route of entry 
of HIV-1 into macrophages [ 74 ] also enables intracellular protection.  

3.2.5.5     Leishmaniasis 

 Leshmania prevent activation of macrophages by inhibiting secretion of cytokines 
such as the infl ammatory response IL-1 and tumor necrosis factor beta (TNF-beta) 
or T-lymphocyte activation (IL-12) and produce various immunosuppressive 
signaling molecules, such as arachidonic acid metabolites and the cytokines TNF-
beta and IL-10.  L. chagasi  induces TNF-beta production in the immediate environ-
ment of the infected human macrophage, and this may lead to inhibition of immune 
responses [ 75 ]. Further, this pathogen induces alteration of host cell signaling. 
Macrophages infected with  L. donovani  or  L. mexicana  have shown altered Ca 2+  
dependent responses, such as chemotaxis and production of ROI [ 76 ,  77 ].    
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3.3     Intracellular Targets 

 Based on the adaptive mechanisms microorganisms reside in different cells and at 
different locations in the cells. Treating diseases therefore, necessitates an under-
standing of both the resident cells and target organelles. Illustrative examples of 
microorganism and their cellular/organelles targets are listed out in Table  3.4 .

3.4        Other Reticuloendothelial System Cells 

 The granulocytes are classifi ed as neutrophils, eosinophils, or basophils on the basis 
of cellular morphology. Neutrophils play the major role in the body’s defence. 

3.4.1     Neutrophils 

 Neutrophils are produced in the bone marrow by hematopoiesis. They are released 
into blood where they circulate for 7–10 h and migrate into tissues where they have a 
life span of a few days. During infection the bone marrow releases more than usual 

   Table 3.4    Diseases and intracellular targets of pathogens   

 Intracellular diseases  Target Cell  Target organelle  References 

 AIDS/HIV  T cells, epithelial cells  Phagosome, nucleus  D’Orsogna [ 78 ] 
 Brucellosis  Macrophage  Phagosome/lysosome 

or vacuole, 
endoplasmic reticulum 

 Roop [ 79 ]; Celli 
[ 80 ] 

 Dengue  WBCs, hepatocytes, 
vascular endothelial cells 

 –  Libraty et al. [ 81 ] 

 Hepatitis B, C  Hepatocytes  Endoplasmic reticulum  Moradpour [ 82 ] 
 Herpes Simplex 
virus (HSV-2) 

 Epithelial cells, neural 
ganglion 

 Nucleus  Heinz et al. [ 83 ] 

 Infl uenza  Respiratory epithelial 
cells 

 –  Arnheiter et al. [ 84 ] 

 Legionellosis  Macrophages  Phagosome/lysosome 
or vacuole, 
endoplasmic reticulum 

 Tilney et al. [ 85 ] 

 Leishmaniasis  Macrophages  –  Handman et al. [ 86 ] 
 Listeriosis  Macrophages  Cytosol  Collins, [ 87 ] 
 Malaria  Hepatocytes, red blood 

cells 
 –  Moulder [ 88 ] 

 Salmonella infection  Macrophages  Phagosome/lysosome 
or vacuole 

 Trebichavsky [ 89 ] 

 Tuberculosis  Alveolar macrophages, 
dendritic cells 

 Phagosome/lysosome 
or vacuole 

 Skvortsov [ 90 ] 

 Tularemia  –  Cytosol  Al-Khodor [ 91 ] 
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number of neutrophils, which migrate to the site of the infection. They act by both 
oxygen-dependent and oxygen-independent pathways to kill microbes. Neutrophils 
exhibit a larger respiratory burst than macrophages and consequently are able to gen-
erate more reactive oxygen intermediates and reactive nitrogen intermediates. In addi-
tion, neutrophils express higher levels of defensins than macrophages do. Hence, 
neutrophils are more active than macrophages in killing ingested microorganisms.  

3.4.2     Dendritic Cells 

 Dendritic cells are antigen-presenting cells and constitute 0.5–1 % of the leukocyte 
population in the peripheral blood mononuclear cells. They are found mostly in non-
lymphoid tissues and organs such as skin, heart, liver, lungs, and mucosal surfaces. 
The function of these cells is to initiate, stimulate and regulate a T cell response which 
includes antigen-specifi c T lymphocytes, Th1/Th2 modulation, regulatory T cell 
induction and peripheral T cell deletion. There are four types of dendritic cells, i.e. 
Langerhans cells, myeloid dendritic cells, plasmacytoid dendritic cells and infi ltrating 
infl ammatory dendritic epidermal cells. CD1b, CD11a, CD11b and CD11c, the 
thrombospondin receptor (CD36), and the mannose receptor (CD206), present on 
infl ammatory dendritic epidermal cells, are known to be involved in the uptake of 
bacterial components. In case of  Mycobacterium tuberculosis  infection, alveolar mac-
rophages (dust cells), along with dendritic cells engulf bacteria and exhibit innate as 
well as an adaptive immune response. Combined efforts by macrophages and den-
dritic cells establish protective immunity in 90 % of infected individuals.  

3.4.3     Natural Killer Cells 

 Natural killer cells (NKC) are non-phagocytic cells present mostly in mammalian 
and avian species [ 92 ]. NKC express surface receptors for the Fc portion of IgG and 
their function is to mediate antibody-dependent cytotoxicity against tumor target 
cells [ 93 ]. It is also suggested that NKC play a role in resistance against some 
microbial infections. NKC also play a role in natural genetic resistance to infections 
caused by  cytomegalovirus  and  herpes simplex type I  [ 94 ,  95 ]. However, there is also 
evidence against the role of NKC in resistance to some other viruses [ 96 ].  

3.4.4     Lymphoid Cells 

 Lymphocytes are cells present 99 % in the lymph and constitute 20–40 % of the body’s 
white blood cells. There are approximately ~10 10 –10 12  lymphocytes in the human 
body, and this can vary with body weight and age. They circulate in the lymph and 
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blood, and can migrate into tissue spaces and lymphoid organs, enabling integration 
with the immune system. The two main categories of lymphoid cells that can recog-
nise and react against a wide range of specifi c antigens are B lymphocytes or B cells 
and T lymphocytes or T cells. 

3.4.4.1     B Lymphocytes 

 The main function of B cells is to produce antibodies against antigens [ 97 ]. Each of 
the approximately 1.5 × 10 5  molecules of the antibody on the membrane of a single 
B cell has identical binding sites for antigen. B cells express various receptors on 
the surface and exhibit following function for instance, Class II MHC molecules 
permit the B cell to function as an antigen-presenting cell (APC), CR1 (CD35) and 
CR2 (CD21) are receptors for certain complement products, while the FcRII (CD32) 
is a receptor for IgG, a type of antibody. Interaction of the membrane-bound anti-
body present on mature B cells with the antigen, as well as the interactions of the 
antigen with macrophages and T cells, results in B-cell clones of corresponding 
specifi city. Repeated division of the B cell over 4–5 days generates a population of 
memory cells and plasma cells. Further plasma cells, are responsible for synthesis 
and secretion of antibody.  

3.4.4.2     T Lymphocytes 

 Natural T lymphocytes mature in the thymus region and survive in the periphery. The 
chief function of T cells is to respond to signals associated with tissue destruction and 
to minimise the collateral tissue damage they cause [ 98 ]. T cells express T-cell recep-
tors (TCR) which are a composite of polypeptides including CD3 and either of one of 
the two membrane molecules, CD8 and CD4. TCR recognises virus infected cells and 
cancer cells. However, unlike B cells, TCR does not recognise free antigen, unless it 
is bound to MHC molecules on the membrane of antigen presenting cells. The main 
function of T cells is to induce death of virus infected cells by secretion of cytotoxins 
and cytokines which activates B cells, macrophages and cytotoxic T cells. T cells also 
play role in infectious diseases such as Leishmaniasis [ 99 ], infection by hepatitis C 
virus (HCV), etc. Their ability to confi ne exuberant immune reactivity, associated 
with many chronic infections is benefi cial the host due to limited tissue damage [ 100 ].    

3.5     Non-specifi c Immune System Cells 

 Infectious diseases are also located in cells other than cells of the RES. Such cells 
include hepatocytes, epithelial cells and erythrocytes. Hepatocytes are located in 
the liver and are major site for infections such as hepatitis B/C and malaria. 
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The hepatocytes are discussed in greater detail in Chapter 6 of this book. Epithelial 
cells bind together to form the epithelial tissue which is held together by adherens, 
tight junctions, gap junctions and desmosomes. The functions of epithelial cells are 
boundary and protection of vital organs, transportation, absorption, secretion, lubri-
cation and movement. These epithelial cells can be readily attacked by microbes 
such as HIV virus, infl uenza, Herpes Simplex virus (HSV-2) and cause infections. 
Furthermore, erythrocytes are infected and act as hosts for plasmodium causing 
malaria, one of the current fatal infections posing serious challenges.  

3.6     Limitations of Conventional Therapy for Infectious 
Diseases 

 The introduction of antimicrobial agents such as penicillin resulted in a major 
breakthrough to decrease morbidity and mortality caused by infectious diseases. 
Antibiotics represented one of the greatest discoveries. This euphoria was short 
lived due to adverse effects and the emergence of drug resistance. Conventional 
therapy when associated with side effects or necessitates long term treatment, 
results in low patient compliance. Further inadequate drug concentration within 
cells is a major barrier for effective treatment of intracellular diseases. Increasing 
the dose, however, resulted in enhanced toxicity. Mono-drug therapy evolved into 
multi-drug therapy, and enabled a good degree of success and continues to form 
standard therapy, even today. Classic examples include the multi-drug combination 
for tuberculosis AKT2, AKT3, AKT4 comprising 2, 3 or 4 drugs, respectively. 
The HAART combination for AIDS and two drug combinations for malaria are also 
examples of successful therapy. Nevertheless, the alarming rate at which drug resis-
tance is occurring, and more so the emergence of multi-drug resistance are a matter 
of great concern. Tuberculosis is one such major disease which has evolved from 
Resistant to Multi-drug Resistant(MDR) to total drug resistant (TDR), the latest 
being extremely drug resistant tuberculosis (XXDR), wherein, resistance is seen to 
almost all known antitubercular drugs. 

3.6.1     Multi-drug Resistance (MDR) 

 The emergence of multi-drug resistance is attributed to a number of factors. 
Pathogens resort to different mechanisms to avoid intracellular killing. Some 
pathogens secrete exotoxins which destroy phagocytes and prevent phagocytosis. 
Bacteria with pore forming cytolysins avoid the phagosome and also escape lyso-
somal destruction [ 101 – 105 ]. Certain bacteria interfere with the production of 
cytotoxic metabolites of phagocytes or contain the antioxidant proteins, thereby 
overcoming the effects of RNIs or ROIs and cause obstruction in phagocytosis 
[ 106 ,  107 ].  
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3.6.2     Microbial Biofi lms 

 Bacteria adhere to surfaces, aggregate and form a hydrated polymeric matrix 
comprising of exopolysaccharide known as biofi lms [ 108 ]. Biofi lms are devel-
oped by various bacteria such as  Salmonella ,  Streptococcus, Vibrio cholerae, 
Klebsiella pneumonia and Haemophilus infl uenzae.  Further some cells in the bio-
fi lm experience nutrient limitation and therefore survive in the starved state. Such 
cells are slow growing cells and less susceptible to antimicrobial agents [ 109 ]. 
Certain cells in a biofi lm adapt a different and protected phenotype. Biofi lms are 
resistant to antibodies, phagocytes, and antibiotics .  Although  p hagocytes reach 
the biofi lms, they become frustrated and release their enzymes, which cause dam-
age to the tissue around the biofi lm. Release of bacteria through the damaged 
biofi lm results in dissemination of the infection, leading to acute infection in the 
surrounding tissues [ 110 ,  111 ].  

3.6.3     Effl ux Pumps 

 Effl ux pump genes and proteins are present in almost all organisms. Effl ux pumps 
thwart the entry of an antibiotic in the bacterial cell and export an antibiotic from the 
cell. As effl ux pumps can be specifi c for one substrate or for drugs of dissimilar struc-
ture, they can be associated with multi-drug resistance. Multi-drug-resistance effl ux 
pumps are a known cause for the development of bacterial resistance against antibiot-
ics. Bacterial effl ux-pump proteins related with MDR are divided into fi ve families 
namely  the ATP binding cassette (ABC) superfamily, the major facilitator superfamily 
(MFS), the multi-drug and toxic-compound extrusion (MATE) family, the small multi-
drug resistance (SMR) family and the resistance nodulation division (RND) family  
[ 112 ]. Multi-drug resistance occurs, when effl ux proteins are overexpressed on the 
cell, and easily identify and effi ciently expel a broad range of antibiotics from the cells 
[ 113 ]. Gram-negative bacteria express several families of transporters which cause 
resistance [ 114 ]. Gram- positive bacteria mainly  Staphylococcus aureus  and 
 Streptococcus pneumoniae  express MDR effl ux pumps.  S. aureus  (responsible for 
skin and soft-tissue infections) overexpress MFS effl ux pump NorA which enables 
resistance to chloramphenicol and fl uoroquinolones. The  S. pneumoniae  MFS effl ux 
pumpPmrA exports the fl uoroquinolones ciprofl oxacin, norfl oxacin, and also expels 
the dyes acrifl avine and ethidium bromide [ 115 – 117 ]  Escherichia coli  EmrE express 
a member of the small multi-drug resistance (SMR) superfamily and AcrAB–TolC, a 
member of the resistance-nodulation-cell division (RND) superfamily.  Vibrio para-
haemolyticus  overexpress NorM, a member of the multi-drug and toxic compound 
extrusion (MATE) superfamily. 

 Multi-drug-resistant tuberculosis (MDR-TB) is appearing as a ghost among the 
MDR bacteria because TB patients are at high risk of death due to failure of 
 treatment. It is evident that MDR exhibits p55 effl ux pumps which play a crucial 

P.V. Devarajan et al.



127

role in the pathogenicity of the microorganisms, and is responsible for the effl ux of 
tetracycline and aminoglycosides. This has opened a vast array for research in iden-
tifying mutants which are responsible for overexpressing these protein pumps in 
cases of elevated virulence [ 112 ].  

3.6.4     Enzymatic Drug Degradation and Chemical 
Modifi cation 

 Chemical modifi cation of antibiotics resulting in their inactivation and hence, 
ineffective dug concentration can be a cause of bacterial resistance. The inactivation 
reactions include hydrolysis, redox, and group transfer. Hydrolysis is the major 
cause of degradation of beta lactam antibiotics. The group transfer approach is the 
most varied and includes modifi cation by thiol transfer, glycosylation, acyl transfer, 
ribosylation, nucleotidylation and phosphorylation transfer. Drugs which are 
degraded by group transfer are aminoglycoside, chloramphenicol, rifamycin, mac-
rolides, etc. [ 118 ].   

3.7     Strategies to Overcome Limitations of Conventional 
Drug Delivery 

 One important strategy to overcome the limitation of conventional drug delivery is 
to deliver high therapeutic payloads intracellularly. This could ensure high effi -
cacy, coupled with low toxicity to provide major advantages. Targeted nanocarriers 
provide high promise as potential drug delivery systems with the capacity to 
address this specifi c challenge. Targeted nanocarriers could therefore prove to be 
the magic wand. 

 Passive and active targeting approaches could be relied on to achieve organ based 
targeting (fi rst order), specifi c cell based targeting in an organ (second order) and 
cell organelle based targeting (third order) [ 119 ]. A major requirement, however, 
besides reaching the targeting site is to ensure adequate concentration and adequate 
retention at the site. 

3.7.1     Passive Targeting 

 Passive targeting can be described as deposition of drug or drug-carrier systems at a 
particular location due to pharmacological or physicochemical factors [ 120 ]. Passive 
targeting can be achieved by exploiting pathophysiological and anatomical oppor-
tunities. Introduction of drugs directly into various anatomical sites for example 
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lungs and the eye by using non-invasive or invasive methods such as catheters or 
direct injections can enable local targeting. These site specifi c drug delivery methods 
limit systemic toxicity of the drug thus reducing adverse effects of drugs in the non-
target tissues [ 121 ]. Exploiting altered pathological conditions in diseased tissues 
are strategies that can be adopted for passive targeting for example chemotactic 
factors released in infected or infl amed tissues increased permeability of vascular 
tissues, decreased pH and/or increased temperature [ 122 ,  123 ]. Increased vascular 
permeability specifi cally in cancers has enabled passive targeting of nanocarriers 
and is cited as the enhanced permeation and retention effect (EPR) effect [ 124 ]. 
Surface properties such as particle size, shape, hydrophobicity and surface charge 
have great impact on macrophage activation and phagocytosis. 

3.7.1.1     Size 

 Particle size plays essential role in distribution and elimination of nanocarriers 
[ 125 ]. Particles size can infl uence attachment, adhesion, phagocytosis, distribution, 
circulation half-life and endocytic pathways [ 126 ,  127 ]. The opsonisation and 
phagocytosis of particles is strongly affected by size of nanocarriers. Although mac-
rophages engulfed 0.2 versus 2 μm IgG-coated spherical particles by different 
mechanisms, they followed similar kinetics [clathrin endocytosis versus Fc-receptor 
mediated phagocytosis]. Phagocytic uptake is generally observed with polymeric 
particles and liposomes with high particle size [>200-microns] [ 128 ]. Table  3.7  
highlights the size of a number of nanocarriers evaluated for targeted delivery in 
infectious diseases.  

3.7.1.2     Shape 

 A broad range of non-spherical shaped particles studied including cylinders, cubes, 
hemispheres, ellipsoids, cones and complex shapes like fi lamentous, biconcave dis-
coid showed varying effects on phagocytosis [ 169 ]. Non-spherical shaped particles 
bypassed phagocytosis due to incomplete actin structure formation. Particle shape 
affected attachment and internalisation during phagocytosis [ 170 ]. For instance 
oblate ellipsoids show best attachment and internalisation by phagocytosis, while 
prolate ellipsoids showed good attachment but poor internalisation. Champion 
et al. reported that worm-like particles showed low phagocytosis as compared to 
spherical particles of the same volume [ 169 ]. Asymmetric polymer lipid nanostruc-
tures (LIPOMER) of Doxycycline hydrochloride (DH) in the range of (250–400 nm) 
[ 171 ] revealed enhanced splenic delivery. The irregular shape of the LIPOMER cou-
pled with rigidity resulted in fi ltration and non-phagocytic accumulation to reveal 
splenotropy in sinusoidal spleen models, rat, rabbit and dog. A high spleen liver ratio 
of 6.7:0.53 was seen in the dog model (Fig.  3.2 ) [ 172 ].   
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3.7.1.3     Surface Properties 

 Surface properties like hydrophobicity and surface charge also impact opsonisation, 
phagocytosis and biodistribution of nanoparticles [ 173 ]. Hydrophobic nanocarriers 
are readily coated by complement proteins, albumin, and immunoglobulin and scav-
enged by RES [ 174 ]. Surface charge of particles also infl uences interaction and sta-
bility with cells [ 175 ]. Reports suggest that positively charged particles showed high 
phagocytic uptake over negatively charged particles probably due to better interac-
tion with the negatively charged cell membrane. Cationic and neutral nanocarriers 
are less taken up by RES as compare to negatively charge [ 176 – 178 ]. However, nega-
tively charged nanoparticles can potentially attach to cationic sites on the macro-
phages namely the scavenger receptors, which facilitate their uptake by RES [ 179 ]. 

 For details on infl uence of particle size, shape and charge readers are directed to 
the following reviews [ 126 ,  180 ].   

3.7.2     Active Targeting 

 Active targeting, defi ned as specifi c targeting of drugs or drug containing nanocar-
riers by anchoring active agents or ligands, provides selectivity, recognisability and 
potential to interact with specifi c cells and tissues in the body [ 181 ]. Targeting by 
attaching ligands has been investigated as an additional strategy to enhance translo-
cation of antimicrobials inside cells. Attaching ligands facilitates greater uptake and 
can be mediated by various mechanisms.  

  Fig. 3.2    Gamma scintigraphic images—biodistribution of LIPOMER in dog: ( a ) irregular, 
( b ) spherical. Reprinted with permission from John Wiley and Sons       
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3.7.3     Receptor Mediated Endocytosis (RME) 

 The membrane of macrophages expresses various receptors to facilitate the inter-
nalisation of cargoes inside the cell and their degradation. Receptor mediated endo-
cytosis (RME) permits the rapid internalisation of ligand attached particles as 
compared to untargeted particles [ 182 ]. The common RME mechanisms are mac-
ropinocytosis, clathrin dependent endocytosis (CDE), caveolae- mediated endocyto-
sis and clathrin independent endocytosis (CIE). Each approach exhibits different 
binding and internalisation mechanisms. Further, the predominant uptake mecha-
nism is often dictated by the nature of the ligand. Receptor mediated processes are 
relatively slower than phagocytic processes, with the ligand playing an important 
role. The sizes, geometry, charge and density of the ligand signifi cantly infl uences 
receptor mediated endocytosis [ 183 ]. For more references readers can refer to [ 182 , 
 184 ,  185 ]. Table  3.5  lists the endocytic pathways, endosome morphology and the 
proteins involved in the endocytic pathways.

   Table 3.5    Endocytic pathways, endosome morphology and the proteins involved in the endocytic 
pathways   

 Endocytic mechanism  Proteins  Morphology  References 

 Clathrin mediated 
endocytosis 

 Dynamin, AP180, adaptin, 
Clathrin, AP2, epsin, 
SNX9, synaptojanin, actin, 
amphiphysin, Rab5, Arf6 
plus many others 

 Vesicular  Ford et al. [ 186 ]; 
Roth et al. [ 187 ] 

 Caveolae mediated 
endocytosis 

 Caveolins, Cavins, PTRF, 
src, PKC, actin 

 Vesicular/
tubulovesicular 

 Parton et al. [ 188 ]; 
Rothberg et al. 
[ 189 ]; Krajewska 
et al. [ 190 ] 

 Flotillin-dependent 
endocytosis 

 Flottilin-1 and -2  Vesicular  Glebov et al. [ 191 ]; 
Frick et al. [ 192 ] 

 Clathrin-independent 
carrier (CLIC)/GPI-AP-
enriched early endosomal 
compartment (GEEC) 

 ARHGAP10, actin, 
GRAF1, other GRAFs, 
Cdc42, Arf1 

 Tubular/ring  Lundmark et al. 
[ 193 ]; Naslavsky 
et al. [ 194 ] 

 ADP-ribosylation factor 6 
(Arf6) mediated CIE 

 Arf6  Vesicular/
tubular 

 Donaldson et al. 
[ 195 ] 

 Macropinocytosis  Phosphoinositide 3-kinase, 
Rac1, Brefeldin A-ADP 
ribosylated substrate 
(BARS), Actin, PAK1, 
PI3K,Ras, Src, HDAC6 

 Highly ruffl ed  Kirkham et al. 
[ 196 ]; Marbet et al. 
[ 197 ] 

 Circular dorsal ruffl e  Cortactin, actin  Highly ruffl ed  Krueger et al. [ 198 ] 
 IL2Rβ pathway  RhoA, Rac1, PAK1, PAK2  Vesicular?  Grassart et al. [ 199 ]; 

Lamaze et al. [ 200 ] 
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3.7.4        Receptors for Macrophage Targeting 

 Macrophages possess large number of surface receptors which help in the process 
of recognition and endocytosis of engineered particulate carriers. Infection of mac-
rophages leads to changes in the expression pattern of the concerned receptors, 
which can be exploited for targeted drug delivery employing nanocarriers. Table  3.6  
is a summary of the important receptors on macrophages and illustrative examples 
of ligands for the same that could play a role in designing targeted nanocarriers for 
infectious disease therapy.

   CD14 [ 213 ], Decay accelerating factor (CD55), Endo180 [ 214 ] are also recep-
tors which could be targeted. Nevertheless, ligands for the same need to be explored.   

3.8     Nanocarriers for Targeted Delivery in Infectious Diseases 

 All known nanocarriers can be effectively employed for targeted delivery in intracel-
lular infections. Both passive and active targeting approaches have been evaluated. 
The following Tables  3.7  and  3.8  illustrate examples of nanocarriers, limited to major 
anti-infective agents for active and passive targeting, respectively. Size being a major 
parameter infl uencing targeting to RES. Table  3.7  also highlights the size of nanocarriers, 
which is a primary factor in passive targeting.

   Table 3.6    Receptors expressed by macrophages and their specifi c ligands   

 Receptor  Ligands  References 

 Mannose  Mannose, fucose, N-acetyl glucosamine, 
glucose, collagen, mannan, mannosyl 
lipoarabinomanan 

 Ezekowitz et al. [ 201 ] 

 Tuftsin  Tuftsin  Agrawal and Gupta [ 202 ]; 
Tzehoval et al. [ 203 ] 

 Scavenger  Modifi ed LDL, lipopolysaccharides (LPS), 
lipoteichoic acid (LTA) 

 Wilkinson and Khoury [ 204 ]; 
Graversen et al. [ 205 ] 

 Fc  Monoclonal Antibody  Guilliams et al. [ 206 ] 
 Fibronectin  Fibronectin, laminin, serum amyloid P  Taylor et al. [ 207 ]; Schett 2008 
 Folate  Folic acid  Kroger et al. [ 208 ]; Van Der 

Heijden et al. [ 209 ] 
 Transferrin  Transferrin  Qian et al. [ 210 ] 
 Toll-like 
receptor 

 Lipopolysaccharides (LPS), lipoproteins, 
lipopeptides and lipoarabinomannan 

 Kawai and Akira [ 211 ] 

 Complement 
receptors CR3 
and CR4 

 C3b, iC3b, C3c and C3d  Campagne et al. [ 212 ] 
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     Table 3.7    Nanocarriers containing anti-infective agents and their particle size for passive targeting   

 Nanocarriers  Drug  Particle size  Diseases  References 

 Polymyxin B  343 ± 28 nm   Pseudomonas 
aeruginosa  

 Alipour et al. [ 129 ] 

 Liposomes  Clofazimine  –  Tuberculosis  Mehta et al. [ 130 ] 
 Pyrazinamide 
and rifabutin 

 0.1 μm  Tuberculosis  El-Ridy et al. [ 131 ]; 
Gaspar et al. [ 132 ] 

 Ampicillin  208 + 70 nm  Salmonellosis  Fattal et al. [ 133 ] 
 Gentamicin and 
streptomycin 

 –  Brucellosis  Fountain et al. [ 134 ] 

 Ciprofl oxacin  –  Salmonellosis  Magallanes et al. [ 135 ] 
 Antimonials  –  Leishmaniasis  Date et al. [ 136 ] 
 Dideoxycytidine  0.3 μm  HIV  Oussoren et al. [ 137 ] 

 Polymeric 
nanoparticles 

 Rifampicin 
gelatin NPS 

 264 ± 11.2 nm  Tuberculosis  Saraogia et al. [ 138 ] 

 Guar gum  895.5 ± 14.73 nm  Tuberculosis  Kaur et al. [ 139 ] 
 Rifampicin and 
isoniazid 

 382 ± 23 nm  Tuberculosis  Booysen et al. [ 140 ] 

 Rifampicin  200- 
260 ± 10.24 nm 

 Tuberculosis  Esmaeili et al. [ 141 ] 

 Indinavir  1.6 μm  HIV-1 
encephalitis 
(HIVE) 

 Dou et al. [ 142 ] 

 Rifampin and 
azithromycin 
antibodies 

 260 nm  Chlamydia 
infection 

 Toti et al. [ 143 ] 

 AMB  250 nm  Leishmaniasis  Tyagi et al. [ 144 ] 
 Gentamicin  245 ± 45 nm  Leishmaniasis  Zhang et al. [ 145 ] 
 Rifampicin  –   Staphylococcus 

aureus  and 
 Mycobacterium 
avium  

 Azrami et al. [ 146 ] 

 Moxifl oxacin  418 ± 90.2 nm  Tuberculosis  Kisich et al. [ 147 ] 
 Quinine  176 nm  Malaria  Hass et al. [ 148 ] 
 AMB  358 ± 62 nm  Leishmaniasis  Espuelas et al. [ 149 ] 

 Gelatin NPS  Rifampicin  264 ± 11.2 nm  Tuberculosis  Saraogi et al. [ 138 ] 
 Microparticles  Isoniazid and 

rifabutin 
 –  Tuberculosis  Yadav et al. [ 150 ] 

 Isoniazid  1 μm  Tuberculosis  Zhou et al. [ 151 ] 
 Solid lipid 
nanoparticles 

 Lopinavir  230 nm  HIV  Alex et al. [ 152 ] 

 Tobramycin  855 nm  Bacterial  Bargoni et al. [ 153 ] 
 Zidovudine  294 + 32 nm  HIV  Heiati et al. [ 154 ] 
 Atazanavir  167 nm  HIV  Chattopadhay et al. 

[ 155 ] 
 Isoniazid  131.7 nm  Tuberculosis  Bhandari and Kaur 

[ 156 ] 

(continued)
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 Nanocarriers  Drug  Particle size  Diseases  References 

 Metallic 
nanoparticles 

 Rifampin, 
Isoniazid 

 100 nm  Tuberculosis  Clemens et al. [ 157 ] 

 Niosomes  Isoniazid  450 nm  Tuberculosis  Singh et al. [ 158 ] 
 Nanoemulsions/
nanosuspension 

 Primaquine  10–200 nm   Plasmodium 
berghei  

 Singh et al. [ 159 ] 

 AMB  –  Leishmaniasis  Falk et al. [ 160 ] 
 Dendrimer  Lamivudine  –  HIV  Dutta and Jain [ 161 ] 

 Primaquine 
phosphate 

 –  Malaria  Bhadra et al. [ 162 ] 

 Carbon 
nanotubes 

 AMB  100–400 nm  Leishmaniasis  Prajapati et al. [ 163 ] 

 Cu oxide  20–95 nm   Meticillin-
resistant 
Staphylococcus 
aureus 
(MRSA); 
Escherichia 
coli (E.coli)  

 Ren et al. [ 164 ]; Raffi  
et al. [ 165 ] 

 Zn oxide  50–70 nm   Staphylococcus 
aureus  

 Jones et al. [ 166 ,  167 ] 

 Iron 
nanoparticles 

 3–9 nm   E. coli   Chatterjee et al. [ 168 ] 

Table 3.7 (continued)

(continued)

   Table 3.8    Nanocarriers containing anti-infective agents and ligands for active targeting   

 Nanocarriers  Targeting Ligands  Drug  Diseases  References 

 Liposomes  Mannose  Pentamidine 
isethionate 

 Pneumocystis 
pneumonia 

 Banerjee et al. 
[ 215 ] 

 Mannose  Ciprofl oxacin  Respiratory 
intracellular 
parasitic 
infections 

 Chono et al. [ 216 ] 

 Hyaluronan  Anti-infl ammatory 
drug 

 Infl ammatory 
sites 

 Glucksam-Galnoy 
et al. [ 217 ] 

 Apolipoprotein E  –  Hepatic 
diseases 

 Kim et al. [ 218 ] 

 Polyinosinic acid and 
phosphatidylserine 

 Antimony-
lipopolysaccharide 
(Sb-LP) 

 Leishmaniasis  Tempone et al. 
[ 219 ] 

 Ostearoylamylopectin 
(O-SAP) 

 Rifampicin and 
Isoniazid 

 Tuberculosis  Deol et al. [ 220 ] 

 O-palmitoyl 
amylopectin (OPA) 

 Amphotericin B  Pulmonary 
candidiasis 

 Vyas et al. [ 221 ] 

 IgG  –  Liver disease  Derksen et al. 
[ 222 ] 
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3.9         Specialised Targeting Approaches for Important 
Infectious Diseases 

3.9.1     Tuberculosis 

 Tuberculosis is persistent and deadly infectious disease, caused  Mycobacterium 
tuberculosis  which is non-specifi cally phagocytosed by alveolar macrophages. 
The emergence of various resistance forms of tuberculosis has accelerated research 
in specifi c approaches to target the  M. Tuberculosis . Date et al. developed folate 

 Nanocarriers  Targeting Ligands  Drug  Diseases  References 

 Tuftin  AMB  Leishmaniasis  Agrawal et al. 
[ 202 ] 

 Immunoliposomal  AMB  HIV-1  Bestman-Smith 
et al. [ 223 ] 

 Antibodies against 
human and murine 
HLA-DR and CD4 
antigen 

 Indinavir  HIV  Gangne et al. 
[ 224 ] 

 Nanoparticle  Mannose  Rifampicin  Visceral 
leishmaniasis 

 Chaubey et al. 
[ 225 ] 

 Folate  Rifampicin  Tuberculosis  Date et al. [ 226 ] 
 Folate  Vancomycin   Staphylococcus 

aureus  
 Chakraborty et al. 
[ 227 ] 

 TAT (trans-activating 
transcriptor) peptide 

 Ritonavir  HIV  Rao et al. [ 228 ] 

 Transferrin anchored 
pegylated albumin 
nanoparticles 
(Tf-PEG-NPs) 

 Azidothymidine  HIV  Mishra et al. 
[ 229 ] 

 Transferrin  Saquinavir  HIV  Ulbrich et al. 
[ 230 ] 

 Mannan  Diadanosine  HIV  Kaur et al. [ 231 ] 
 SLN  Mannan  Gene delivery  Alveolar 

macrophages 
 Yu et al. [ 232 ] 

 Mannose  Rifabutin  Alveolar 
macrophages 

 Nimje et al. [ 233 ] 

 Transferrin  Quinine HCl  Malaria  Gupta et al. [ 234 ] 
 Dendrimers  Mannose  -  Macrophages  Gao et al. [ 235 ] 

 Tuftsin  Efavirenz (EFV)  HIV  Dutta et al. [ 236 , 
 237 ] 

 Mannose  Rifampicin  Tuberculosis  Kumar et al. [ 238 ] 
 Carbon 
Nanotubes 

 Mannose  Amphotericin B  Macrophages  Pruthi et al. [ 239 ] 

Table 3.8 (continued)

P.V. Devarajan et al.



135

anchored polymeric nanoparticles of rifampicin and demonstrated 480 % enhancement 
in rifampicin uptake as compared to 300 % in the absence of folate in the human mac-
rophage cell line U-937 [ 226 ]. Folate receptors enable fl otillin-1 and caveolin receptor 
mediated endocytosis, thereby bypassing normal phagolysome formation to deliver 
the nanocarriers into the cytoplasm [ 191 ]. Lemmer et al. developed mycolic acid 
(MA) anchored nanoparticles (NP) of isoniazid. MA nanoparticles exhibited mac-
rophage uptake, possibly localising in the cytoplasm. Verma et al. developed inhal-
able microparticles containing NO donors for the treatment of  Mycobacterium 
tuberculosis . Such inhalable microparticles specifi cally delivered NO donors inside 
macrophages and showed sustain release in the cytosol. The antimycobacterial 
activity of microparticles was confi rmed by the decrease in the  M. tuberculosis  
CFU by up to 3-log in 24 h. The activity could be attributed to interaction of NO 
with bacterial DNA, lipids and protein. This strategy could be considered practical 
as the doses of NO donors (isosorbide nitrate) were much lower than those required 
for cardiovascular effects [ 240 ].  

3.9.2     Malaria 

 Malaria is a complex disease caused by plasmodium and majorly resides in non- RES 
cells like red blood cells (RBCs) and hepatocytes. Entry of the parasite into the 
brain causes cerebral malaria. Malaria can be targeted at the exoerythrocytic stage by 
targeting RBCs, or targeting the hypnozoites to tackle malarial relapse and further 
in case of cerebral malaria targeting the brain. Increased permeability of infected 
RBCs is seen after 12–16 h of plasmodium invasion through formation of channels. 
These channels are “new permeability pathways” (NPPs) which allow entry of mole-
cules such as dextran, protein A and IgG2a antibody thereby differentiating the 
non-infected and infected RBCs. Such pathways could be targeted to enable high 
drug loading in the erythrocytes specifi cally through design of nanocarriers of 
<80 nm [ 241 ]. This could be supported through design of stealth nanocarriers which 
could enable long circulation, using various stealth agents like poly(ethyleneglycol) 
(PEG), Pluronic, etc. [ 242 ]. Chloroquine liposomes anchored with anti-erythrocyte 
F (ab′)2 were studied for targeting to erythrocytes [ 243 ]. Hepatocytes the residence 
of hypnozoites expresses the asialoglycoprotein receptor (ASGPR), which is overex-
pressed in infections. Targeting this receptor using nanocarriers anchored with 
ASGPR ligands is a strategy for hepatocyte targeting. Joshi et al. prepared in situ 
primaquine nanocarboplex of primaquine phosphate anchored with pullulan as the 
ASGPR ligand for specifi c targeting to hepatocytes. Signifi cantly, enhanced hepatic 
accumulation with preferential accumulation in the hepatocytes and a high hepato-
cytes/nonparenchymal cells ratio of 75:25 confi rmed hepatocyte targeting [ 244 ]. 
Transferrin (Tf)-anchored solid lipid nanoparticles (SLNs) were intravenously 
administered for targeting quinine dihydrochloride to the brain, in cerebral malaria. 
Compared to conventional SLNs or drug solution the Tf-SLNs signifi cantly enhanced 
the brain uptake of quinine [ 234 ].  
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3.9.3     HIV 

 A major feature of HIV that complicates therapy is the existence of HIV in multiple 
reservoirs, which include various cellular and anatomical sites [ 245 ]. The typical 
reservoirs are the liver, spleen, lungs, GIT and genital tract with the brain and 
bone marrow representing remote sites [ 246 ]. Targeted delivery for HIV therefore 
needs to address delivery to maximum sites simultaneously to achieve remission. 
One strategy that we propose is a combination of nanocarriers of size <100 nm to 
target remote sites and size >200 nm target major RES organs (Unpublished data). 
Viral replication is inhibited by the antioxidant glutathione. Erythrocytes containing 
glutathione (GSH) in combination with azidothymidine (AZT) and didanosine 
(DDI) showed higher reduction in viral DNA in bone marrow and brain as compared 
to DDI + GSH alone [ 247 ]. Immunoliposomes containing siRNA for targeting the 
lymphocyte function-associated antigen-1 (LFA-1) integrin, which is expressed on 
all leukocytes, was selectively taken up by T cells and macrophages, the primary site 
of HIV. Further, in vivo administration of anti-CCR5 siRNA resulted in leukocyte-
specifi c gene silencing that was sustained for 10 days [ 248 ]. Nanogels comprising 
non-reverse transcriptase inhibitors (NRITs) decorated with a peptide for brain spe-
cifi c apolipoprotein E (apoE) receptors, showed tenfold suppression of retroviral 
activity and decrease infl ammation in humanised mouse model of HIV-1 infection in 
the brain [ 249 ].   

3.10     Veterinary Applications of Targeted Drug 
Delivery Systems 

 Targeted drug delivery for the therapy of veterinary infections assumes immense 
importance not only for improved animal health but due to the challenges posed by 
zoonotic diseases. About 13 zoonotic diseases including brucellosis, tuberculosis, 
trypanosomiasis, cysticercosis and others are related to 2.4 billion cases of infection 
in humans and over two million deaths annually [ 166 ,  167 ]. Such infections exist 
both in domestic animals and wild life. The close proximity of humans especially 
with such domestic animals is a cause of global concern. The WHO policy of “Cull 
and Kill” results not only in the loss of lives but also heavy monetary losses to the 
farmer. Targeted treatment strategies using nanodrug delivery systems could pro-
vide a revolutionary strategy to benefi t both the animals and man. The benefi ts of 
targeted nanomedicine strategies are slowly gaining recognition as evident from a 
number of reported studies. Liposomes have been used by many researchers for 
treating various veterinary diseases such as Leishmaniasis [ 250 ,  251 ], Brucellosis 
[ 252 ], Blastomycosis [ 253 ], Babesiosis [ 254 ], etc. Patil et al. [ 171 ] developed an 
asymmetric lipomer. This is a combination of polymer–lipid containing doxycy-
cline which could have application in the treatment of intracellular infections that 
are primarily resident in the spleen like brucellosis, ehrlichiosis, etc. A number of 
studies are reported on horses infected with babesiosis,  Streptococcus equi, T. gondii  
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and  Strongylus vulgaris  infections using liposomes [ 254 ], polymeric nanospheres 
[ 255 ], dendrimers [ 256 ] and micelles [ 257 ] respectively. A recent study revealed the 
improved therapy of theileiriosis in cattle with solid lipid nanoparticles (SLN) of 
buparvaquone [ 258 ]. SLN revealed comparable effect with the intramuscular injec-
tion at signifi cantly lower doses. Nanodrug delivery systems have also been evalu-
ated in dogs, sheep and pigs. For details on nanodrug delivery applications in 
targeted delivery in veterinary infections, readers are directed to the following 
reference [ 259 ].  

3.11     Future Scope 

 Targeted delivery for infectious diseases has immense scope. Tackling infections 
using nanodrug delivery systems could provide a practical alternative as a short term 
strategy. A rate-limiting factor however would be the serious concerns of toxicity. 
Nanodrug delivery systems due to their high intracellular delivery could precipitate 
new and unknown toxicities. Evolving strategies to predict the same is an important 
path forward. While vaccines could probably provide the ultimate cure and control, 
vaccine development is a complex process and not yet easily attained as evident from 
the limited success stories. However, designing nano-vaccines targeted to exhibit 
greater cellular response is also a near future prospect.     
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    Chapter 4   
 Image-Guided Delivery of Therapeutics 
to the Brain 

             Lipa     Shah    ,     Arun     K.     Iyer    ,     Meghna     Talekar    , and     Mansoor     M.     Amiji    

4.1             Challenges in CNS Delivery 

 Recent advances in CNS research have led to increased awareness and understanding 
of neurological disorders like pain, brain cancer, psychiatric disorders, and neurode-
generation. However, it still prevails to be one of the largest areas in pharmaceutical 
world, where there is an unmet medical need. Neurodegeneration, for example, 
comprises of many CNS diseases, such as Alzheimer’s disease, Amyotrophic Lateral 
Sclerosis (ALS), Huntington’s disease, Parkinson’s disease, head trauma, epilepsy, 
and stroke. These disorders are devastating and expensive, with annual costs 
currently exceeding several hundred billion dollars in the USA alone, and current 
treatments are inadequate [ 1 ]. 

4.1.1     Therapeutics for CNS Diseases 

 CNS arena is quite challenging to treat and the current treatment options are not 
adequate, primarily due to the presence of physiological barriers, namely, the 
blood–brain barrier (BBB) and blood–cerebrospinal fl uid (CSF) barrier. Complex 
tight junctions (TJs) between the endothelial cells (ECs) of the brain, together with 
multiple transporters present on the luminal membrane of the EC, imparta 
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formidable obstacle to drug entry. Alternate modes of drug delivery have gained 
quite some research interests among academia, government institutions and private 
industry. Potential to treat CNS diseases using bio-therapeutics, like the monoclonal 
antibodies, peptides, proteins, nucleic acids, etc. are being explored and Table  4.1  
highlights few examples reported in the literature for several diseases of the 
CNS. These therapeutics have particular advantages of improved specifi city, potency 
and reduced side-effects when compared to the classical small molecules [ 2 ] to treat 
CNS diseases of neurodegeneration, pain, psychiatric disorders, gliomas, etc. 
However, there aren’t as many biologics that have been successfully developed in 
clinic for treating CNS disorders [ 3 ]. Lack of drug-like properties coupled with 
in vivo instability, poor penetration across the CNS, and cost of manufacture of 
biologics have limited their entry into market [ 2 ]. Passage of bio-therapeutics into 
the brain hence needs an effective delivery mechanism that can cross the BBB.

   Current means to deliver therapeutics to the CNS can be broadly classifi ed into 
invasive and noninvasive strategies; some of these are highlighted in Table  4.2  [ 1 ,  10 ]. 
Owing to the complexity of neurosurgical procedures like the intracerebroventricu-
lar and intrathecal injection or intracerebral implantation and the risks involved with 
invasive strategies; the noninvasive strategies are gaining more attention.

4.1.2        Major Issues in CNS Delivery 

 The unique physiology of brain presents multiple barriers to transport of many 
 therapeutics, at the level of cerebral capillaries (i.e., the blood–brain barrier) and at 
the epithelia of the choroid plexus and circumventricular organs (i.e., the 

      Table 4.1    Bio-therapeutics for the treatment of CNS disorders   

 Bio-therapeutic  Disease  In vivo effect  Reference 

 Brain nanocapsules—
epidermal growth factor 
receptor (BNCs—EGFR) 

 Brain tumor  Targeted delivery to brain tumor  [ 4 ] 

 Glycosylation of 
Tyr-d-Thr-Gly-Phe-Ser-NH 2  

 Pain  Improved bioavailability to the 
brain 

 [ 5 ] 

 Nerve growth factor 
(NGF)—gene therapy 

 Alzheimer’s  NGF reduces cholinergic 
neuronal degeneration in 
patients with Alzheimer’s 
disease 

 [ 6 ] 

 Brain-derived neurotrophic 
factor (BDNF) 

 Neuronal loss  Complete neuroprotection of 
hippocampal CA1 neurons in 
transient forebrain ischemia 

 [ 7 ] 

 Vasoactive intestinal peptide 
(VIP) 

 Increase in cerebral blood fl ow  [ 8 ] 

 Lenti-glial cell-derived 
growth factor (GDNF) 

 Parkinson’s  Prevent nigrostriatal 
degeneration and induce 
regeneration in Parkinson’s 
disease 

 [ 9 ] 
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   Table 4.2    Invasive and noninvasive strategies for delivery to the CNS (reproduced with permission 
from ref. [ 10 ])   

 Administration strategies  Description and examples  References 

  Invasive strategies  
 Intracerebroventricular 
injection 

 Intracerebral infusion or implant localized to a 
small area in the brain, e.g., tumor site, particular 
failing neuron. Clinical data reported with GDNF, 
CTNF neurotrophic factors 

 [ 11 ,  12 ] 

 Intra-arterial 
administration and 
transient disruption of the 
BBB 

 Intra-arterial administration increases drugs’ 
systemic concentration by eliminating fi rst-pass 
metabolism. Hyperosmolar sugar solutions (20 % 
mannitol) or immune adjuvants (Freund’s) 
administration in carotid artery or application of 
ultrasound: shrinkage of endothelial cells, thereby 
causing transient opening of the tight junction 
(~20 min) 

 [ 13 ,  14 ] 

 Intraventricular/
intracerebral implants 

 Direct injection into the CSF; Subcutaneous 
implant in the scalp connected to the ventricles by 
a catheter (Convection enhanced drug delivery 
(CED). Intracerebral polymeric implants for local 
delivery 

 [ 15 – 17 ] 

 Focused ultrasound (FUS)  Utilizes microbubbles to create an acoustic cavity 
and a pressure shock wave that temporarily 
punctures the endothelial wall to cause a transient 
infl ux of otherwise impermeable drugs. Bio-
therapeutics like Rituximab, an anti-CD20 mAb, 
have been delivered across BBB using this 
methodology 

 [ 3 ,  18 ,  19 ] 

  Noninvasive strategies  
 Altering the chemistry  Increasing the lipophilicity of molecules (e.g., 

prodrug approach), coupling nucleic acids to cell 
penetrating peptides, “molecular trojan-horse” 
approach are some of the techniques explored to 
improve BBB penetration 

 [ 20 ,  21 ] 

 Intranasal delivery  Likely that intranasally delivered therapeutics reach 
the CNS via the olfactory region or trigeminal 
pathway, bypassing the BBB, e.g., evidence of 
delivery of insulin or nerve growth factor (NGF) via 
intranasal drug delivery 

 [ 22 ,  23 ] 

 Colloidal (nanoparticle) 
drug carriers 

 Liposomes (e.g., NGF or immunoliposomes), 
emulsion (e.g., nanoemulsions), solid lipid 
nanoparticles (e.g., thiamine- coated nanoparticles) 
and polymeric nanoparticles (e.g., nerve growth 
factor using poly(butyl cyanoacrylate) 
nanoparticles) for delivery to the brain 

 [ 24 ] 

 Coadministration with 
inhibitors of effl ux 

 Combination of anticancer drugs with specifi c P-gp 
inhibitors, like valspodar, zosuquidar, etc. lead to 
stronger P-gp inhibition and hence, better CNS 
penetration 

 [ 14 ] 
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blood–cerebrospinal fl uid barrier) [ 25 ]. Figure  4.1  illustrates the common physio-
logical barriers to CNS drug delivery [ 26 ].  

  The blood – brain barrier : BBB prevents 98 % of potential drugs from reaching their 
CNS targets. This has been a major obstacle to several therapies that are potentially 
useful for combating diseases that affect the CNS [ 27 ]. Macromolecules are unable 
to cross the capillary brain endothelial cells which form tight junctions at the 

  Fig. 4.1    Major physiological barriers to the CNS. ( a ) The blood–brain barrier (BBB) formed at the 
cerebral capillary endothelial cells by tight junctions. It encompasses the largest surface area, 
12–18 m 2 . Owing to a short distance of 25 μm between the brain cells and a capillary, the diffusion 
distances to neurons and glial cell bodies for solutes that cross the BBB are rather short, and hence, 
BBB is the favored route for targeted delivery of drugs to all brain cells. ( b ) The second prominent 
barrier, the blood–CSF barrier (BCSFB) lies at the choroid plexuses in the lateral, third, and fourth 
ventricles of the brain. Here, tight junctions are formed at the apical (CSF facing) surface of the 
endothelium. While some solutes enter the brain primarily via the choroid plexuses into CSF, some 
may enter via both the BBB and BCSFB. ( c ) The subdural space has the arachnoid barrier, which 
is formed by multilayered epithelium joined by tight junctions. The brain is enveloped by the 
arachnoid membrane, which is avascular and lies under the dura. A signifi cant amount of CSF 
drains into the sinus, through the valve-like arachnoid villi which only allow a one-way CSF move-
ment out of the brain to blood. Transport across the arachnoid membrane is not an important route 
for the entry of solutes into brain (Reproduced with permission from ref. [ 26 ])       
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BBB. Figure  4.2  shows some of the pathways of drug and macromolecule transport 
across the BBB [ 28 ].  

 Due to presence of tight junctions at the cerebral microvasculature, predominant 
mechanisms for transport of therapeutics across the BBB are either by lipid- 
mediated free diffusion (which is restricted to lipophilic small molecules), or by use 
of endogenous uptake transporters present at the luminal side of the BBB [ 30 ]. 
Endogenous transport proteins mainly allow selective uptake of water soluble nutri-
ents like glucose, amino acids or nucleosides; whereas, receptor-mediated trans-
porters are involved in transport of large molecules like insulin, transferrin, etc. 
across the BBB [ 30 ]. Along with the infl ux transport proteins, there are also effl ux 
transporters like the MDR1, BCRP, MRP1 present at the BBB which pump out the 
substrates from cells back into the bloodstream. A recent paper highlights the role 
of P-glycoprotein in predominantly causing effl ux of antiepileptic drugs from the 
brain [ 31 ]. 

  Fig. 4.2    A schematic representation of the blood–brain barrier (BBB) with endothelial cells in 
close proximity with the astrocytes, and known pathways for transport across the BBB. ( a ) 
Paracellular pathway: tight junctions restrict penetration of water-soluble agents. ( b ) Transcellular 
pathway: lipid bilayered endothelial membrane helps with diffusion of hydrophobic agents. ( c ) 
Transport proteins: The presence of transport carriers for glucose, amino acids, and other sub-
stances and, the energy-dependent effl ux transporters at the endothelium. ( d ) Receptor-mediated: 
Specifi c receptor-mediated endocytosis and transcytosis result in transport of certain proteins, such 
as insulin and transferrin. ( e ) Adsorptive transcytosis: Uptake of native plasma proteins such as 
albumin. Pathways  b – e  are prominent in drug delivery across the BBB; most CNS drugs enter via 
route  b  (reproduced with permission from [ 29 ])       
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  The blood – CSF barrier : This barrier exists between systemic circulation and the 
cerebrospinal fl uid. It acts as a fi lter by allowing selective molecules through the 
cerebrospinal fl uid. Unlike the BBB, blood–CSF barrier has a lot less surface area 
and hence, likely to pose less obstacle in drug delivery to CNS [ 1 ,  32 ]. However, it 
forms mechanical barrier between the epithelial cells of the choroid plexus, which 
prevents drugs from entering the CSF. There are fenestrae between the capillaries 
that supply this region, where the drugs and other molecules can freely diffuse, but 
they are prevented from entering the CSF due to the epithelial tight junctions. 

  Systemic distribution and clearance : Lipophilic compounds are often used for CNS 
therapy as they lead to increase in CNS permeability. These lipophilic compounds 
more readily penetrate into peripheral tissues in the body when administered 
systemically, and this causes signifi cant dilution and metabolism of these drugs, 
hence requiring a larger dose to achieve the required therapeutic levels in the brain [ 7 ]. 
This leads to nonspecifi c systemic side effects. In addition, lipophilic compounds 
tend to have high plasma protein binding; which causes decrease in the free fraction 
of circulating drug available for therapeutic effi cacy. This problem can be addressed 
by altering the release and distribution profi le of therapeutics via their encapsulation 
in the novel drug delivery systems [ 1 ]. The discovery of antennapedia (Antp)-mediated 
transduction of heterologous proteins into cells, and of other “Trojan horse pep-
tides,” is an example for effective delivery of biological therapeutics across the BBB 
and cellular membranes [ 33 ].   

4.2     Imaging Applications for CNS Diseases 

 Imaging plays a central role in the diagnosis of the disorders of central nervous 
system (CNS). Several different imaging modalities such as ultrasonography (US), 
optical imaging, X-ray computed tomography (CT), positron emission tomography 
(PET), single photon emission computed tomography (SPECT), and magnetic reso-
nance imaging (MRI) have been employed for CNS imaging. Among them, MRI 
has by far been one the most widely used clinical imaging modality for the assess-
ment of CNS diseases [ 2 ]. Computed tomography (CT) also continues to offer sev-
eral advantages that are lacking in MR imaging. Similarly, ultrasound (US) imaging 
also compliments MRI and PET and achieves good spatial and temporal depth reso-
lution that is lacking in other functional brain imaging modalities. Optical imaging 
is becoming increasingly popular for brain imaging due to exquisite sensitivity to 
functional changes through intrinsic contrast as well as ease of synthesis and avail-
ability of optical probes that can be used as exogenous contrast agents [ 3 ]. Most of the 
imaging techniques are capable of allowing for real time noninvasive imaging of the 
brain. More importantly the availability of advanced instrumentation and techno-
logical breakthroughs in multimodal imaging systems (such as PET-CT, MR-CT 
and PET-MR) provides great promise for the evaluation of several physiologic 
parameters [ 4 – 6 ]. For instance, regional cerebral perfusion can be evaluated by 
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intravenous infusion of contrast agents and performing perfusion-weighted MRI in 
conjunction with CT [ 34 ]. Similarly, in the case of patients with acute stroke disorders, 
MRI evaluation can provide very useful information such as very early changes in 
free water diffusion in the brain [ 35 ]. In addition, the ever-expanding fi eld of func-
tional MRI (fMRI) can be used to provide topographic plots of brain activity using 
blood fl ow and regional oxygen consumption in the brain [ 36 ]. Also, new techniques 
such as functional ultrasound (fUS), has the capability to image whole-brain micro-
vasculature dynamics in response to brain activation with high spatiotemporal reso-
lution [ 37 ]. Overall, it has become imperative to choose the imaging modality based 
on the indication of the disease, the strengths and weakness of all the available 
techniques, and the cost-to-benefi t analysis for the patient. We discuss below some 
of the important modalities used for CNS imaging. 

4.2.1     Magnetic Resonance Imaging (MRI) 

 MRI)is the one of the most preferred procedure for imaging CNS disorders [ 38 ]. 
In addition to offering a major advantage of imaging in any plane, MRI provides 
extremely good soft tissue contrast, which lacks in CT or ultrasound imaging. 
However, the most attractive feature of MR imaging is the lack of harmful ionizing 
radiation that is indispensable for nuclear modalities imaging such as CT, PET, or 
SPECT. Also, the artifacts seen in CT imaging such as beam hardening from the 
bone/base of the skull or dental implants are also absent in MR imaging [ 39 ,  40 ]. 
MRI is very useful to detect a variety of conditions of the brain such as development 
structural abnormalities [ 41 ], cysts [ 42 ], tumors [ 43 ], infl ammation or bleeding 
due to injury to the brain [ 44 ]. In addition, it can also be used to detect infections, 
or problems with the blood vessels [ 36 ,  45 ]. MRI of the brain can be useful in evalu-
ating disorders such as dizziness, persistent headaches, or seizures [ 46 ], and it can 
help to detect certain chronic diseases of the nervous system, such as multiple scle-
rosis [ 47 ,  48 ]. The disadvantage of MRI includes longer imaging times, increased 
artifacts due to patient motion, and increased cost of instrumentation. MRI may also 
be contraindicated in some cases because of the presence of certain implants or 
metallic foreign bodies [ 49 ].  

4.2.2     X-Ray Computed Tomography 

 X-ray computed tomography (CT) has proved useful for evaluating CNS disorders, 
brain ischemia, and injury such as assessment of hemorrhage, edema, and fractures 
[ 50 – 52 ]. CT can provide several advantages over MRI which include short imag-
ing times (about 1 s per slice), widespread availability, ease of access, optimal 
detection of calcifi cation and hemorrhage (subarachnoid hemorrhage), and excel-
lent resolution of bony detail [ 53 ]. Even today, CT remains a procedure of choice 
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in the evaluation of acute intra-cerebral hemorrhage because of its high sensitivity 
and easy access. CT is also valuable for patients who cannot be subjected to MRI 
because of implanted biomedical devices or ferromagnetic foreign material [ 49 ]. 
Disadvantages of CT include the use of ionizing radiation and frequent artifacts 
arising from dense bone/base of the skull [ 54 ]. Although CT may occasionally sug-
gest the diagnosis of some CNS disease conditions, MR imaging demonstrates this 
abnormality to better advantage [ 55 ]. For instance hemorrhages of the corpus cal-
losum and the midbrain are common, and MRI is more sensitive than CT in detect-
ing the foci of edema and hemorrhage [ 56 ]. MRI can also can detect blood 
breakdown products (hemosiderin) and thus is helpful in evaluating remote trau-
matic brain injury [ 57 ]. Thus in several cases, multimodal anatomic (such as CT) 
and functional imaging (such as MRI) can provide better information for evaluat-
ing CNS disorders.  

4.2.3     Positron Emission Tomography (PET) and Single Photon 
Emission Computed Tomography (SPECT) Imaging 

 Among the nuclear modality imaging, PET having high detection sensitivity has 
been one of the most sought instrumental techniques. Indeed, PET can be consid-
ered as one of the most powerful molecular imaging technique currently available 
for general clinical management of several disease conditions [ 58 ]. PET has been 
widely used in the study of several CNS disorders [ 59 ]. A number of different 
molecular markers labeled with positron-emitting isotopes, such as fl uorine-18 
([ 18 F], carbon-11 ([ 11 C]), oxygen-15 ([ 15 O]), and nitrogen-13 ([ 13 N]), have been 
developed for measuring cerebral blood fl ow (CBF), neurotransmitter system and 
cerebral metabolism [ 1 ,  2 ]. Almost every aspect of brain physiology can in principle 
be evaluated by using PET radiotracers. In this regard, one of the most well-known 
and widely used PET radiopharmaceutical for both research and clinical application 
is fl uorine-18 labeled fl uorodeoxyglucose ( 18 F-FDG) (with a half-life of ~110 min 
and high-energy positron emission (0.6335 MeV) [ 60 ]. FDG-PEt allows for the 
evaluation of glucose metabolism and has physical characteristics that make it rela-
tively easy to produce and use. FDG-PET has been frequently used for staging of 
several solid tumors [ 61 ,  62 ]. In addition, FDG-PET provides high-resolution 
images of cerebral metabolism [ 63 ]. PET, in conjunction with PET probes have 
been utilized to study and mange many diseased states in the brain. In fact, PET was 
almost exclusively utilized for brain imaging in early clinical research, which pro-
vided huge amounts of data that have advanced the understanding of brain function. 
The most specifi c CNS disorders in which PET studies may infl uence the management 
of patients include brain tumors, seizures and movement disorders, dementia, and 
head trauma [ 58 ,  63 – 70 ]. There are some disadvantages of PET probes. The produc-
tion of positron emitting PET nuclides generally requires a dedicated and costly 
cyclotron in close proximity to the imaging facility due to the short half-lives of 
radionuclides. It is for this reason that radiolabeling drugs/molecular markers with 
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PET-radiotracers are at times diffi cult to produce and image within the time frame 
of their decay [ 71 ]. In this regard,  68 Ga can be used valuable alternative to  18 F for 
PET imaging because it does not need an on-site cyclotron and also because of its 
high positron emission of 1.899 MeV [ 71 ,  72 ]. 

 Another alternative to PET is the use of SPECT imaging. Although SPECT 
generally has lower radionuclide detection effi ciency over PET, recent advance-
ments in multi-aperture pinhole SPECT technology signifi cantly reduces the differ-
ence in detection effi ciencies between both modalities [ 73 ].  99m Technetium ( 99m Tc) 
is a versatile radioisotope for SPECT imaging that emits readily detectable 140 KeV 
γ-rays with a half-life of ~6 h [ 74 ]. The time frame of its decay is ideally suited for 
labeling for in vivo setting because it is long enough for scanning with SPECT 
instrument but at the same time keeps the radiation exposure low and helps reduce 
radiation burden to patients [ 74 ].  99m Tc is thus currently the most commonly used 
isotope for several disease diagnosis including cancers [ 75 ]. In one recent study 
 99m Tc was conjugated to human serum albumin ([ 99m Tc]-HSA) for performing 
SPECT/MRI to study the role of infl ammation in the cavernous sinus of cluster 
headache patients [ 76 ]. In another study SPECT using  67 Ga radiotracer was used 
successfully in patients with suspected CNS lymphoma [ 77 ]. Kungh et al. used 
iodine-125 labeled idobenzamide ([ 125 I]-IBZM) for the in vivo SPECT imaging of 
CNS D2 receptors in the brain. The imaging study revealed that ([ 125 I]-IBZM 
showed specifi c   localization     in the basal ganglia of the brain [ 78 ]. In yet another 
recent study, SPECT scans were used as an objective measure of abnormalities 
present in the patients brain in chronic Lyme disease, that frequently involves the 
central nervous system [ 79 ]. 

 In the last few years, along with the increased interest in novel radiopharmaceutical 
(probe) development for CNS diseases, there has been a burgeoning growth in the 
development of cross-functional imaging technologies that are revolutionizing the 
fi eld of biomedical imaging for disease management [ 80 ]. For instance, CT or MRI 
that can provide structural information is being combined with radionuclide imag-
ing techniques such as PET/SPECT or optical imaging that lacks these features 
[ 81 ]. Some such examples include the clinical hybrid/fused PET-CT and SPECT-CT 
[ 82 ] and preclinical small animal micro-PET/SPECT-CT imaging systems, which has 
the ability to co-register both functional and anatomical features previously lacking 
in SPECT or PEt alone [ 83 ]. Other combinations of functional and structural imag-
ing modalities such as PET/MRI and SPECT/MRI are also used both for preclinical 
and clinical imaging [ 76 ,  84 – 86 ].  

4.2.4     Noninvasive Optical Imaging 

 Noninvasive optical imaging of the brain was demonstrated more than three decades 
ago, in which near-infrared (NIR) light was used for measurement of changes in 
blood fl ow and tissue oxygenation in the brain [ 87 ]. Since then, there has been 
tremendous growth in the area of optical imaging for preclinical and clinical 
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imaging of the brain [ 88 – 93 ]. There are distinct advantages of using light to image 
tissues. Apart from the instrumental advantage (such as relatively ease in access and 
cost of instrumentation) and the nonionizing nature of light used, the most attractive 
feature of optical imaging lies in its ability to provide excellent sensitivity to func-
tional changes that occur due to intrinsic changes in absorption, fl uorescence, or 
scattering of the (intrinsic) chromophores. The most commonly used intrinsic chro-
mophores are oxyhemoglobin and deoxyhemoglobin (HbO 2  and HbR). However, 
there has also been an increased interest in extrinsic NIR contrast agents for preclini-
cal and clinical imaging [ 94 ,  95 ]. The most challenging aspect of optical imaging is 
to overcome the effects of scattering of light, which generally limits the penetration 
depth and achievable imaging resolution. Although light penetration and scattering 
pose as obstacles for performing optical imaging in adult humans, it has been easier 
to achieve in children and babies. Optical imaging provides a unique opportunity 
because other techniques, such as function MRI (fMRI) and PET, are diffi cult to 
perform on infants and babies. Moreover, the studies in babies are motivated due 
injuries to the brain caused by premature birth, birth asphyxia, and congenital con-
ditions [ 96 ]. It also allows for assessing infant brain development that has been 
previously inaccessible by other imaging modalities [ 97 ]. However, in the case of 
adults, optical imaging can complement other imaging modalities such as fMRI by 
providing additional functional information [ 98 ]. Preclinical noninvasive optical 
brain imaging has been performed on animals in general as a precursor to clinical 
imaging in humans or for longitudinal developmental studies [ 93 ,  99 ,  100 ].  

4.2.5     Illustrative Examples of CNS Imaging 

 Although MRI, CT, PET, SPECT, and optical imaging have been used individually 
for imaging a number of CNS conditions recent focus has been on the development 
of systems, which enable multimodal imaging. Kircher et al. recently reported the 
development of a triple-modality magnetic resonance imaging, photoacoustic imag-
ing, and Raman imaging (MPR) using nanoparticle system which provided enhanced 
brain imaging allowing accurate demarcation of tumor and healthy tissue margins 
[ 101 ]. MPR enhanced the MRI contrast-to-noise ratio from 2.2 ± 0.3 to 14.0 ± 1.9, 
increased the photoacoustic signal by 75 % and also provided Raman signal post- 
injection of the MPR nanoparticle (Fig.  4.3 ). The triple modality system also 
enabled accurate tumor imaging and surgical resection thus indicating the benefi t of 
combining multiple imaging modalities [ 101 ].  

 The concept of multimodality imaging was also explored by Fan et al., who inves-
tigated development of multifunctional microbubble (MBs) system loaded with 
doxorubicin and conjugated with superparamagnetic iron oxide nanoparticles 
(SPION) [ 102 ]. MBs are gas bubbles (air or perfl uorocarbon) encapsulated in a 
stabilizing shell (albumin or lipid) and are used as contrast agents in ultrasound based 
imaging. When these MBs are administered in vivo and exposed to ultrasound they 

L. Shah et al.



161

  Fig. 4.3    Multi-modality imaging of brain tumors in living mice using MPR nanoparticles. ( a ) 
Two-dimensional (2D) axial MRI, photoacoustic and Raman images. The post-injection images of 
all modalities showed clear tumor visualization ( dashed boxes  outline the imaged area). ( b ) A 
three-dimensional (3D) rendering of MRI with the tumor segmented ( red ;  top ), an overlay of the 
3D photoacoustic images ( green ) over the MRI ( middle ) and an overlay of MRI, the segmented 
tumor and the photoacoustic images ( bottom ) showing good co-localization of the photoacoustic 
signal with the tumor. ( c ) Quantifi cation of the signals in the tumor showing a signifi cant increase 
in the MRI, photoacoustic, and Raman signals after as compared to before the injection.  n  = 4 mice. 
Data represent mean ± s.e.m. *** P  < 0.001, ** P  < 0.01 (one-sided Student’s  t  test.) AU, arbitrary 
units (reproduced with permission from ref. [ 101 ])       
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expand and contract at the frequency of the propagating acoustic wave. Once these 
oscillations are above a certain threshold these microbubbles collapse, inducing high 
temperature and pressure, which results in a shock wave that can puncture vessel 
walls including the blood–brain barrier (BBB). Following disruption by these MBs, 
the BBB can remain permeable for hours, allowing accumulation of therapeutic 
agents in the brain. SPIONs (size 50–180 nm) on the other hand are MRI contrast 
agents often used to evaluate BBB dysfunction, cerebrovasculature perfusion, and 
in vivo cellular tracking. The SPION based multimodal system designed by Fan et al. 
not only delivered doxorubicin to the desired site but also provided image guided 
delivery of the cytotoxic agent to the tumor tissue. 

 Like the SPION, ultrasmall paramagnetic iron oxide nanoparticles (USPION) (size 
10–50 nm) have been developed for the purpose of MRI imaging. Wadghiri et al. 
recently reported the development of USPIO-poly (ethylene) glycol (PEG)-Ab 1-42 
nanoparticles to detect amyloid β plaques in Alzheimer’s disease [ 103 ]. Traditionally in 
Alzheimer’s disease PET imaging is used to visualize amyloid plaques in early stages 
of the condition when effective therapy can be initiated in patients. However, due to low 
spatial resolution of PET imaging many plaques cannot be imaged effectively. In com-
parison to PET and optical microscopy, MRI would provide effective amyloid plaque 
detection especially in the early stages due to MRI’s high spatial resolution. Chen et al. 
had previously reported the binding of Ab 1-40 peptide with gadolinium diethylenetri-
aminepentaacetic acid (Gd-DPTA) or monocrystalline iron oxide nanoparticles 
(MION) for MRI imaging. The system was delivered via the intra-carotid artery along 
with mannitol to enhance BBB permeability. However, despite being able to use MR 
for imaging only mature plaques could be visualized. Following subsequent studies 
the USPIO-PEG-Ab 1-42 nanoparticles were developed which contained USPIO to 
enable intravenous injection, PEG to enhance BBB permeability and Ab 1-42 to target 
the nanoparticles to amyloid β plaques. Based on their work it was observed that this 
multimodal system enabled effective BBB penetration, targeting of the nanoparticle to 
the amyloid β deposits and MRI imaging could be used to detect these amyloid β 
plaques in Alzheimer’s disease transgenic mice. Thus the fi nding of this work provides 
an opportunity of developing and evaluating novel therapeutic approaches to reduce the 
amyloid deposits in Alzheimer’s disease. 

 Many of the CNS imaging techniques are often focused on the imaging of 
 diseased tissue such as dopaminergic imaging in Parkinson’s disease [ 104 ], molecular 
imaging of microglia and macrophages in the brain to understand  neuroinfl ammation 
[ 105 ], and diagnosis of CNS viral infections such as encephalitis, meningitis, 
encephalomyelitis, and encephalomyeloradiculitis [ 106 ]. Likewise these conven-
tional imaging techniques have also been used for cell tracking especially for track-
ing of stem cells transplanted for the treatment of cerebral conditions such as stroke, 
spinal cord injuries and central nervous system degenerative conditions such as 
Alzheimer’s and Parkinson’s disease to identify and monitor fate of particular 
groups of cells. Successful cell tracking has been carried out by combining MRI 
with SPION’s [ 107 – 109 ], optical imaging with quantum dots [ 110 ,  111 ], or PET 
with unstable β + nuclides [ 112 ]. MRI is thought to be an excellent tool for in vivo 
CNS imaging; however, for effective MRI the cells are required to be labeled with 
a contrast agent, which would enable distinction between stem cells and in vivo 
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background. Several commercially available contrast agents have been investigated 
for imaging stem cells; however, due to their low internalization effi ciency, dilution 
post administration in vivo, and rapid degradation, long term stem cell tracking has 
been stalled [ 113 ]. In order to overcome this issue and to provide a biological safe 
system, Wang et al. recently reported the development of SPIO@Au nanoparticles 
which were labeled to stem cells and post injection in mice could be traced for a 
period of 1 month [ 114 ]. Yi et al. reported the development of Fe 3 O 4 @SiO 2  core 
shell nanoparticles which were used to label human mesenchymal stem cells 
(hMSC) and were imaged using MR imaging [ 115 ]. The authors observed that 
in vivo imaging of the Fe 3 O 4 @SiO 2  labeled hMSC provided enhanced MRI imaging 
compared to unlabeled hMSC. This idea of imaging mesenchymal stem cells was 
extended further by Huang et al., who prepared mesoporous silica nanoparticles 
with FTIC, NIR dye ZW800, Gd 3+ , and  64 Cu which were loaded into mesenchymal 
stem cells, enabling multimodal imaging using optical imaging, MRI, and PET 
[ 116 ]. Optical microscopy enabled visual monitoring of interaction between meso-
porous silica nanoparticles and mesenchymal stem cells. MRI provided information 
about the distribution of the mesenchymal stem cells in the tumor region while PET 
helped to understand the dynamics between the system and in vivo condition and 
also provided a mechanism to quantify targeted delivery of the nanoparticles 
(Fig.  4.4 ). Further to this it was also observed that the multifunctional nanoparticle 
system could be integrated into the mesenchymal stem cells without inducing toxic-
ity or affecting intrinsic cellular functions.    

4.3     Image-Guided Therapeutic Delivery 

 The advances in imaging technologies in recent years have opened up an arena of 
image-guided delivery of therapeutics. While number of compounds emerging from 
drug discovery for the treatment of CNS disorders is expanding, a common challenge 
that is being faced is their inadequate delivery to the CNS. The most commonly prac-
ticed routes of delivery, namely the systemic and intrathecal administration have 
certain drawbacks [ 117 ]. Systemic delivery is often faced with systemic toxicity, 
non-targeted drug disposition and is impacted due to the inability of compounds to 
cross the blood–brain barrier [ 118 ,  119 ]. Intrathecal or intraventricular delivery is 
based on diffusion and these results in non-targeted heterogeneous dispersion of the 
drug in the CNS [ 117 ]. Hence, alternate forms of drug delivery, especially those that 
are guided to the site of interest via imaging are attractive. 

4.3.1     Convection-Enhanced Drug Delivery 

 Convection-enhanced drug delivery (CED) has been explored to deliver small and 
large molecule therapeutics to the CNS. This technique involves invasive delivery of 
molecules, via a cannula into the interstitial spaces of the CNS tissues and hence 
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bypassing the blood–brain barrier. Factors infl uencing tissue distribution of the drug 
by CED include drug half-life and tissue binding properties, drug fl ow-rate and 
volume; as well as the size, shape, and placement of the cannula [ 120 ,  121 ]. The 
work done by Lonser and colleagues for the treatment of neuronopathic Gaucher 
disease highlights a very promising application of combining CED, for delivering 
glucocerebrosidase coupled with, real-time monitoring of enzyme distribution using 
MRI tracer (gadolinium diethylenetriaminepenta-acetic acid [Gd-DTPA]) [ 117 ]. 
While CED allows stereotactic placement of drug into the brain to allow penetration 

  Fig. 4.4    In vivo multimodal imaging of the tumor targeting of the MSC-nanoparticles to ortho-
topic U87MG glioblastoma. ( a ) The near-infrared fl uorescence signal of MSCs labeled with MSN 
and HA-MSN particles varied with an increase in cell concentration. ( b ) MR imaging demon-
strated the increased signal at the tumor sites after MSC-nanoparticle administration for 24 h com-
pared with pre-injection. ( c ) PET imaging of the tumor targeting of the MSC-nanoparticle and 
HA-MSN- 64 Cu at the indicated time points. ( d ) Frozen tissue slices confi rmed that the tumor 
uptake of the MSC-nanoparticle was signifi cantly higher than free HA-MSNs, implying targeting 
of the MSC-nanoparticle to tumors (reproduced with permission from ref. [ 116 ])       
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through a larger volume of the tissue, when compared to diffusion- based delivery, 
it does not alter the drug release from the vehicle delivered [ 122 ]. Hence, numerous 
research publications are combining nanoparticulates as drug delivery to the brain 
using CED as the mode of delivery. 

 While CED based drug delivery to the brain shows promise in delivering thera-
peutics to the brain, it suffers from a major setback or requiring surgical procedures 
and potential to cause high intracranial pressure [ 123 ].  

4.3.2     Focused Ultrasound for BBB Disruption 

 Intra-arterial injection of certain hyperosmotic solutions such as mannitol, leads to 
transient opening of the tight junctions of endothelial cells of the BBB within the 
entire tissue volume supplied by the injected artery branch. Therefore, this phenom-
enon lacks the ability to selectively target a particular region in the brain that may 
be affected [ 124 ]. Patrick et al. [ 125 ] studied disruption of the blood–brain barrier 
using high intensity focused ultrasound. However, such technique is often associ-
ated with tissue damage, commonly the thermal induced lesions [ 126 ]. Hynynen 
and colleagues demonstrated for the fi rst time [ 127 ] that, a low-power focused ultra-
sound applied after intravenous administration of a contrast agent and monitored via 
magnetic resonance imaging (MRI), induced a reproducible, focal blood–brain bar-
rier opening by using intravascular gas bubbles as cavitation sites. The induction of 
these bubbles allowed reduction in the temporal average spatial peak powers by 
about two orders of magnitude and hence, no obvious permanent damage to the 
brain tissue was seen [ 127 ]. Also, following this technique of MRI-targeted focused 
ultrasound induced disruption of BBB, an intravenously administered dopamine 
receptor-targeting antibody crossed the BBB and recognized its antigens [ 19 ]. 
Figure  4.5  shows the T1 and T2 MRI of mouse brain after subjecting the hippocam-
pus to ultrasound at 2.7 MPa and followed by an injection of contrast enhancer, 
gadolinium [ 128 ].  

 While both of these techniques have demonstrated improved delivery of thera-
peutic to the brain guided by imaging, they are invasive and hence, alternate formu-
lation strategies based on colloidal nanoparticulates have been studied.  

4.3.3     Nanoparticulate Drug Delivery 

 Transcellular uptake, receptor-mediated endocytosis and active targeting are the 
major pathways for nanotechnologies to show improved drug delivery to the CNS. 
Various other strategies, like improving paracellular permeability across the tight 
junctions of the BBB by use of vasoactive agents, which momentarily permeabi-
lize the blood vessel, have also been reported for drug delivery to the CNS. 
However, these are associated with signifi cant side effects and dose limitation [ 129 ]. 
Use of hypertonic solution of mannitol, which transiently opens the tight junctions 
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due to shrinkage of endothelial cells, thereby improving the penetration of therapeu-
tics administered by intra-arterial infusion [ 130 ]. Another approach that is being 
explored is intranasal delivery of nanocarriers. This route allows to bypass BBB by 
crossing the olfactory epithelium to achieve direct nose-to-brain delivery via the 
olfactory or trigeminal nerve system [ 131 ]. Table  4.3  shows examples of several 
clinical trials of polymeric nanocarriers, implants and microchips [ 132 ].

   Following intravenous administration, the colloidal systems, like liposomes, 
solid lipid nanoparticles, nanoemulsion, albumin nanoparticles, and polymeric 
nanoparticles can extravasate into compromised BBB, e.g., the brain tumor, which 
leads to a more selective drug delivery into brain tumors [ 133 ,  134 ]. 

  Fig. 4.5    T1and T2 magnetic resonance imaging (MRI) scans of a single mouse brain (approxi-
mately 3 mm beneath the top of the mouse skull). Ultrasonication at a pressure amplitude of 2.7 
Mpa was applied and images taken. The ultrasound beam was focused onto the left hippocampus, 
while the right hippocampus was not targeted and hence served as a control. ( a ) 10 min after gado-
linium (Gd) injection: Gd began to leak through the posterior cerebral artery near the hippocampus. 
( b ) 35 min after Gd injection: Permeation of Gd through the hippocampus region showed an 
increase. ( c ) 95 min after Gd injection: Gd showed complete permeation throughout the hippocam-
pus. ( d ) and ( e ): T2 MRI scans were obtained 20 min ( d ) and 50 min ( e ) after Gd injection, shows a 
suppressed signal where gadolinium is released. This corresponds to the regions of contrast enhance-
ment seen on the T1 MRI scans in ( b ) and ( c ) (reproduced with permission from ref. [ 128 ])       
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 An interesting application of combining CED with nanoparticle drug delivery for 
GBM therapy was via coupling of GBM-specifi c antibody (EGFRvIIIab) to the 
MRI-contrast enhancing magnetic iron oxide nanoparticles (IONPs) [ 135 ,  136 ] as 
illustrated in Fig.  4.6 . Magnetic nanoparticles have a potential multifunctional advan-
tage of providing cancer cell detection by MRI (contrast enhancement) as well as 
targeted cancer cell therapy [ 135 ]. These IONPs were administered using CED for 
targeted MRI imaging. The coupled antibody selectively bound to the epidermal 
growth factor receptor deletion mutant on human GBM and lead to signifi cant 
improvement in median survival (19 days) in highly tumorigenic mice when com-
pared to untreated group (11 days survival) [ 135 ,  136 ].   

4.3.4     Illustrative Examples of Image-Guided Therapeutic 
Delivery 

 Targeted therapeutic delivery to the brain for treating several disorders is well 
explored to overcome the disadvantage of systemic delivery of such therapeutics, 
which often suffers from lack of passage through the BBB. A paradigm in CNS 

   Table 4.3    Clinical trials of polymeric implants, microchips, and nanocarriers (adapted with 
permission from ref. [ 132 ])   

 Description of technology  Disease conditions  Phase/status  Trial identifi er 

 O6-Benzylguanine and Carmustine 
implants in treating patients with 
recurrent malignant glioma 

 Brain and central 
nervous system 
tumors 

 Completed  NCT00004892 

 Phase IIa safety and light dose-
escalation study in patients with 
primary or recurrent/high-grade glioma 
using the LitxTM system to confi rm 
the zone of tumor destruction during 
the intraoperative treatment of glioma 

 Glioma, glioblastoma 
multiforme, 
anaplastic 
astrocytoma 

 Completed  NCT00409214 

 Examination of changes on Magnetic 
Resonance Imaging (MRI) in patients 
who receive Gliadel wafers during 
initial surgery for glioblastoma 
multiforme. Response or failure to 
Gliadel wafers for subjects with 
glioblastoma multiforme 

 Glioblastoma 
multiforme, 
anaplastic 
astrocytoma, 
anaplastic 
oligodendroglioma 

 Terminated  NCT00645385 

 Gliadel wafer and fl uorescence-guided 
surgery with aminolevulinic acid 
followed by radiation therapy and 
Temozolomide in treating patients with 
primary glioblastoma 

 Brain and central 
nervous system 
tumors 

 Recruiting  NCT01310868 

 A study of intraventricular liposomal 
encapsulated Ara-C (DepoCyt) in 
patients with recurrent glioblastoma 

 Glioblastoma 
multiforme, glioma, 
astrocytoma, brain 
tumor 

 Recruiting  NCT01044966 
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therapy would be to combine therapeutic delivery with imaging modality. An example 
of utilizing such an approach for controlling distribution of glucocerebrosidase 
enzyme in the region of brain and brainstem, in patient with neuronopathic Gaucher 
disease, has been translated in clinic [ 117 ]. Perfusion of glucocerebrosidase to clini-
cally affected anatomic sites (right facial (VIII) and abducens (VI) nerves within the 
brainstem nuclei), coupled with real-time MRI monitoring revealed progressive and 
complete fi lling of the targeted region with enzyme and gadolinium diethylenetri-
amine penta-acetic acid (Gd-DTPA) infusate [ 117 ] (Fig.  4.7 ). Thus, convection- 
enhanced delivery can be used to safely perfuse large regions of the brain and 
brainstem with therapeutic levels of glucocerebrosidase. The authors extend the appli-
cation of this technology towards treatment of other CNS disorders like, metabolic 
storage diseases, tumors and degenerative diseases [ 137 ].  

  Fig. 4.6    Representation of an amphiphilic block polymer-coated magnetic iron oxide nanoparticle 
(IONP). The core is IONP ( red color , size 10 nm) coated with a biocompatible amphiphilic 
copolymer bioconjugated to the GBM-specifi c antibody (EGFRvIIIab). Polyethylene glycols 
(PEG) are present on the surface of the polymer for stabilization of these IONP. Bioconjugation of 
the EGFRvIIIab is performed to the carboxylic (–COOH) group of the polymer coating of the 
IONP (reproduced with permission from ref. [ 136 ])       

Fig. 4.7 (continued) (pre- operative), targeted for perfusion ( green-shaded area ). Co-infusion of a 
surrogate MRI tracer with glucocerebrosidase enzyme, ensured its accurate and adequate distribu-
tion to the targeted region. Corresponding intraoperative, T1-weighted MRI in the sagittal ( e ) and 
coronal ( f ) planes after delivery of 1.8 mL of gadolinium diethylenetriamine penta-acetic acid 
(Gd-DTPA) and glucocerebrosidase into the targeted region in the pons (distribution of Gd-DTPA 
is the  white area ) (reproduced with permission from ref. [ 117 ])       
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  Fig. 4.7    Schematic views of the brainstem, illustrating the anatomic location of affected right VII 
and VI cranial nerves in patient with Gaucher disease, in sagittal ( a ) and coronal ( b ) planes. Also, 
T1-weighted MRI corresponding region in the sagittal ( c ) and coronal ( d ) planes of brainstem 
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 Sawyer et al. were the fi rst to demonstrate a combination-based therapy of intra-
cranial tumors utilizing polymer based camptothecin (CPT) nanoparticles with 
CED to allow delivery to a stereotactically defi ned location in the brain for long 
period of time [ 122 ]. While, all of the control rats (untreated) died from progressive 
tumors by 16 days after implantation, drug treated rats showed improved survival, 
and group with CED of nanoparticles had signifi cantly more long-term survivors 
(30 %) and improved median survival (22 days) when compared to blank nanopar-
ticles [ 122 ]. Figure  4.8  illustrates the histopathology and fl uorescent images of the 
intracranial CED- based administration of either drug-loaded nanoparticles or blank 
nanoparticles, or unencapsulated CPT nanoparticles [ 122 ]. One of the reasons for 
improved survival of rats and disappearance of gliomas in this study is likely due to 
increased volume coverage of drug owing to CED- based administration. This tech-
nology has the potential to apply to clinic for wide range of insoluble cancer thera-
peutics, to improve the delivery and reduce the dose thereby, reducing the toxicity 
of these drugs.  

 Thus, image-guided targeted delivery of therapeutics to the brain using invasive 
techniques like focused ultrasound or convection-enhanced drug delivery has shown 
tremendous benefi t and improvement in treating CNS disorders. The concept has 
proven application in a clinical setting. Combination of nanoparticulate drug deliv-
ery with an imaging component is a promise to improve the targeting of therapeutics 
to the CNS.   

4.4     Conclusions 

 The delivery of therapeutics to the brain requires traversing the highly impermeable 
BBB which has remained one of the greatest challenges for the successful treatment 
of disorders of the CNS. Although current regimens using naked antibodies, peptides 
and drugs have shown progress in treating such conditions, their complete utility 
remains unexplored in the absence of appropriate delivery systems. In recent times, 
there has been a burgeoning interest among researchers and clinicians to explore 
novel invasive and noninvasive delivery technologies due to the tremendous poten-
tials offered by such interventions in overcoming the delivery barriers to the brain, 
and in exploring new paradigms to effectively resolve disorders of the CNS. In this 
regard, there is also growing interest in utilizing imaging technologies in conjunction 
with therapeutic interventions that can not only aid in diagnosis of disorders but also 
assist in monitoring the progression of disease, as well as for measuring treatment 
response. Among the imaging modalities, techniques such as MRI and X-ray CT 
have been employed in the clinics at large. In recent times, radionuclide imaging 
using SPECT and PET and optical imaging using fl uorescent probes have also 
shown tremendous utility in preclinical and clinical brain mapping. The combina-
tions of cross-functional imaging systems such as PET/MRI, PET/CT and SPECT/
CT are becoming increasingly popular due to their ability to noninvasively image 
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  Fig. 4.8    Histopathology of brains isolated from an orthotropic glioma model in rat, following 
convection-enhanced delivery (CED) based administration of camptothecin (CPT) nanoparticles 
( a ,  b ) or free drug ( c ) or blank nanoparticles ( d ): After tissue harvesting, cresyl violet was used to 
visualize the remaining tumor.  a : Rats that survived for 60 days, i.e., until the end of the study, 
showed no remaining tumor. A cavity was formed at the site of the tumor location.  b : Some rats 
that received a full dose of nanoparticles died prior to the end of the study (at day 20). In both sets 
of rats (surviving and dead), residual nanoparticles delivered by CED were often visible (see  boxes  
in  a  and  b ).  c : Rats given CED of free drug or d: rats given CED of blank particles had large tumors 
with evidence of a midline shift and altered ventricles due to the presence of the tumor. These 
animals died at day 17 ( c ) and day 15 ( d ).  e  and  f : Fluorescent images of sections shown in panels 
 a  and  b  reveal CPT (inherently fl uorescent molecule) due to persistence of encapsulated in the tissue 
(reproduced with permission from ref. [ 122 ])       
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both molecular signatures and structural details of the brain. Thus, the concept of 
combining imaging and therapeutic interventions using a single nano delivery system 
or the so-called “theranostic” nanosystems is currently evolving as one of the most 
effective ways to compliment the diagnostic regimen with a therapeutic end goal, with 
the added advantage of progressive noninvasive evaluation of treatment response. 
Engineering of such multifunctional nanoparticles that can simultaneously perform 
multiple roles such as targeted payload delivery and multimodal imaging functions 
have shown great potentials in brain delivery/imaging, unraveling promising avenues 
for improving the outcome of treating CNS disorders in the clinic.     
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Chapter 5
Inhalation Therapy for Pulmonary 
Tuberculosis

Keiji Hirota, Keishiro Tomoda, Kimiko Makino, and Hiroshi Terada

5.1  Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (Mtb) is one of the worst 

of infectious diseases. Mtb is transmitted from person to person via airborne drop-

lets that arise from the one infected with the active Mtb organism, and thus this 

mode of transmission has the potential to cause a worldwide pandemic. In addition, 

the recent emergence of multi-drug resistant TB (MDR-TB) and extensively drug- 

resistant TB (XDR-TB) has become a major public health issue in both developing 

and developed countries. Although the development of new anti-TB drugs, such as 

TMC207, OPC-67683, and PA-824, is recently in progress throughout the world 

[1, 2], the establishment of an effective system for the delivery of such drugs as well as 

conventional anti-TB drugs also needed for the extermination of TB. In this chapter, 

essential medical treatment and promising formulations for the treatment of pulmo-

nary TB through inhalation are described.
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5.1.1  Epidemiology of TB

stated that “the WHO declared TB a global public health emergency in 1993. Starting 

in the mid-1990s, efforts to improve TB care and control intensified at national and 

international levels” [3]. However, one-third of the world population has already been 

infected with Mtb [4, 5]; and the latest estimates by the WHO showed that 8.7 million 

people fell ill with TB, and 1.4 million people died from it, in 2011 [3].

-

nodeficiency virus (HIV) is 21–34 times greater than that for those without HIV 

infection [6]; and TB is the leading cause of death among HIV-positive individuals, 

being responsible for 22 % of HIV-related deaths. As people infected with both HIV 

and Mtb become a growing pool of the Mtb, treatment and prevention of TB need to 

be addressed in conjunction with acquired immunodeficiency syndrome (AIDS).

5.1.2  Pathology of TB

Mtb organisms infect the lung tissue of an individual through inhalation of the 

Mtb- containing airborne droplets that arise from coughing and conversing with TB 

patients. The initial infection with Mtb has a potential to occur in any of the lung 

lobes, which infection leads to the formation of small necrotic caseous lesions that 

contain Mtb
-

viduals. In general, TB turns active and infectious when the bacteria have developed 

a secondary site of infection, which is usually the upper lobes of the lungs, though 

Alveolar macrophages patrol the alveoli and eliminate exogenous foreign sub-

stances by endocytic ingestion and subsequent exposure to reactive oxygen species 

5.1

Fig. 5.1 Survival of Mtb in 

alveolar macrophage
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phagosomes in macrophages through phagocytic pathways. Then, in general the 

-

somes; and finally they undergo full digestion. However, Mtb organisms can escape 

from the clearance process by inhibiting this fusion of the phagosomes with the 

TACO (tryptophan-aspartate-containing coat protein) around the phagosome mem-

brane [7–9]. In addition, Mtbs -

phages by generating catalases, peroxidases, and superoxide dismutases [10, 11]. 

These mechanisms allow Mtbs to persist in the macrophages.

The macrophages infected with Mtbs subsequently generate inflammatory 

responses that lead to the recruitment of neutrophils, monocytes, other macrophages, 

T cells, and B cells from neighboring blood vessels and lymph nodes. Recruited 

macrophages are transformed into several cell types such as epithelioid cells and 

inflammatory response, and these cells and the recruited lymphocytes form a granu-

12–14]. However, 

the Mtbs exploit this granuloma as a shelter to escape from monitoring by immune 

Mtb 15, 16]. 

During the growth, caseation and cavitation gradually progress at the core of the 

granuloma. Then, the organisms that have proliferated exploit macrophages as well 

as neutrophils to be carried as a cargo and to move into the upper airways with the 

sputum [17]. The presence of Mtbs in the sputum indicates the infectious state. 

As Mtb latently infects individuals, a relapse of TB is associated with a depression 

α therapy or HIV 

infection.

5.2  TB Therapy

5.2.1  Current Treatment

according to the internationally accepted first-line treatment regimen [18]. The drugs 

(PZA), and ethambutol (EB). Sometimes streptomycin (SM) is employed instead 

of EB. These therapeutic drugs, except EB, possess mycobactericidal activities. 

p-aminosalicylic 

acid (PAS). These drugs are mainly employed in the treatment of MDR/XDR-TB 

first-line treatment.

19]. In addition, an additional 
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dose for 2 months after the disappearance of the bacterial burden in the lungs is 

needed to prevent a relapse of TB. The current therapy thus has a long duration of 

more than 6 months for a complete recovery from TB [19].

However, the continuous long-term dosing often ends in failure in TB treatment 

and consequently causes the emergence of drug-resistant organisms. To prevent the 

failure of TB therapy, the WHO has proposed the treatment of directly observed 

therapy, short course (DOTS), which has contributed to high drug compliance. 

Although the introduction of DOTS has resulted in increases in successful treatment 

outcomes [20], novel anti-TB drugs acting based on mechanisms other than those 

by conventional anti-TB drugs, and optimum therapeutic protocols to eliminate 

Mtb over the short term of less than 6 months, are needed for complete treatment 

of TB. In addition, overcoming MDR/XDR-TB is also a major clinical issue to be 

addressed.

5.2.2  Inhalation TB Therapy

The Mtb that has invaded into the lungs easily infects alveolar macrophages, in which 

it proliferates by inhibiting phagosome-lysosome fusion by several mechanisms 

previously described in Sect. 1.2. Hence, the infected alveolar macrophages should 

be a primal target for TB therapy, because the organisms accumulate in these cells 

[21]. Comparison between inhalation therapy and conventional oral dosing for TB 

5.1.

The amount of inhaled anti-TB drug in alveolar macrophages is expected to be 

greater than that administered by oral dosing, if an inhalable formulation that incor-

Mtbs in human sputum and reduce the burden of Mtb in the mouse lung [22, 23]. 

In addition, anti-TB drugs formulated into microparticles having a diameter of 3 μm, 

which is suitable for ingestion by alveolar macrophages [24], should contribute to 

their efficient deposition in the lungs. The delivery of anti-TB drugs directly into the 

lungs also decreases their concentration in the circulation system and thus avoids 

adverse effects such as hepatic dysfunction and neurologic disorders. Hence, inhalation 

therapy is promising for complete treatment of TB.

Table 5.1 Comparisons between inhalation therapy and oral treatment for TB

Inhalation therapy Oral treatment

Drug distribution Systemic

Dose Milligram order Gram order

Medication Inhalation using special devices

Formulations Tablet, capsule

Adverse effects Hepatic dysfunction, neurologic 

disorders, allergic response

K. Hirota et al.
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5.3  Preparation of Inhalable Particles Containing 
Anti-TB Drugs

The human airway becomes narrower after the bifurcation forming the bronchi, 

decreasing in diameter from 1.8 cm at the entry of the trachea to 0.041 cm at the distal 

airway [25]. As the alveolar macrophages reside in the deepest region of the lungs, 

-

namic diameter (Daer), as shown in the equation below:

 

D Daer geo= ´
r
c

,
 

where Dgeo is the geometric diameter, ρ is the particle density, χ is the shape factor 

(a sphere gives 1; but elongated particles, such as fibers and needles, are greater 

than 1) [26]. This aerodynamic diameter is useful to estimate where particles will 

become deposited in the respiratory system. From the mathematical model based on 

the experimental data, it has been shown that particles with a Daer between 1 and 

5 μm are efficiently deposited in the alveolar pulmonary region [27]. Most of the 

larger particles of Daer >10 μm are trapped at the oropharynx, whereas smaller par-

ticles of Daer <1 μm reach the alveoli; however, most of them are exhaled without 

settlement in the lungs [28]. Methods for the preparation of inhalable particles for 

5.3.1  Emulsion/Solvent Evaporation

There are a considerable number of reports on the formulation of microparticles and 

nanoparticles of various biomaterials for the delivery of anti-TB drugs. Biodegradable 

materials are advantageous for the formulation of particles used for long-lasting 

drug release [29]. One of the most frequently employed methods to formulate the 

particles is based on the emulsion/solvent evaporation method. The emulsification 

is conducted by mixing a dispersed oil phase into a continuous aqueous phase. For 

preparation of the particles, hydrophobic polymers, such as poly(lactic-co-glycolic) 

-

dients, are dissolved in an organic solvent such as dichloromethane and emulsified 

in an aqueous solution, in which both the base polymer and the drug are insoluble 

in the presence of emulsifiers, such as glycerol, poly vinyl alcohol and surfactants, 

under continuous agitation [30, 31]. The dispersed particles that have encapsulated 

and hydrophobic RFP have been encapsulated into particles successfully obtained 

by use of suitable solvents [32

methods, agitation speed, and concentration of the solutes. Extrusion of the 
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dispersed phase into the aqueous phase through a Shirasu porous glass membrane 

2 gas allows the formulation of particles with a 

33]. The main limitation of the emulsion/solvent evaporation 

5.3.2  Spray-Drying

Spray-drying is one of the most commonly employed techniques to formulate dry 

-

ceutical ingredients (API) and excipients are dissolved in an aqueous or organic 

are collected in a cyclone chamber or an electrostatic precipitator. The dry powders 

formulated by the spray-drying method contain an accurate amount of API and 

excipients [30, 34]. It is noteworthy that the spray-drying method is available to 

-

cial proteinaceous inhalable dry microparticle product but now withdrawn from the 

glycine, and sodium citrate, as the excipients, was produced by the spray-drying 

method [35]. The spray-drying method is more advantageous than the emulsion/

solvent evaporation one for the preparation of a large amount of stable particles at 

the industrial level.

A number of inhalable particles containing anti-TB drugs have been prepared by 

spray-drying. RFP was formulated in a form of inhalable dry particles with a carrier 

36–39], and it was found that the 

release period of RFP from the particles increased with an increase in the molecular 

PA-824, an anti-TB drug under development or multiple drugs such as hydrophilic 

[40, 41]. For the treatment of MDR/XDR-TB, capreomycin was spray-dried into an 

inhalable formulation; and a phase I clinical trial of the formulation was completed 

[42, 43]. In addition, it is noteworthy that the spray-drying approach allowed for 

preparing dry powders containing viable vaccine strain Bacillus Calmette–Guérin 

44].

powders, especially for those to be used with heat-sensitive molecules such as pro-

teins and peptides without causing a decrease in their activities [45, 46]. The spray-

ing is performed into a cryogenic liquid such as liquid nitrogen, and the drying is 

conducted at ambient temperature. This method is efficient for the preparation of 

lighter and more porous dry powders than those obtained by spray-drying, with a 

high yield of almost 100 %.

K. Hirota et al.
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5.3.3  Liposomes

major components of mammalian organisms; and hence they are regarded as bio-

compatible, and the aqueous space inside them is favorable for trapping hydrophilic 

are being used for inhalation treatment of gram-negative infections [47

currently proceeding under a phase II clinical study.

The specific targeting of liposomes toward nests of Mtb, namely, infected alveolar 

macrophages, was achieved by modifying the surface of the liposomes with maley-

lated bovine serum albumin (MBSA) and O-steroyl amylopectin (O-SAP) [48]. 

These macrophage-specific ligands increased the delivery of anti-TB drugs encap-

sulated by the liposomes into the macrophages, which delivery was followed by 

Mtbs -

with the polymer particles due to their biocompatible safety, as was shown in pediat-

ric use such as treatment of neonatal respiratory distress syndrome [49]. However, 

several problems, such as a low encapsulation rate of certain polar drugs, high 

burst release of drugs, and a short shelf-life, need to be overcome for their practical 

application [50].

5.4  Effect of Inhaled Particles on Macrophage Functions

As mentioned above, macrophages infected with Mtbs should be an effective target 

for the delivery of anti-TB drugs [21]. Particle formulation is considered to be 

important for the import of anti-TB drugs into macrophages and is based on the high 

upon ingestion [51–54

of particles having a diameter of more than 0.5 μm; macropinocytosis, those with 

one from 0.1 through 5 μm; and pinocytosis, those less than 120 nm in diameter 

[55–57 -

lar macrophages was reported to be around 3 μm [24].

-

cles from macrophages. The signals generated during such a response could represent 

These signals are initiated by pattern recognition receptors (PRRs), which identify 

pathogen-associated molecular patterns (PAMPs) [58]. Hence, contamination by 

PRR ligands including components of bacterial cell walls, such as lipopolysaccharide 

and lipoarabinomannan, should be avoided when determining the exact mechanism 

of interaction between inhaled particles and macrophages.
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formulation and are favorable to allow these particles to avoid interacting with 

of ovarian cancer and Kaposi’s sarcoma [59

obtain these stealth particles caused unintentional production of anti-PEG IgM anti-

body from splenic B cells, and the subsequent clearance of the particles was conse-

quently accelerated [60–62]. The silent stealth nature and concealment, as in the 

inhalation delivery [63, 64].

5.5  Animal Studies

It is very difficult to deliver particles to the lungs homogenously by inhalation. 

similar to the human one. However, the delivery to small animals, such as mice, rats, 

obviously very small. In the case of mice, the air space of the lungs has a volume of 

approx. 1 ml; and the internal diameter of the upper trachea is about 1 mm. In order 

to evaluate efficacies of inhalation formulations in these small animals, whole-body, 

head-only, and nose-only exposure inhalation chambers have been exploited [65–67]. 

However, it is difficult to determine quantitatively the amount of drugs delivered 

into the lung tissue by use of exposure inhalation chambers due to the deposition 

the use of such chambers requires a massive amount of dry powders, which is 

disadvantageous in terms of the handling and cost of dry powders. Consequently, 

been employed to deliver drugs to the lungs of small rodent animals. Characteristics 

of various methods for drug delivery to the lungs of laboratory animals are sum-

5.2. In the next section, we will review noninvasive methods for 

drug delivery to the lungs.

5.5.1  Inhalation Administration of Drugs into the Lungs

5.5.1.1  Intratracheal Administration

Accurate delivery of drugs to the lungs is considered to be achievable by intratracheal 

prepared for intubation; and a careful examination of the pharynx and larynx is 

necessary. The internal diameter of the trachea of laboratory rodents is approx. 

K. Hirota et al.
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the cough and swallowing reflexes. The use of anesthetic agents that cause no or 

anesthetics halothane and isoflurane, and the intravenous anesthetic propofol are 

-

tion, anticholinergic agents are useful for reducing the mucus secretion and preventing 

the intubation properly and may be achieved by using a laryngoscope or an otoscope 

[68, 69

70].

Administration of liquid and suspended materials is carried out by intratracheal 

instillation. The volume for instillation is an important factor to achieve wide 

be a favorable one. It is noteworthy that the amount of test drugs in the liquid dosing 

is restricted by their solubility in the limited volume of the liquid medium. In gen-

eral, a slight amount of less than 1 mg may be favorable. Viscous liquid samples can 

be delivered into the lungs by intratracheal instillation, but the possible occurrence 

-

Table 5.2 Methods for drug delivery to the lungs

exposure chamber

Intratracheal administration

Insufflation Instillation

Animals Mice, rats, guinea pigs

Required dose Gram order Milligram order Microgram to 

milligram order

Microgram to 

milligram order

Formulations

suspension, dry 

powder

Dry powder

suspension suspension

with breath

Distribution in the 

lungs

Homogeneous Heterogeneous Heterogeneous Heterogeneous

Quantitative 

dosing

Repeated dosing

Delivery to 

unintended region

Anesthesia Dispensable

A large number of 

animals

A single animal A single animal A single animal

Cost Very high Very low
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phosphate-buffered saline obtained with the MicroSprayer was reported to be 

around 8 μm in terms of mean mass aerodynamic diameter [70

breath-controlled dosing. About 12 % of the aerosol dosed by use of this catheter 

device was reported to be delivered to the rat lung parenchyma [71]. However, the 

aerosols delivered into the lungs were mainly trapped at tracheobronchial sites 

owing to large mass median diameter of the droplets, which was 11 μm [71]. It is 

administer aerosol particles having aerodynamic diameters between 1 and 5 μm, 

for efficient intratracheal delivery [27].

Models of Penn-Century type intratracheal insufflator are commonly employed 

for pulmonary administration of dry powders. The standard chamber of the device 

holds dry powders up to 5 mg, and the insufflation of the powders is executed by 

forcing air through an actuating syringe. Air pressure and volume must be adjusted 

to accommodate well the respiration of small rodents having a tidal volume of less 

than 2 ml. In general, the insufflation of a small amount of dry powder, less than 

1 mg, is difficult.

5.5.1.2  Exposure Inhalation Chambers

There are numerous reports on exposure inhalation chambers, such as whole-body, 

head-only, and nose-only types [65, 66]. These chambers are equipped with various 

types of airflow generation systems. Of these, the flow-past chamber is favorable for 

exposing all test animals with the same aerosol concentration to attain uniform 

delivery of drugs and for reducing the amount of drugs expended [72]. In general, a 

estimated from the analysis of particles in the chamber atmosphere. However, the 

exposure inhalation chamber system is much more expensive than intratracheal 

administration apparatuses. Alternatively, hand-crafted inhalation chambers based 

and rats [32, 73].

One of the major problems in using an inhalation exposure chamber is that the 

actual amount of test materials deposited in the lungs cannot be determined accu-

rately. In general, the received dose is estimated by the following equation:

 
D = C V t´ ´ ´m Fr,

 

where D = dose, C = concentration of test sample, Vm = volume for the minute venti-

lation, t = exposure duration, Fr = fraction of test sample deposited or absorbed [74]. 

Alternatively, the dose deposited in the lungs can be determined by measuring the 

plasma concentration of the inhaled agent [75].
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5.5.2  Pulmonary Deposition of Inhaled Particles

Evaluation of pulmonary deposition of inhaled particles provides important infor-

mation regarding drug action. The amount of particles in the lungs is determined 

from that in the bronchoalveolar lavage fluid and in the lung homogenate of the test 

animals. In general, the amount of drugs deposited in the lungs by inhalation 

increases more rapidly with time than that administered by intravenous injection. 

As a result, the total amount in the lungs is greater than that by intravenous admin-

istration. However, the drug administered by inhalation disappears similarly as that 

by injection within 12 h [76]. The drug in the lungs is eliminated mainly by the 

pulmonary defense system, such as mucociliary clearance toward the upper airways 

and by transference into the blood. Hence, it is necessary to construct a strategy to 

long-lasting effect of inhaled particles in the lung tissue.

Inhaled particles deposited in the lungs can be detected microscopically in lung 

sections by use of particles labeled with fluorescent probes. Fresh lung tissue is 

is then observed under a confocal laser scanning microscope [77]. In addition, it is 

worth noting that the Kawamoto method enables the preparation of whole-lung sec-

μ 78]. The distribution of inhaled 

particles in the lungs was easily determined by using such whole-lung sections [79]. 

In contrast, scintigraphic imaging using radioisotopes such as 99mTc is favorable for 

real-time monitoring of drug deposition in lung tissue in 2D or 3D without sacrific-

ing the test animals [80]. The radiolabeling of the drug with 99mTc is conducted by 

mixing the two in a solvent in which the drug is insoluble but 99mTc is soluble, such 

as water, followed by drying of the mixture [81]. Such a labeling procedure is of 

accurately.

5.5.3  Anti-TB Activity of Inhaled Particles

The efficacy of inhaled anti-TB drugs is evaluated by measuring the anti-TB activity 

5.3, various anti-TB drugs, along with various 

dose regimens, have been used to treat animal models of TB [37, 75, 82–85]. Among 

them, the guinea pig is favorable as a model animal in TB studies; because its patho-

genesis in terms of the formation of granulomas and caseous necrosis regions is 

similar to that seen in human TB [86].

As shown in Table 5.3, a significant decrease in mycobacterial burden in the 

lungs seemed not to be achieved in most of the cases; even though a large amount 

of anti-TB drugs was delivered in a form of an inhalation formulation to the lungs 

[37, 75, 82–84]. The lesser effectiveness of the inhaled anti-TB drugs than expected 
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might have been because the inhaled anti-TB drugs had not been delivered deep 

enough into the lungs, where Mtb resides. Hence, it is necessary to develop devices 

that enable the delivery of an effective amount of anti-TB drug to the tuberculosis 

granulomatous nests, which reside deep in the lungs, as well as to prepare more 

efficient inhalable formulations of anti-TB drugs. Of the inhalation drugs under 

development, capreomycin dry powders have successfully proceeded to a phase I 

clinical study [43].

5.6  Conclusions

Mtbs
macrophages. Hence, delivery of anti-TB drugs directly to the alveolar macro-

phages that have been infected with this organism is expected to be more effective 

in terms of anti-TB activity than their oral administration. However, such an inhala-

tion therapy for TB has not yet been established and remains in the development 

stage. In order for inhaled anti-TB drugs to exert potent mycobactericidal activity, 

the development of inhalable formulations containing anti-TB drugs and that of 

devices that achieve efficient delivery of a curable amount of these formulations to 

the macrophages are necessary. Inhalation therapy for TB will surely contribute to 

radical treatment of TB including MDR/XDR TB.
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    Chapter 6   
 Hepatic Targeting: Physiological Basis 
and Design Strategy 

             Anisha     A.     D’Souza    ,     Vishvesh     M.     Joshi    , and     Padma     V.     Devarajan    

6.1             Introduction 

    The mammalian liver plays a stalwart role in the metabolism of carbohydrates, 
fats, and proteins and detoxifi cation of organic by-products, cellular debris, drugs, 
pesticides, xenobiotics, foreign particles, etc. from the systemic circulation. It is 
also involved in anabolism of cholesterol, steroid hormones, biochemicals, and pro-
teins. Being the largest and strategically located internal organ with a plethora of 
functions, it is prone to many contaminants, injuries, and disorders. Diseases affl ict-
ing the liver continue to be the fi fth most common cause of death and are ever- 
increasing [ 1 ]. Grave hepatic disorders range from liver fi brosis or cirrhosis, 
fulminant hepatitis or viral hepatitis (A, B, C, D, E, G), primary liver cancer, hepatic 
cholangiocarcinoma, severe congenital liver failures, metabolic genetic disorders, 
and hepatocellular carcinoma (HCC). HCC has one of the lowest (1-year) survival 
rates among all cancers [ 2 ] with about 5,00,000 new cases diagnosed every year, 
especially in developed nations [ 3 ]. While surgical interventions are resorted to in 
benign cancers, chemotherapy is the preferable treatment in cancers [ 4 ]. 

 Most drugs achieve high hepatic concentration after administration. However, 
drugs for treating liver disorders have often experienced circumscribed success with a 
high relapse rate, due to limited effi cacy and poor sensitivity at conventional doses. 
Dose escalation is often hindered by patient tolerability, hepatic and off- target safety 
concerns, and high resistance due to effl ux pumps (P-glycoprotein) which limit 
their effi cacy [ 5 ]. Moreover, different hepatic conditions obligate high degree of 
specifi city and accumulation within the proper intrahepatic cells for addressing 
optimal therapeutic potential. At the receptor level, the treatment varies with varying 
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harboring sites of disorders. This has fueled an exigent need for effective, safe, yet 
affordable liver targeted drug delivery systems. 

 The past two decades have seen an increase in nanotechnology based liver tar-
geted drug delivery, which relies on altered biodistribution for enhanced therapeutic 
effi cacy. The unprecedented development relies on the unique size and surface char-
acteristics, overcoming anatomical and physiological barriers coupled with enhanced 
penetrability. Enabling early diagnosis is yet another feature [ 6 ]. Nanoparticulates in 
the size range of 50–250 nm are easily accumulated in the liver [ 7 ]. Besides, engi-
neering of these nanoparticulates for site specifi c hepatic delivery is amenable. 

 The present chapter comprehensively reviews the liver architecture, various cell 
types, and approaches for targeted drug delivery to liver. Active and passive target-
ing strategies with a focus on the hepatic receptors are detailed.  

6.2     Liver Architecture: Normal and Pathological State 

 The liver is a histologically complex organ with four types of substantial target 
cells—hepatocytes, Kupffer cells, sinusoidal endothelial cells, and hepatic stellate 
cells. The histological unit of the liver is the lobule. Primarily, about 80 % of the 
liver comprises parenchymal cells (PC) or hepatocytes (Fig.  6.1 ) [ 8 ]. The hepato-
cytes and discontinuous hepatic sinusoidal endothelial cells (SEC) are physically 
demarcated by the space of Disse also known as peri-sinusoidal space containing 
dispersed fat containing lipocyte, or hepatic stellate cells (HSC). Plasma is preferen-
tially fi ltered through the sinusoids into the space of Disse, and provides body lymph. 

  Fig. 6.1    Pictorial representation of a liver lobule       
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Hence, exchange of nutrients, proteins, and wastes between hepatocytes and blood 
occurs in this microenvironment of space of Disse. In obliteration of this space as in 
alcoholic liver diseases, uptake by hepatocytes is hindered. The widened space of 
Disse increases resistance to sinusoidal blood fl ow thereby raising portal pressure 
[ 9 ]. The Kupffer cells (KC) or the resident non-parenchymal liver macrophages 
(~18 %) are located along the luminal side of the EC in the sinusoidal area with no 
specialized contacts [ 10 ]. Also located on the endothelial lining are the pit cells that 
correspond to large granular lymphocytes with natural killer activity. The RES (retic-
uloendothelial system) of liver consists of SEC and KC [ 11 ,  12 ]. The liver receives 
oxygen rich blood through the hepatic artery and hepatic portal vein (shunted capil-
laries from spleen and intestine). The space connecting the biliary ductules and hepa-
tocytes is the Canal of Hering [ 13 ]. Canal of Hering plays an important role in 
carcinogenesis [ 14 ].  

6.2.1     Reticuloendothelial System (RES) Cells of the Liver 

 Reticuloendothelial system (RES) is a part of human body defense, derived from 
bone marrow contributing to both nonspecifi c and specifi c immunity. Till recently 
the RES was considered synonymous with the mononuclear phagocytic system 
(MPS). However, it has now been established that RES constitute both wandering 
and sessile phagocytic cells, e.g., monocytes, SEC, KC, polymorphonuclear leuco-
cytes, dendritic cells, histiocytes. whereas the MPS is restricted only to macro-
phages like KC. The role of the liver RES can be summarized as follows:

•    Engulfment and ingestion (phagocytosis) of abnormal cells, pathogens and foreign 
substances.  

•   Presentation of antigens or foreign invaders to lymphocytes which secrete 
antibodies.    

6.2.1.1     Kupffer Cells (KC) 

 KC form only 6.5 % of liver volumes, but contribute to 80–90 % of tissue macro-
phages present in the human body [ 15 ]. KC are found in high number in rats over 
~20 months old [ 16 ] following partial hepatectomy, or a single intravenous injection 
of zymosan [ 17 ] and in alcohol related hepatitis and liver diseases [ 18 ]. Depletion of 
KC is seen on administration of gadolinium chloride [ 19 ], clodronate liposomes [ 20 ], 
and in HCC [ 21 ]. 

 Phagocytosis of IgG-coated erythrocytes also decreases the complement receptor 
of KC [ 22 ]. KC exhibit abundant lysosomes and pronounced phagocytosis as they are 
specialized macrophages of the reticuloendothelial system (RES). The typical macro-
phage activity of KC plays a crucial role in innate immune defense, ischemia, resec-
tion, acute and chronic responses to toxic compounds and removal of particulate, 
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damaged debris, bacterial and viral infections, endotoxins, etc. [ 23 ]. Activation of KC 
produces pro-infl ammatory mediators, e.g., nitric oxide, prostanoides, signaling 
molecules (cytokines, TNF-alpha), macrophage colony- stimulating factor, reactive 
oxygen species, other growth factors (innate immune defense) and prevents liver 
infl ammation [ 15 ]. Balance of these secretions is necessary to maintain a harmonious 
environment for the hepatic cells and the extracellular matrix. Exposure to lipopoly-
saccharide endotoxins leads to damage of hepatocytes and liver injury [ 24 ]. KC is 
responsible for pathogenesis of non- alcoholic steatohepatitis, viral hepatitis, fi brosis, 
intrahepatic cholestasis, alcoholic liver disease, rejection of liver during liver trans-
plantation, etc. [ 18 ]. Besides macrophagic activity, KC plays a key role in arresting 
circulating tumor cells and controlling metastasis [ 25 ] as well as in the clearance of 
erythrocytes by scavenger receptors [ 26 ].  

6.2.1.2     Sinusoidal Endothelial cells (SEC) 

 The roles of KC and SEC exhibit some overlap and are at times controversial [ 11 ,  12 ]. 
SEC are considered dormant of phagocytosis; however, on impairment of KC, SEC 
acquire phagocytotic competence. SEC constitutes about 40 % of hepatic cells, and 
represents a barrier between blood and hepatocytes. SEC form small fenestrations 
(50–200 nm)and are grouped together to form sieve plates permitting fi ltration, thereby 
allowing diffusion of many substances but not of chylomicron size (80–500 nm) [ 27 ]. 
Compared to KC, SEC uptake colloids of size <0.23 μm or soluble materials, while KC 
can take up larger particles up to 15 μm [ 28 ]. However, impairment of KC facilitates 
uptake of large particles by SEC [ 11 ,  12 ]. Contrary to the above, colloidal carbon is 
reported to preferentially accumulate in KC upon intravenous injection. Smaller col-
loid particles fail to reach SEC due to aggregation in plasma or adherence to platelets 
resulting in their phagocytosis by KC [ 29 ]. In non-alcoholic fatty liver disease, simple 
infi ltration of fat and chylomicrons is enhanced and accumulated in liver. Liver SEC 
exhibit huge receptor endocytotic capacity for extracellular matrix components, e.g., 
hyaluronic acid, collagen (especially in SEC not expressing Endo180) and play a major 
role in metabolism of the extracellular matrix [ 30 ,  31 ]. Damage to SEC is associated 
with graft versus host disease, veno-occlusive disease and sepsis [ 32 ]. Deposition of 
extracellular matrix leads to thickening of SEC causing defenestration of SEC fol-
lowed by fi brosis. Overall, SEC plays an important role in regulation of hemostasis, 
infl ammatory reactions, microcirculation, and immunity [ 33 ,  294 ].  

6.2.1.3     Hepatic Stellate Cells (HSC) (Ito Cells or Lipocytes) 

 HSC house 80 % of retinoid found in the entire body. Cellular retinol-binding pro-
tein, type 1 (CRBP) binds to retinol and undergoes receptor mediated endocytosis 
of the complex complex containing retinol and Retinol Binging Protein (RBP), to 
maintain plasma retinol [ 34 ]. Besides these, platelet-derived growth factors, epider-
mal and fi broblast activation protein, adhesion molecules, cytokines, vascular cell 
integrins, etc. activate HSC [ 35 ]. 
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 Under normal physiological conditions, HSC are in the quiescent state [ 36 ]. In the 
activated state they act as antigen presenting cell and stimulate proliferation of natural 
killer T cells [ 37 ]. HSC secrete fi bronectin and vascular endothelial growth factor 
stimulating production of nitric oxide. As a result retinol is lost from the cell and 
HSC undergo morphological change. This leads to increased proliferation and trans-
differentiation to fi brogenic myofi broblast-like cells [ 38 ] which secrete collagen scar 
tissue and fi brogenic and infl ammatory cytokines (extracellular matrix). Fibrosis and 
cirrhosis therefore result [ 39 ].  

6.2.1.4     Pit Cells/Large Granulated Lymphocytes 

 Pit cells, large granulated lymphocytes are present in lower numbers, approximately 
10 % of KC. They function as natural killer cells. These cells are 0.2–0.5 μm in 
diameter and majorly contain acid phosphatase. Pit cells possess much higher cyto-
toxic activity and higher grade of activation with diverse immune phenotypic fea-
tures. Situated in the sinusoidal lumen, their cytoplasmic processes adhere to KC 
and with microvilli of hepatocytes through the endothelial sieve. When triggered by 
biological response modifi ers, proliferation of pit cells occurs with migration 
towards the Space of Disse to exhibit viricidal activity. Interleukin-2 released during 
viral infections and neoplasms is also known to trigger such transit [ 40 ]. Pit cells 
exhibit spontaneous antitumor activity by adhering to tumor cells [ 41 ] and also kill 
hepatitis virus-infected cells [ 42 ].   

6.2.2     Non-reticuloendothelial System Cells (RES) of Liver 

6.2.2.1     Hepatocytes 

 Hepatocytes are principally involved in the metabolism of carbohydrates, fat, and 
proteins as well as in secretion of bile, clotting factors, and cholesterol and protein 
transporters. They comprise ~80 % of liver volume with distinct nucleoli, both rough 
and smooth endoplasmic reticulum, mitochondria, and Golgi apparatus [ 43 ]. These 
highly metabolic active cells break down toxic chemicals, drugs and hormones which 
are easily eliminated from circulation. This is also known as “fi rst pass effect.” 
Hepatocytes lining the bile canaliculi possess numerous Golgi vesicles. Hepatocytes 
are critical in synthesis of molecules supporting homeostasis of glucose and choles-
terol and maintaining energy levels. They are storage sites for glucose, vitamins 
(A, D, E, K, folate, B12), and minerals (Cu, Fe). Metabolic activities in the liver 
lobule although compartmentalized are highly integrated. The periportal hepato-
cytes involve themselves in gluconeogenesis and glycogenolysis, while the centrol-
obular hepatocytes are responsible for glycogen synthesis and glycolysis. The 
glutamine synthetase positive centrolobular hepatocytes are involved in metabolism 
of ammonia and the periportal hepatocytes are responsible for removal of ammonia. 
The microenvironmental signal for the differential positions is the differences in 
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oxygen gradient [ 44 ]. Hepatocytes are well differentiated with high and unlimited 
capacity of replication and longevity. The rapid growth of liver (60–70 %) after 
resection is mainly dependent on hepatocyte proliferation and hyperplasia [ 45 ]. 
Extensive proliferation of hepatocytes and cellular damage is observed in liver injury, 
hepatocellular carcinoma, chronic hepatitis, and exposure to certain chemicals [ 46 ] 
and continues till cirrhosis. Decreased hepatocyte number is seen in chronic con-
sumption of ethanol [ 47 ], decreased hepatocyte growth factor activity and impaired 
liver regeneration, ischemia–reperfusion, etc. [ 48 ].  

6.2.2.2     Biliary Cells: Cholangiocytes 

 The biliary cells are a part of hepatic cell lineage developed during embryogenesis 
along with hepatoblasts and form 1 % of the liver [ 49 ]. They exhibit heterogeneity 
in both morphological functions, extending from the liver hilum to the bile duct. 
The function and phenotype properties vary with hepatocytes though derived from 
the same lineage. The biliary epithelial cells maintain contact with the hepatoblasts 
and express markers for hepatocytes (albumin and alpha-fetoprotein) and bile duct 
epithelium (cytokeratins 7 and 19, carcinoembryonic antigen, carboanhydrase, glu-
tamyl transpeptidase) [ 14 ,  40 ]. They regulate bile formation, liver infl ammatory 
process, fi brogenesis, and angiogenesis. Bile duct cells are affected in bile duct 
cancer (cholangiocarcinoma) predominantly observed in women [ 50 ].  

6.2.2.3     Stem Cells 

 Recently, an unsettled discussion has been the detection of progenitor cells/ hepatic 
stems. The origin of these cells at the junction of the hepatic cords (Canal of Hering) 
and bile ducts has been debated as either migration from bone marrow to liver or 
being the real hepatic resident cells [ 51 ]. Stem cells are non-specialized cells with 
the abilities of self-renewable, limitless proliferation and resistance to chemother-
apy. These stem cells generate oval cells on exposure to carcinogens with dual char-
acteristic of hepatocyte and biliary cells, bipotential progenitor cells, which can 
generate hepatocytes and bile duct cells when the hepatocytes and cholangiocytes 
fail to regenerate [ 14 ]. Mutations in the stem cells are suggested to be responsible 
for growth and maintenance of cancer [ 52 – 54 ]. Research in hepatic stem cells is in 
its infancy with size and morphology yet not clear.    

6.3     Hepatic Targeting 

 Targeting to the liver can be achieved through direct intraportal, intra-tumoral, 
intra- arterial route injection. Direct administration to the site prevents unnecessary 
exposure to other non-target organs. Retrograde intrabiliary infusion for genetic 
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delivery of nanoparticulates or complexes has been one way wherein the hepato-
cytes could be specifi cally targeted easily via the biliary system [ 55 – 57 ]. The entire 
process necessitates the need for cannulation [ 58 ]. Targeting to the liver could be 
achieved by generalized organ based targeting or could be directed to one or more 
cell types detailed above. Approaches to target to the liver would essentially be 
dictated by the cells being targeted and could be achieved using two strategies, 
active or passive targeting. The practical approaches for passive and active targeting 
to the liver are detailed below. 

6.3.1      Passive Targeting 

 Passive targeting relies on the basic defense mechanism of the RES to target foreign 
invaders like bacteria, viruses, etc., and this strategy can be widely explored for 
conditions wherein the RES is the target site of action [ 59 ,  60 ]. Understanding the 
conditions that trigger such targeting provides useful information to design passive 
targeting strategies outside the RES. The processes responsible for RES uptake are 
opsonization and phagocytosis. 

6.3.1.1     Opsonization and Phagocytosis 

 Opsonization is fouling of invading particulates by deposition of plasma proteins 
mainly fi brinogens, fi bronectin, lipoproteins, etc. [ 61 ]. Once opsonized, the foreign 
object or nanoparticulates are activated, recognized, and engulfed by macrophages 
via phagocytosis [ 61 ]. Opsonization of particulates by complements (C3, C4, and C5) 
and immunoglobulins makes the particulates more recognizable by the KC. 
Phagocytosis is initiated by attachment of the foreign body with the KC, followed 
by invagination and spreading of cell membrane covering the particle to form a 
vacuole called phagosome. Phagosomes coalesce with intracellular organelles to 
mature into phagolysosomes. Phagolysosomes have an acidic environment with 
many digestive proteins which fi nally degrades the internalized material. 
Phagocytosized material is eliminated by exocytosis. In case the particulate cannot 
be digested, it remains sequestered in residual bodies within the cell. The process of 
phagocytosis can be explained as given in Fig.  6.2 .  

 Phagocytosis is a nonspecifi c uptake mechanism infl uenced by many factors 
such as shape, size, charge, rigidity, etc. [ 62 ].

    1.    Particle size 
 Size and radius of particles affect the biodistribution profi le and internalization 
by KC. Optimal phagocytosis occurs with particles of 1 and 3 μm. Smaller par-
ticles (<35 nm diameter) escape the interaction contacts with KC but are easily 
removed by the kidney and provide more easy access to hepatocytes [ 63 ]. 
Nanocarriers with a particle size limit of 80 nm have physical access to hepato-
cytes [ 64 ]. Targeting to hepatocytes necessitates design particles of less than 100 nm 
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to diminish KC uptake. Large sized rigid particulates up to a size of 20 μm or 
those with three times the volume of macrophages are removed by the RES 
system, typically liver and spleen macrophages [ 65 ,  66 ]. Excessively larger 
particles cannot be internalized easily as it requires strong and extensive cyto-
skeleton remodeling [ 67 ]. The upper size limit for phagocytosis has been deter-
mined around 20 μm in vitro or whenever the size exceeds more than three times 
than that of KC [ 68 ]. Liu et al. [ 69 ] investigated the biodistribution of different 
sized (30–400 nm) liposomes. Particles greater than 250 nm in size irrespective 
of PEGylation are rapidly removed from the RES [ 70 ]. Excessive and maximum 
stretching of KC membrane causes frustrated phagocytosis wherein the system 
is not fully engulfed [ 71 ].   

   2.    Surface charge 
 Cationic nanoparticulates with a zeta potential >25 mV amplify complement 
activation and deposition of opsonins than those below 15 mV [ 72 ,  73 ]. 

  Fig. 6.2    Different uptake mechanisms for particles (reproduced from [ 279 ])       
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Self- aggregation and opsonization of nanoparticulates with anionic serum protein 
causes passive accumulation in the RES cells. Neutral charged nanocarriers 
decrease the KC uptake [ 74 ]. Positively charged nanoparticles therefore exhibit 
a higher cell uptake than hydrophilic neutral or negatively charged particles [ 75 ]. 
Long half-life of anionic carriers could be due to less opsonin adsorption [ 76 ]. 
Intravenous administration of extracellular superoxide dismutase plasmid as 
polycationic liposome resulted in reduced peroxidation of lipids and enhanced 
levels of hepatic glutathione and serum superoxide dismutase [ 77 ]. Coatings of 
hyaluronic acid prolonged circulation times [ 78 ]. Nucleic acids have been suc-
cessfully delivered to hepatocytes through cationic and PEGylated liposomes 
(80–100 nm) with higher suppression of HBV, attributed to longer half-life of 
nucleic acids [ 79 ].   

   3.    Particle shape 
 The effect of shape on phagocytosis has been recognized and particle shape has 
been recently reported as an infl uencing factor for MPS uptake [ 80 ,  81 ]. The 
ability of irregular shaped polymer–lipid hybrid nanoparticles (LIPOMER) to 
bypass the KC and accumulate in the spleen has been demonstrated (~400 nm) 
[ 82 ]. Non-spherical shaped particles bypassed phagocytosis due to incomplete 
actin structure formation. Uptake of rod shaped particles is unachievable if they 
macrophages attack them on their major axis [ 81 ]. Likewise oblate (disk-like) 
particles effectively adhered to cell surfaces compared to spherical particles of 
comparable volume to bypass phagocytosis [ 83 ]. High aspect ratios (i.e., ratio of 
larger surface dimension over smaller surface dimension) hinder actin mem-
brane spreading and hence internalization [ 67 ]. Spherical nanoparticulates of 
sub 100 nm displayed higher uptake than rod shaped particles [ 84 ].   

   4.    Flexibility and deformability 
 The effect of fl exibility and deformability on uptake by macrophages is also 
cited [ 85 ]. Stiffness of the particles infl uences the shape of phagocytic cup 
formed after activation of actin recruitment [ 67 ]. Particles should be either small 
or deformable to be able to penetrate through sinusoidal fenestrations for hepa-
tocyte targeting. Reports of deformable nanoparticulates sized 400 nm being 
extravasated via forced extrusion mechanism bypassing KC and RES cells 
enabled localization in the hepatic parenchyma [ 86 ]. Fc-receptor mediated 
phagocytosis internalizes large rigid opsonized particles preferentially over 
softer particles. It infl uences the activation of actin recruitment to shape the 
phagocytic cup [ 87 ].   

   5.    Hydrophilicity 
 Particles with a hydrophobic surface are rapidly removed from circulation. 
PEGylation masks the particle appearing more like water body and prevent RES 
uptake [ 74 ]. Surface modifi cation with hydrophilic coatings enables particles to 
masquerade as water bodies and by pass the RES. The hepatic B virus is consid-
ered to be a best example of stealth, as it escapes the RES [ 88 ]. PEGylated 
tamoxifen nanoparticles bypassed the liver compared to non-PEGylated 
nanoparticles [ 89 ]. Hydrophilic coating recommended to enable decreased KC 
uptake with higher parenchymal uptake include dextran, phosphatidylinositol, 
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monosialoganglioside, pullulan, poloxamers, polyvinylpyrrolidone, and cellulose 
derivatives [ 90 – 92 ]. This is the popularly known “Stealth” technology. Stealth 
technology can be exploited for effective delivery of drugs to the liver in infec-
tions and infl ammations. Under such stress, increase in vascular permeability or 
increase in dimension of fenestrations enable leukocyte extravasation and accu-
mulation at the infl amed site. Thus, particulates of lower dimensions can easily 
pass through these pores which are generally inaccessible.    

6.3.2        Active Targeting 

 In active targeting, therapeutics are transported selectively and specifi cally to rele-
vant cells with the help of ligands through receptor mediated endocytosis [ 93 ] or 
through stimuli responsive nanocarriers, e.g., temperature, ultrasound, magnetic 
fi eld [ 94 ]. Ligands such as carrier proteins, metabolites, saccharides, peptides, vita-
mins, lectins, hormones, antibodies, aptamers, neurotransmitters, etc. are grafted on 
nanoparticulates and thus selectively target specifi c receptors. Addressing drug 
delivery systems can prevent non-desired accumulation in the body and exert pre-
cise effects especially on cells with low expression [ 95 ]. Designing strategies to 
target receptors thus holds intriguing promise in therapeutic interventions, bypass-
ing multidrug resistance [ 96 ]. 

 Delivery of charged molecules and genetic materials intracellularly is better facili-
tated by nanoparticulates attached with fusogenic agents or ligands for active targeting 
[ 97 ]. Besides, the higher the valency of binding, the higher the binding potential [ 98 ]. 
Readers are requested to make a note that the receptors dealt below are mostly trans-
membrane in nature rather than intracellular receptors as they would play an impor-
tant role in transportation of carriers to intracellular environment of cell.  

6.3.3     Receptor Mediated Active Targeting 

 Different receptors are present on cell membranes responsible for specifi c interac-
tion with neighboring cells. These receptors also facilitate specifi c interaction with 
carrier system. Receptor mediated endocytosis follows adsorptive pinocytosis. 
Mechanisms of binding and internalization vary from clathrin-mediated endocyto-
sis, caveolae-mediated endocytosis and clathrin- and caveolae-independent endocy-
tosis depending on the size of the endocytic vesicle, the nature of the cargo and the 
mechanisms of vesicle formation [ 99 ]. For details on these uptake mechanisms 
readers are directed to the following references [ 91 ,  100 ,  101 ]. Macropinocytosis is 
a transient process while micropinocytosis (clathrin- dependent, caveolae mediated, 
and clathrin- and caveolae-independent endocytosis) is a constitutive pathway. 
Clathrin-coated vesicles and macropinosomes fuse with endolysosomes whereas 
caveolae-coated vesicles can escape endolysosomes and lead to direct exocytosis [ 102 ]. 
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Several endocytotic mechanisms often take place simultaneously [ 91 ]. Clathrin-
mediated endocytosis is one of the best characterized and widely studied endocytosis 
pathways. The best known receptors adopting this mechanism are ASGP-R, low 
density lipoprotein receptor, epidermal growth factor receptor (tyrosine kinase 
receptor), β2-adrenergic receptors, etc. 

 Clathrin-mediated endocytosis a common pathway for the internalization of a 
variety of ligand–receptor complexes. These processes are relatively slower than 
that of phagocytosis. As for phagocytosis, binding of ligand to the receptor is also 
dependent on size, geometry of ligand, charge, density of ligands, etc. [ 103 ]. Various 
receptors found on different types of liver cells are summarized in Table  6.1 .

   Table 6.1       Receptors on hepatic cells and their ligands   

 Receptor  Ligand  References 

  Kupffer cells  
 Mannose/ N -acetylglucosamine 
receptors 

 Mannose and  N -acetylglucosamine  [ 280 ] 

 Fucose recognition receptors  Fucose  [ 105 ,  149 ,  281 ] 
 Fc receptors (FcγII-B2)  Antibodies/IgG  [ 282 ,  283 ] 
 Scavenger receptors (SR-BI, 
MARCO, dSR-C1, CD36, 95 kDa 
receptor Macrosialin) 

 Modifi ed or acetylated LDL, 
polyanionic, lipopolysaccharides 

 [ 113 ,  284 ,  285 ] 

 Cannabinoid receptors (CB2)  Endocannabinoid  [ 195 ] 
 LDL receptors  LDL  [ 179 ,  286 ] 
 Fibronectin receptors  [ 287 ] 
  Sinusoidal Endothelial cells  
 Scavenger receptors (SR-AI, AII, 
B, H) 

 Oxidized LDL, polyinosinic and 
polyguanosinic acid, polyanionic ligands 

 [ 288 ,  289 ] 

 Mannose receptors/ N -acetyl 
glucosamine receptors 

 Mannose, lysosomal enzymes, tissue 
plasminogen activator, immune complex 

 [ 11 ,  12 ,  31 ] 

 Fc receptor  Antibodies/IgG  [ 119 ,  290 ,  291 ] 
 Stabilin receptor  Hyaluronic acid, chondroitin sulfate  [ 289 ,  292 ] 
 Collagen receptor  Denatured collagens  [ 40 ] 
 Laminin receptor  Laminin/nidogen  [ 40 ] 
  Hepatic stellate cells  
 Retinol-binding protein receptor  Retinol  [ 187 ] 
 Cytokine receptors  –  [ 35 ,  293 ] 
 Transferrin receptor  Transferring  [ 294 ] 
 Growth factors—platelet-derived, 
cell–matrix interactions, 
epidermal and fi broblast 

 C*SRNLIDC* peptide, Arg-Gly- Asp 
(RGD) peptide 

 [ 299 ] 

 Tyrosine kinase receptors  –  [ 295 ,  296 ] 
 Uroplasminogen receptors  –  [ 297 ,  298 ] 
 Vasopressin receptors  [ 294 ,  299 ] 
 Integrin/complement receptors 
(CR1, CR3, CR4 C3b and C1q) 

 Opsonized components  [ 22 ,  300 ,  301 ] 

(continued)

6 Hepatic Targeting: Physiological Basis and Design Strategy



208

6.3.3.1       Kupffer Cells 

     (a)    Mannose receptors or  N -acetyl glucosamine receptor/GlucNAc R 
 Mannose/ N -acetylglucosamine receptor recognizes and clears off glycoproteins 
with mannose, glucose, and N-acetylglucosamine residues in exposed positions 
regardless of SEC and Kupffer cell. Mannose receptors are major receptor 
responsible for removal of denatured collagen from blood [ 31 ]. Mannosylated – 
human serum albumin selectively targets the KC and the EC [ 104 – 106 ]. Anti-
infl ammatory actives such as dexamethasone, immunosuppressive, enzymes like 
superoxide dismutase in chronic or acute hepatic infl ammatory disorders, alco-
hol-induced hepatitis have been actively targeted to KC through mannose recep-
tors [ 106 ,  107 ]. A drawback of targeting mannose receptors is activation of 
signaling processes sensitizing the immune system [ 108 ,  109 ]. Genetic delivery 
through mannose receptors have also been reported [ 93 ]. Though mannose 
receptor possesses eight carbohydrate recognition domains, only one is actively 
involved in binding. Mannose receptors differ from ASGP-R receptors in terms 
of binding. High mannose glycans are poor ligands for the mannose receptor. 
Liposomes possessing mannosylated ligands have exhibited enhanced target-
ing to macrophages, both in vitro and in vivo, than the non- ligand ones [ 110 ]. 
Lei Dong mentions the presence of one more macrophage lectin β-glucan receptor 
which binds glucose or glucan polymers. Hence, chitosan, a glucosamine poly-
mer has considerable affi nity for macrophages [ 111 ].   

   (b)    Fucose receptors 
 Fucose receptors are responsible for clearance of glycoproteins bearing terminal 
fucose sugar. In vitro studies revealed that fucose and mannose receptor both 

Table 6.1 (continued)

 Receptor  Ligand  References 

  Hepatocytes  
 Asialoglycoprotein receptors  Galactose terminated glycoproteins, 

arabinogalactan, pullulan, sitoG 
 [ 146 ,  302 ] 

 Glycyrrhizin(GL)/glycyrrhetinic 
acid (GA) receptors 

 Glycyrrhizin, glycyrrhetinic acid  [ 303 ] 

 HDL receptors  High density lipoprotein  [ 304 ] 
 LDL receptors  Low density lipoprotein  [ 305 – 307 ] 
 Scavenger receptors (SR-BI, 
CD36) 

 Native and modifi ed lipoproteins, 
anionic phospholipids, apoptotic cells 

 [ 308 ,  309 ] 

 Transferrin receptors  Transferrin and its derivatives  [ 310 – 312 ] 
 Insulin receptors  Insulin analogues  [ 313 ,  314 ] 
 Ionotrophic purinergic receptors 
(P2X) 

 –  [ 315 ] 

 Glucagon-like peptide-1 receptor 
(GLP-1) 

 Exendin-4  [ 202 ] 

 Cannabinoid receptors (CB1)  Endocannabinoids  [ 195 ,  316 ] 
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regulate uptake of fucosylated BSA. Nevertheless, fucosylated BSA is more 
Kupffer cell-selective because it exhibited a lower sinusoidal endothelial cell 
uptake than mannosylated BSA [ 105 ]. Fucosylation is more commonly explored 
in diagnosis than in therapeutics [ 112 ].   

   (c)    Scavenger receptors 
 Scavenger receptors on KC constitute the scavenger receptors class SR-A (type 
I, II, and MARCO) and SR-B (type I, CD36, and CD68/macrosialin) [ 113 ]. It is 
known to be downregulated in animal models of Nonalcoholic steatohepatitis 
[ 114 ]. The CD68 is partially expressed in endolysosomal compartments and also 
on also on the transmembrane of macrophages [ 115 ]. Plasma proteins are 
removed from circulation by inducing a negative charge on its surface by succi-
nylation to the lysine groups [ 26 ,  116 ]. The coated pits create a cationic surface 
charge permitting endocytosis of highly negatively charged molecules [ 117 ]. 
Particles up to 0.23 μm can be easily internalized [ 28 ]. Among the various 
receptors, scavenger receptors class A binds to varied polyanionic ligands but 
with varied affi nity [ 113 ]. Expression of SR-A varies with the presence of 
ligands; lipopolysaccharides decrease the expression while oxidized LDL 
increases the expression [ 118 ]. 

 Ligands such as fucoidan, polyinosinic acid, phosphatidylserine, oxidized 
low-density lipoprotein have a high affi nity for scavenger receptors. Scavenger 
receptors play a major role in discrimination between foreign and self [ 118 ]. 
Weak negatively charged compounds show only a small degree of hepatic 
uptake whereas strongly anionized ones, e.g., phosphatidylserine-containing 
liposomes, PLGA have been considered to be taken up by liver non- parenchymal 
cells, via scavenger receptor mediated endocytosis of KC and SEC due to the 
direct recognition of their negative charge.   

   (d)    Fc receptor 
 Fc receptors eliminate the soluble circulating immunoglobulin G immune com-
plexes by receptor mediated endocytosis. Fc receptors exhibit delayed degrada-
tion of ligands than that internalized by scavenger expressed on SEC [ 119 ]. Fc 
receptors are unaltered till the necrotic foci are infi ltrated, excessive injury with 
 D -galactosamine in chronic infl ammation. In such conditions, Fc receptors are 
minimized [ 120 ].      

6.3.3.2     Hepatic Endothelial Cells 

 HSC express similar receptors as those found on KC, e.g., mannose receptors [ 11 ,  12 ], 
scavenger receptors internalizing advanced glycation end-products-Alb, maleylated 
bovine albumin, and fucoidan [ 121 ] and Fc receptors internalizing immune complexes 
of IgG and IgA. In addition, to these receptors, SEC possesses stabilin receptors and 
receptors for removal of extracellular matrix, e.g., laminin, hyaluronic receptor. Stabilin 
receptors are responsible for regulating the extracellular concentration of the matrices 
and their concentration in blood [ 122 ].  
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6.3.3.3    Hepatic Stellate Cells 

 HSC are involved in liver fi brosis or liver cirrhosis. Targeting HSC achieves 
decreased secretion of extracellular matrix [ 123 ].

    (a)    Phosphomannosyl receptor/Mannose 6 phosphate receptors 
 Phosphomannosyl receptor receptors are intracellularly located in the mem-
branes of the endoplasmic reticulum, Golgi apparatus, and the lysosomes; only 
10 % of the receptors are identifi ed on the plasma membrane [ 124 ]. Delivery of 
newly synthesized lysosomal enzymes from the Golgi apparatus to lysosome in 
HSC requires the recognition of mannose 6-phosphate on these enzymes by a 
specifi c receptor—phosphomannosyl receptor/Mannose 6 phosphate receptors 
[ 125 ]. Targeting mannose 6 phosphate stimulates cytokines, converting growth 
factor β (TGF-β) stimulating production of collagen. Direct conjugation of 
mannose 6-phosphate with HPMA showed maximum uptake in diethyl nitrosa-
mine induced liver fi brosis [ 54 ]. Albumin modifi ed with mannose 6-phosphate 
selectively binds to hepatic stellate cells in fi brosis and accumulates up to 58 % 
of the injected dose after intravenous injection by endocytosis [ 126 ]. Inactivated 
hemagglutinating virus of Japan with a plasmid DNA tagged with luciferase 
has been targeted using liposomes decorated with albumin modifi ed mannose-
6-phosphate [ 127 ].   

   (b)    Miscellaneous receptors 
 Retinol binding protein receptors (RBP) are also found unaltered in liver disor-
ders and hence an important target in fi brosis [ 128 ]. A pro-drug Bexarotene 
(Targretin®) targets retinoic acid receptors in cancer. Cell surface integrins inte-
grate with the matrix collagen type VI protein through Arg-Gly-Asp (RGD) 
dependent interactions via αvβ3 receptor. Intravenous injection of liposomes 
encapsulating siRNA responsible and conjugated with vitamin A suppressed 
collagen secretion as well as reduced fi brosis [ 129 ]. Covalent interaction of a 
cyclic octapeptide bearing “RGD” peptide to HSA increased the selective uptake 
by HSC [ 130 ]. Similarly cyclic peptide C*SRNLIDC* is recognized by platelet 
derived growth factor receptor (PDGF). RGD labeled liposomes have effi ciently 
delivered interferon alpha-1b in fi brosis [ 131 ]. Conjugation to Human serum 
albumin incorporating an apoptotic drug led to accumulation on HSC [ 1 ].    

  Hepatitis C virus induces liver fi brosis and cirrhosis. Wang and coauthors have 
recently reported the presence of hepatitis C virus co-receptors responsible for 
promotion of liver fi brogenesis and engulfment of hepatocytes apoptotic bodies. 
In addition, many cytokine receptors, growth factor and transcription receptors, etc. 
are present on HSC, nevertheless with rare applications to liver targeting [ 39 ].  

6.3.3.4    Hepatocytes 

 Hepatocytes are active targets in hepatic cellular carcinoma, hepatitis, steatohepa-
titis, genetic disorders, and metabolic disorders [ 132 ]. Hepatocytes receive the sys-
temic circulation born substances after diffusion across the SEC separating blood 
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and hepatocytes. The particulates have foremost to pass through fenestrations of 
the sinusoid intravascular space generally of 100–200 nm [ 28 ,  133 ]. For active 
targeting in hepatocytes, introduction of steric stabilization, charge shielding 
techniques such as PEG layer reduce the opsonization and degradation in the lyso-
somes of KC.

    (a)    Asialoglycoprotein receptors (ASGP-R) or  N -acetyl galactosamine receptor/
GlcNAc–R 
 ASGP-R clears off serum desialylated glycoproteins from the systemic circula-
tion having non-reducing galactose or acetylgalactosamine residues, exposed at 
the end of their oligosaccharides, and through receptor mediated endocytosis 
[ 134 ]. The desialylated glycoproteins are subsequently processed through the 
liver lysosomes. The binding affi nity of N-acetyl galactosamine residues to 
ASGP-R is 10- to 50-fold higher than ligands with only terminal galactose resi-
dues [ 135 ,  136 ]. A higher expression and density of 500,000 ASGP-R per cell 
has been reported on the basolateral side of hepatocytes [ 137 ] and on the side 
facing the sinusoidal area [ 138 ]. The ASGP-R possesses three Ca +2  dependent 
carbohydrate recognition domains and hence exhibits strong interaction—
“cluster effect” with multivalent ligands (tri- or tetra-antennary  N -linked gly-
cans) [ 139 ]. Consequently, this results in lesser possibility of ligand escape 
towards other receptors [ 140 ,  141 ]. However, at higher surface density of galac-
tose residues complete shift in uptake from hepatocytes to KC is observed due 
to ready recognition by the galactose receptors on Kupffer [ 142 ,  143 ]. 
Expression of ASGP-R in conditions like hepatocellular carcinoma is still of 
debate with reports of overexpression [ 144 ] as well as decreased expression 
[ 145 ]. Ligands ranging from asialofetuin soybean derived sterylglucoside, sito-
 G, arabinogalactan, pullulan, lactobionic acid to synthetically synthesized 
galactosylated ligand have been widely studied as ligands for ASGP-R. D’Souza 
et al. [ 146 ] and coauthors performed an in silico screening of various ligands 
(arabinogalactan, pullulan, and kappa carrageenan) for targeting ASGP-R and 
observed good correlation with liver distribution in healthy rats on intravenous 
administration of nanocarriers anchored with the ligands. 

 KC also express galactose receptor distinct from ASGP-R [ 147 ]. Functionally, 
both the receptors have affi nity for galactose residue of lactose. However, speci-
fi city depends upon the degree of lactosylation. High substitution of lactosyl-
ated lipoprotein delivery targets the Kupffer cell (>300 lactose/LDL) despite 
being in minority, while at lower substitution (60 lactose /LDL); hepatocytes 
are targeted [ 148 ]. Lactosylated high density lipoprotein with diameter of 
10 nm showed hepatocyte-specifi c targeting [ 142 ]. Galactose particle receptor 
has a high affi nity for galactose, exposing particles with ligand size between 15 
and 20 nm [ 145 ,  149 ,  150 ]. Liposomes with a lower degree of tri-antennary 
galactoside modifi cation (5 % tri-antennary galactosides) were taken up by the 
ASGP-R on hepatocytes while those containing 50 % tri-antennary galactosides 
were taken up by KC [ 64 ,  143 ,  151 ]. Hence, an optimum balance of galactose 
density is desirable to prevent a shift in uptake from hepatocytes to galactose 
particle receptor on KC [ 142 ,  143 ].   
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   (b)    Glycyrrhizin (GL) and glycyrrhetinic acid (GA) receptors 
 Negishi et al. [ 152 ] demonstrated the presence of Glycyrrhizin and glycyr-
rhetinic acid receptors on the cellular membrane of hepatocytes. The binding 
sites for GA receptors surpass that of glycyrrhizin receptors [ 153 ]. GA is a 
metabolite of glycyrrhizin obtained from liquorice [ 154 ]. In vitro studies 
revealed 3.3-fold and 4.9-fold higher uptake for chitosan nanoparticles and 
poly(ethylene glycol)-b-poly(γ-benzyl  L -glutamate) micelles, respectively 
modifi ed with GA compared to unmodifi ed nanoparticulates [ 155 ,  162 ]). 
Chemical conjugation of GA to nanoparticles increased internalization by 
liver cancer cells [ 156 – 161 ]. Derivatives of glycyrrhizin—30-stearyl glycyr-
rhizin [ 162 ]—also increased hepatic uptake. GA conjugated to hyaluronic 
acid has been suggested as a double targeting strategy for liver cancer by 
[ 163 ]. Recently the presence of GA receptors on HSC and tumor cells have 
also been reported [ 164 ].   

   (c)    Integrin receptor 
 Vectors in Viral mediated delivery, viz   ., adenoviruses, retrovirus, hemagglutinat-
ing virus, lentiviral vectors innately are transduced through the adenoviral and 
integrin receptors [ 165 – 169 ]. The vector binds to the coxsackievirus-Ad receptor 
and is subsequently internalized by integrins. However, for hepatocyte transduc-
tion, this type of interaction between vector and CAR is not mandated [ 170 ,  171 ]. 
Uptake in KC causes degradation of genetic material. Immunogenicity and off-
target effects have been improved by designing vectors derived from human 
immunodefi ciency virus and pseudotyped with Sendai virus fusion protein F 
[ 166 ]. Though beta 1-integrin collagen receptors are reported to be present in 
hepatocytes, αVβ5 integrin receptor in KC have also been studied [ 172 ]. Integrin 
receptors are also associated with tumor blood vessels and are widely used for 
delivery of thrombolytic agents and anticancer drugs [ 173 – 175 ]. Specifi c target-
ing to hepatocytes through integrin is rare. Disruption of extracellular matrix 
related integrin signaling leads to termination of liver regeneration [ 101 ].   

   (d)    Low-density lipoprotein receptor (LDLR) 
 Low-density lipoprotein receptor is an endocytotic type I transmembrane cell sur-
face receptor and contributes to uptake of circulating cholesterol-rich LDL parti-
cles [ 176 ]. Uptake occurs via the clathrin-mediated receptor endocytosis system 
and is triggered by binding to the signaling proteins [ 177 ]. It maintains lipidic 
homeostasis as well as regulates fi brogenesis. Overexpression of LDLR is 
observed in non-alcoholic fatty liver disease and increases with advancement in 
fi brosis [ 178 ]. LDL metabolism has been associated with both hepatocytes and 
KC and follows saturation kinetics. Degradation of LDL is 18-fold higher in KC 
than in hepatocytes [ 179 ]. However, as in case of integrin receptors, LDLR are 
also known to be overexpressed in several tumors and have been widely studied 
for targeted delivery to malignant cells [ 180 ]. Hepatocyte specifi c delivery of 
disease-related genes using siRNAs has been cited [ 181 ,  182 ].   

   (e)    Miscellaneous receptors 
 Targeting of apolipoprotein E (high density lipoprotein) and apolipoprotein 
A-1for delivery of siRNA and miRNA has been demonstrated via the class B 
type I scavenger receptor (SR-B1) [ 183 ,  184 ]. CD36 receptors are found to 
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retain infl ammatory cells [ 185 ]. Lipid nanoparticles of acyclovir palmitate- 
recombinant HDL complex (~33 nm) revealed fourfold enhanced hepatic accu-
mulation on intravenous injection [ 186 ,  187 ]. Scavenger receptors also have 
their existence on KC associated [ 118 ]. Transferrin receptor increases in patients 
with alcoholic liver diseases with excessive iron accumulation [ 188 ,  189 ] and is 
expressed in all nucleated cells [ 190 ].    

  Qin He incorporated hepatocyte specifi c AFP (α-fetoprotein) promoter to recom-
binant plasmid encapsulated in PLGA nanoparticles and achieved targeted delivery 
to hepatoma cells. AFP promoter exhibited specifi c activity only in cells containing 
α-fetoprotein [ 191 ]. Other techniques for hepatocyte targeting have been by conju-
gating with bile acids which exhibit hepatotropism to specifi c transport systems on 
the sinusoidal plasma membrane of hepatocyte [ 192 ]. A ligand activated nuclear 
receptor, Farnesoid X receptor, known to regulate lipid and glucose metabolism 
exhibits affi nity to bile acids [ 193 ]. Other hepatocyte-specifi c transgene expression 
promoters are albumin, alpha 1-anti trypsin, enhanced transthyretin, etc. [ 194 ]. 
Receptors like cannabinoid receptor-1 though expressed on hepatocytes are also 
expressed in myofi broblasts, and adipose tissue and intestine bearing extrahepatic 
CB1 receptors [ 195 ]. Conditioning of KC with acetylated LDL or HDL increases 
the number of HDL receptors [ 196 ]. Recently receptors for mosquito-borne dengue 
viruses consisting of three proteins: heparan sulfate, the 37/67 kDa high-affi nity 
laminin receptor, and prion protein have been reported [ 197 ,  198 ]. An association 
between the laminin receptor, a part ofDENV (Dengue virus) receptor and prion 
proteins was observed in HepG2 cells. Readers are directed to the following refer-
ences for details [ 199 ,  200 ]. Glucagon like peptide receptors and δ opioid receptor 
have also been exploited [ 201 – 205 ]. The disposition of nanoparticulates in the liver 
is schematically depicted in Fig.  6.3  following intravenous injection.   

6.3.3.5    Stem Cells 

 Cancer stem cells are generally resistant to chemotherapeutic drugs due to the pres-
ence of active transmembrane adenosine triphosphate-binding cassette (ABC) trans-
porter family [ 206 ]. However, Wnt receptor, transmembrane Frizzled (Fzd) receptors, 
etc. are known to be stimulated on cancer stem cells [ 207 ,  208 ], while Notch and 
hedgehog signaling pathway inhibitors etc. can also serve as molecular target for 
cancer prevention by increasing the cell sensitivity to drugs and inhibiting drug effl ux 
in both tumor cells and stem cells. Targeting to cancer stem cells has been proposed to 
be more effi cient in eradicating and providing cure mainly to HCC [ 209 ,  210 ].   

6.3.4     Stimuli Responsive Active Targeting 

 Drug release at specifi c sites can be triggered by external and/or internal stimuli. 
While magnetic [ 211 ], photo-irradiation, ultrasound [ 212 ], electric fi eld, etc. are 
external stimuli [ 213 ,  214 ], internal stimuli include changes in pH [ 215 ], and 
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temperature [ 216 ,  217 ] which can occur within organs during disorders or tumors. 
Dual stimuli—thermal and pH—responsive self-assembled structures of poly( N - 
isopropylacrylamide )-b-poly( L -histidine) were designed for controlled release of 
doxorubicin in liver carcinoma [ 218 ]. Thermodox®, doxorubicin containing 
PEGylated liposomes, is a temperature sensitive nanocarrier which releases drug 
only upon externally applied heat, i.e., radiofrequency ablation at the site of the 
tumor to raise the temperature above 39.5 C, or upon EPR-mediated passive tumor 
accumulation [ 219 ].  

6.3.5     Antibody Mediated Active Targeting 

 Targeting with antibodies capable of recognizing and binding with affi nity to anti-
gens present on tumors as targeting strategy is widely explored [ 220 ,  221 ]. 
Immunoliposomes are widely exploited for delivery of anticancer agents [ 222 ]. 
ASGP-R single chain variable fragments on conjugation to immunotoxins exhibited 
an increased cytotoxicity in HepG2 and Huh7 cells compared to non-conjugated 
immunotoxin scFv fragments [ 223 ]. Interferon alpha genetically fused to a domain 

  Fig. 6.3    Physiological fate of nanoparticles following intravenous administration (schematic)       
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antibody (dAb), an asialoglycoprotein receptor specifi c antibody, increased the 
in vivo targeting to liver [ 224 ]. Four Glypican-3 antibodies—GC33, YP7, HN3, 
MCX-1414—have been developed for cancer therapy and are under investigation 
[ 225 ]. Antibody mediated targeted delivery to CD133, an important surface marker 
of liver cancer stem cells, has shown good promise in cancer therapy [ 226 ]. Human 
recombinant single chain antibody (C1-3 scAb) to synaptophysin, a HSC selective 
expression, is being explored for targeting in anti-fi brotic therapy [ 227 ,  228 ].   

6.4     Targeted Delivery Systems and Applications 

 Drugs administered orally or as injectables are effi ciently removed from systemic 
circulation by KC due to fi rst pass effect of drug causing metabolic transformation, 
detoxifi cation, and excretion of drugs [ 229 ]. Nevertheless, KC largely contributes to 
uptake of particulate matter. Thus, drugs are precluded from reaching the desired 
cell type [ 230 ]. 

 Covalent binding of therapeutically active drug to a liver targeting polymer 
improves liver targeting potential, circulation time and increases specifi city [ 231 ]. 
Many polymers such as poly-lactic acid poly-glutamic acid (PLGA) have been 
galactosylated and have shown improved biodistribution over the conventional poly-
mers [ 232 ]. Hydrolysis of drug from conjugates using enzymatic or environmental as 
triggers could also modify the drug kinetics. PEGylated conjugates are well reported 
for the success in treating various disorders including hepatitis C [ 233 ]. Protamine-
asialofetuin lipoplexes contained asialofetuin as a natural targeting ligand to ASGP-R 
[ 234 ]. Oligonucleotide poly- L  lysine polyplexes inhibited the expression of hepatitis 
B virus gene expression with increased hepatocyte uptake [ 235 ]. 

 Nanotechnology has enabled systematic and site-specifi c delivery of drugs. 
Reviews on the same are abundant. Readers are directed to recent reviews [ 236 ]. 
Nanoparticles are high engineerable with integration of different physicochemical 
functionalities such as size, shape, hydrophobicity, etc. Further modifi cation of sur-
face properties such as charge, anchoring ligands, modulating ligand density for 
achieving selectivity with desired systemic effects has been explored. Exploitation 
of active and passive targeted strategy relies on the characteristics of nanocarriers. 
Nevertheless, administered drug achieve high and nonspecifi c accumulation in liver 
due to fi rst pass effect for metabolism, while nanoparticles are effi ciently removed 
from systemic circulation by the macrophages of RES especially liver (fi rst-order 
targeting) [ 229 ] (Fig.  6.3 ). Though KC occupies only 40 % of liver cells, they are a 
major site of accumulation of nanoparticles (higher than parenchymal cells occupy-
ing 80 % and SEC occupying 6.3 %). Details of passive targeting to KC attributed 
to phagocytosis and factors contributing to phagocytic uptake are discussed earlier 
in Sect.  6.3.1 . 

 Once passive targeting to KC occurs, disorders or conditions wherein accumulation 
of nanoparticles in hepatocytes or SEC is desirable are never achieved. Nevertheless, 
tailored nanoparticulates can be designed for effi cient uptake by individual hepatic 
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cells. As mentioned in Sect.   3.2    . Different strategies based on specifi city of each 
receptor can be engineered on nanoparticles so as to achieve active targeting to dif-
ferent cells of liver. Another well-known technique is to administer a dose of blank 
particulates to saturate KC [ 67 ]. 

 The advantages of each approach need to be weighed prior to designing nanopar-
ticulates for active or passive targeting [ 237 ]. One such example in tumors and 
cancer is as follows: EPR permits inherent passive accumulation of nanoparticulates 
in tumor, thereby precluding the need for active targeting [ 238 ]. The nanoparticles 
evade the RES system either by manipulation of size, charge or by stealth coating 
and concurrently using an active targeting strategy enables specifi c cellular target-
ing. A combination of active targeting technique is also used to increase targeting 
effi ciency. Hongfen Wei et al. prepared galactosylated docetaxel nanoparticles tar-
geting hepatocytes in HCC combined with exposure to ultrasound to increase vas-
cular permeability [ 239 ]. 

 We present below the possible applications of targeted delivery to the liver for 
various liver affl ictions in Table  6.2 .

   Nanoparticles targeting to liver using either passive or active targeting have been 
frequently used in the following disorders or conditions: 

6.4.1     Hepatocellular Carcinoma or Hepatoma 

 Hepatocellular carcinoma (HCC) is a globally concerned disorder with a high mor-
tality and accounts for 85 % of primary liver cancers [ 240 ,  241 ]. Physiology of the 
liver is altered and could be exploited for passive targeting [ 242 ]. As observed in 
other tumors, HCC also exhibit leaky vasculature with discontinuous endothelial 
cell lining with pores (600–800 nm and at times up to 2 μm) [ 243 – 245 ]. 
Nanoparticulates up to 400 nm can easily extravasate through the leaky vasculature 
and result in increased drug concentration in the tumor [ 245 ,  246 ]. Macromolecules 
larger than 40 kDa and smaller than the fenestrations can easily accumulate in tumor 
tissue [ 244 ]. This condition is also a boon for active targeting using pH dependent 
release. Tumor cells show an increased glycolysis causing an acidic tumor microen-
vironment [ 247 ]. The acidic microenvironment of tumors due to increased glycoly-
sis also permits pH triggered drug release from liposomes. Active targeting of 
hepatocellular carcinoma has been achieved mainly by targeting the ASGP-R [ 248 ], 
retinoic acid receptor [ 249 ], glycyrrhetinic receptors [ 250 ], LDL receptors [ 251 ], 
etc. Most of the targeting strategies for treatment of HCC are based on binding to 
ASGP-Rs utilizing galactose as targeting agents [ 252 ]. But to date, very few nano-
carriers have been developed [ 187 ]. 

 SMANCS, a conjugate of Poly(styrene maleic acid)—SMA—and the protein 
antitumor agent neocarzinostatin—NCS—in Lipiodol—lipid contrast agent, an oily 
formulation has been selectively used in the treatment of HCC in Japan since 1993 
[ 253 ,  254 ]. It is devoid of side effects caused by conventional chemotherapeutic 
agents and suitable for X-ray computed tomography [ 255 ].  
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6.4.2     Infectious Diseases 

 The liver being home for many transport machineries and almost 80 % of the 
macrophage population, foreign bodies and large therapeutic molecules (Molecular 
weight ~50 kDa) achieve high hepatic concentration on administration [ 256 ]. Nano 
drug delivery systems also render high uptake of particulates by the macrophagic 
KC [ 246 ,  257 ]. This physiological phenomenon could be an advantage for treatment 
of macrophage related infections (Leishmaniasis, AIDS, Brucellosis, Listeriosis, 
Mycobacteria, and Salmonella infections). 

 In parasitic infections like malaria, the sporozoites of Plasmodium selectively 
infect erythrocytes and human hepatocytes. This erythrocytic stage of Plasmodium 
causes increased gametocyte production and subsequently sequestration in systemic 
circulation [ 258 ]. Though the size of sporozoites exceeds the size of fenestrations, the 
sporozoites from blood sequester hepatocytes using proteoglycans by squeezing 
through the endothelial fenestration [ 259 ]. Targeted delivery of Primaquine to the liver 
has been evaluated following intravenous administration of liposomes [ 260 ,  261 ] 
and gelatin and albumin nanoparticles [ 262 ]. Preferential delivery of Primaquine to 
the hepatocytes was achieved using an artifi cial chylomicron emulsion [ 263 ] and 
galactosylated liposomes [ 139 ]. Dendrimeric nanoparticles of PQ coated with 
galactose, a ligand for the ASGPR receptor on hepatocytes, also favored high accu-
mulation of PQ in the hepatocytes [ 264 ].  

6.4.3     Nucleic Acid Delivery 

 Chemotherapies at times cannot address issues which have caused specifi c mutations 
or alterations, and hence genetic delivery becomes mandatory. However, nucleic 
acids possesses large size, anionic charge repulsion, hydrophilic highly charged and 
possesses short half-life due to nucleases and metabolic nature of liver violating the 
Lipinski’s rule of 5 [ 265 ]. Cellular targeting of genetic material is often construed a 
herculean task. The journey begins from protection of the genetic material in sys-
temic circulation. Cationic liposomes and nanoparticles conceal the genetic mate-
rial while facilitating cellular uptake [ 72 ]. Further, cationic polymers exhibit strong 
buffering capacity between pH 5–7 causing osmotic swelling and fi nally vacuole 
disruption releasing the genetic material into cytoplasm [ 266 ]. Genetic transfer spe-
cifi cally to hepatocytes by incorporation of hepatocyte-specifi c promoters (albumin, 
alpha 1-anti trypsin, or enhanced transthyretin, α-fetoprotein, etc.) in lentiviruses 
(retroviral mediated genetic delivery) is reported. This reduces the expression on 
non-parenchymal cells [ 194 ]. High effi cient transfer of siRNA using polyconju-
gates [ 267 ], polymeric micelles [ 268 ], and self-assembled amphiphilic cationic 
copolymers [ 269 ] have been studied. Gene targeting of human Factor FVIII using 
gamma retroviral vectors to hepatocytes in hemophilia A has been prompted for 
Phase I clinical trials in patients. Synthesis of F factors occurs primarily in the liver 
and is supplied to the blood. Majority of the patients exhibited good tolerance to the 
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treatment. Targeting of these genes to antigen presenting cells increases the immu-
nity and decreases long term expression. Hence, a hepatocyte specifi c promoter is 
mandated. Micro-RNAs especially for liver diseases, infl ammation, and cirrhosis 
are under investigation [ 270 ]. 

 The inability of sinusoids to form a barrier for proteins has been long known. 
Hence, viral vector mediated gene delivery successfully exhibit its expression in 
hepatocytes rather than non-parenchymal cells. Also, the genetic material tends to 
degrade in the lysosomes of KC. Exploitation of protein for hepatocyte targeting has 
thus been widely studied. Giri explored this strategy for delivery of interferon-α 
using cationic PLGA nanoparticles with hepatitis B surface antigen (HBsAg) 
adsorbed onto its surface. The author proposed the system as an artifi cial viral vector 
[ 271 ]. Similarly, PEGylated interferon (Pegasys, PEG-Intron) has been successfully 
targeted to hepatocytes in hepatitis by passive targeting [ 272 ]. The stealth property 
imparted by PEGylation increases the circulation time thereby favoring high uptake. 
Since the uptake is not attributed to specifi c receptors, uptake in non- desired sites 
has also been observed [ 273 ]. Jung and coauthors designed core shell nanoparticles 
with a hollow core and a shell made of HBV envelope ( bio- nanocapsule) which had 
pre-S1 peptide as a ligand for hepatocytes. The bio- nanocapsule was conjugated to 
liposomes for peptide delivery [ 187 ,  274 ]. 

 Effi ciency of gene delivery can also be enhanced by temporarily depleting the KC. 
Depletion of KC can be achieved by administration of clodronate liposomes. The 
technique is however risky as the reappearance of KC would take up to 1 week 
[ 275 ]. Depressed blood fl ow, endotoxemia, and bacteremia are also associated with 
decreasing clearance activity in Kupffer cell.   

6.5     Imaging and Diagnosis 

 Over the decades, considerable advancement has evolved in diagnostic detection of 
various liver disorders. Common techniques for detection of HCC are quantifying 
the serum α fetoprotein or magnetic resonance imaging. The most common being 
the later, except in tumors less than 2 cm [ 276 ]. Radiopharmaceuticals containing 
galactose, lactose, or  N -acetyl galactosamine recognizing ASGP-R on hepatocytes 
are used as nuclear imaging radiopharmaceuticals targeting hepatocytes [ 277 ]. 

 Table  6.3  summarizes some of the major approaches for diagnosis of liver 
conditions.

6.6        Future Directions 

 Nanocarriers for targeted delivery in liver affl ictions are in clinical investigation for 
therapy and diagnosis (Table  6.4 ). Polyisohexylcyanoacrylate nanoparticles encap-
sulating doxorubicin was the fi rst nanoparticulate to enter in clinical trials for 
HCC. However, associated pulmonary adverse effects resulted in suspension of the 
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   Table 6.3    Diagnostic interventions for liver targeted delivery   

 Diagnosis  Ligand  Receptor  Reference 

 Bioimaging 
of quantum 
dots 

 Hyaluronic acid derivative  Hyaluronic acid 
receptors 

 [ 333 ] 

  D -galactose  ASGP-R  [ 334 ] 
 Fluorescence 
imaging 

 Glypican-3  Antibody mediated 
targeting specifi c for 
HCC 

 [ 335 ] 

 Radioactivity  99mTc hydrazino nicotinamide- 
galactosylated chitosan 

 ASGP-R  [ 336 ] 

 99mTc- galactosylated chitosan  ASGP-R  [ 326 ] 
 99mTc-gold nanoparticles capped with 
HYNIC-peptide/mannose 

 Mannose receptor  [ 337 ] 

 MRI  poly(propylene imine) dendrimers 
composed of Gd DTPA and cyclic NGR 

 Cyclic NGR (similar to 
RGD) binding to 
collagen type IV protein 

 [ 338 ] 

 PLA-PEG/Gd-DTPA  Passive accumulation  [ 339 ,  347 ]  
 PLA-PEG-NH2 immobilized with 
FITC through biotin–avidin system and 
anti-alpha-fetoprotein 

 Biotin avidin receptors 
on hepatocytes affected 
with cancer 

 [ 339 ] 

 LDLR-targeted amphiphilic gadolinium 
(Gd)-diethylenetriaminepentaacetic acid 
chelates 

 LDLR 

 Galactosylated manganese ferrite 
nanoparticles 

 ASGP-R  [ 340 ] 

 Mannan-coated superparamagnetic iron 
oxide nanoparticles 

 Mannose receptors  [ 341 ] 

 Gadolinium labeled LDL nanoparticles  LDL receptor  [ 342 ] 
 Gadolinium labeled cholesterol-HDL 
nanoparticles 

 HDL receptor  [ 180 ] 

   Table 6.4    Clinical trial and commercialization status of liver targeted delivery system   

 Clinical trials  Brand name  Phase in study  Reference 

 Doxorubicin loaded poly(alkyl 
cyanoacrylate) nanoparticles 

 Transdrug for 
HCC 

 Phase II and III  [ 343 ] 

 Hepatic arterial infusion of 
nanoparticle albumin- bound 
paclitaxel 

 –  Phase I  [ 344 ] 

 HPMA bearing doxorubicin 
with galactosamine (PK2) 

 Phase I  [ 145 ] 

 PEG–arginine deiminase (i.v.)  Hepacid by 
Phoenix for HCC 

 Phase I/II  [ 231 ] 

 Virosomal hepatitis vaccine 
(Liposomal IRIV) 

 Epaxal Berna 
Hepatitis A 

 Marketed by Berna Biotech 
(Bern, Switzerland) 

 [ 345 ] 

 PEG–alpha-interferon 2a  Pegasys for 
Hepatitis C 

 Nektar (San Carlos, CA, USA), 
Hoffmann-La Roche (Basel) 

 [ 345 ] 

 PEG–interferon 2b  PEG-Intron for 
Hepatitis C 

 Enzon, schering-plough  [ 345 ] 

 Iron nanoparticles for imaging 
liver tumors 

 Resovist  Schering (Berlin)  [ 345 ] 

 Iron nanoparticles for imaging 
liver tumors 

 Feridex/Endorem  Advanced magnetics 
(Cambridge, MA, USA), 
Guerbet (Roissy, France) 

 [ 345 ] 
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Phase II study. Other unexplored areas for targeting parasites invading the liver include 
amoebic liver abscesses, hydatid cyst of the liver, fl uke diseases, hemophilia, type I 
tyrosinemia, Wilson disease, etc. A recent upcoming area is the pharmacological 
modulation of the phenomenon autophagy for therapy of liver disorders. Autophagy 
is a process of lysosomal degradation of bulk cytoplasm or damaged organelles 
[ 278 ]. Improved therapeutic and diagnostic efforts have changed the status of hepatic 
cancer from dreadful to at least a treatable disease.
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    Chapter 7   
 Targeted Drug Delivery to the Mitochondria 

             Udita     Agrawal     ,     Rajeev     Sharma    , and     Suresh     P.     Vyas    

      Abbreviations 

   CPPs    Cell penetrating peptides   
  CsA    Cyclosporin A   
  CTAB    Cetyltrimethylammonium bromide   
  DOPE    Di-oleoylphosphatidylethanolamine   
  DOPE    1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine   
  DOTAP    Dioleoyl-1,2-diacyl-3-trimethylammoniumpropane   
  DOTMA    2,3-Bis-(oleoyl)oxipropyl-trimethyl ammonium chloride   
  GSH    Glutathione   
  Mce 6    Photosensitizer mesochlorine 6   
  MEND    Multifunctional envelope-type nano-device   
  MLS    Mitochondrial targeting sequences   
  MPPs    Mitochondria-penetrating peptides   
  mPTPCs    Mitochondrial permeability transition pore complexes   
  MTS    Mitochondrial targeting signal peptide   
  PAA    Polyacrylic acid   
  PAMAM    Poly(amidoamine) dendrimer   
  PLGA    Poly-lactide-co-glycolide   
  PT    Permeability transition   
  PTD    Protein transduction domain   
  PTPC    Permeability transition pore complex   
  SOD    Super-oxide dismutase   
  SOPC    1-Stearoyl-2-oleoylphosphatidylcholine   
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  SOPS    Stearoyl-oleoyl-phosphatidylserine   
  STPP    Stearyl triphenyl phosphonium   
  TAT    Trans-activating transcriptional activator   
  tBHP    t-Butylhydroperoxide   
  TPP    Triphenylphosphonium   
  TPP    Triphenylphosphonium   
  VDAC    Voltage dependent anion channel   
  ZnO    Zinc oxide   
  ZnPc    Zinc phthalocyanine   

7.1           Introduction 

  Targeting   therapeutics to intracellular organelles of interest could be very effective 
in maximizing the drug effect and minimizing side effects. However, intracellular 
delivery and subsequent targeting to specifi c cellular compartments is challenging, 
especially for macromolecular drug delivery systems, due to a cell membrane that 
prevents their spontaneous entrance and that nanocarriers are taken up primarily by 
energy-dependent endocytosis process. Mitochondria are decisive cellular organ-
elles known for their role in providing profi cient energetic support through the 
chemiosmotic process of oxidative phosphorylation. The intrinsic pathway of apop-
tosis is controlled and governed by mitochondria by regulating the translocation of 
proapoptotic proteins from the mitochondrial intermembrane space to the cytosol 
and also participate in some forms of non-apoptotic cell death, such as necrosis. 

 In the context of drug delivery, effectiveness of any drug or gene therapy depends 
upon its delivery (site specifi c) within the cell (improve the effi cacy) with the ability 
to reduce the toxicity. It is required to deliver drug to the specifi c cells as well as to 
inner cell compartments, which may contribute to a disease. Advancements in mito-
chondrial research and in medical technology have led to the fabrication of drugs that 
specifi cally target the mitochondria. Drugs that target mitochondria and exert their 
activity have become a focus of recent investigations due to their great clinical poten-
tial. The molecules, which selectively act on one or more mitochondrial sites for the 
palliative treatment and diagnosis of mitochondria associated diseases, are termed as 
“mitochondrial medicine” [ 1 ]. Nevertheless   , targeting of mitochondria is particularly 
exigent as hurdles including biological barriers, additional barriers including intra-
cellular diffusion/transport to the mitochondria and electrical potential across outer 
and inner mitochondrial membranes and toxicity affect the development of mito-
chondrial targeted therapeutics [ 2 ]. Moreover, processes such as the mobility of the 
system in the cytosol (because of the high concentrations of dissolved macromole-
cules), the rate of degradation in the cytosol and the rate of uptake into the targeted 
organelle limit intracellular targeting and thus affect targeting effi ciency. Despite all 
these barriers and obstacles, drug delivery strategies are continuously being designed, 
and explored to target mitochondria specifi cally to make therapy more effi cient and 
to minimize nonspecifi c side effects [ 3 ].  
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7.2     Importance of Mitochondrial Morphology 

    Mitochondria are typically elongated, thread-like organelles which differ from other 
organelles as they are double membranous structure with an unusual lipid composi-
tion. The mitochondrion is composed of four compartments each with different 
compositions, activities and functions: a porous outer membrane (lipid to protein 
ratio of 1:1), permeable to molecules smaller than about 6 kDa; an intermembrane 
space containing a number of specialized proteins; a convoluted and invaginated 
inner membrane containing the enzymes of oxidative phosphorylation and a series 
of metabolite carrier proteins; the mitochondrial matrix [ 4 ]. 

 The mitochondrial matrix is the innermost space enclosed by the cristae mem-
brane and contains enzymes of different breakdown pathways, including fatty 
acid oxidation, citric acid cycle, and the urea cycle, mitochondrial ribosomes, 
and specialized transfer RNAs as well as several copies of circular non-chromo-
somal mitochondrial DNA (mtDNA). mtDNA encodes 13 polypeptides, 22 
tRNAs, and 2 rRNAs. All the 13 polypeptides are the components of mitochon-
drial enzymes. A number of transport proteins are present in the inner mem-
brane—each of which is responsible for the transport of a specifi c ligand and 
compounds to the matrix space. For example, the ATP/ADP carrier (AAC) trans-
ferring ATP out of the matrix space, while simultaneously allowing ADP to cross 
the inner membrane. Mitochondria are found in all nucleated cells and are the 
principal generators of cellular ATP by oxidative phosphorylation. The number of 
mitochondria per cell is related to the energy requirements of the cell and varies 
according to the cell type, cell-cycle stage, proliferative state, and diseases related 
energy demands of the cell. Metabolically active organs such as liver, brain, car-
diac and skeletal muscle tissues contain up to several thousands of mitochondria 
per cell while somatic tissues with low energy demands contain only a few dozen 
mitochondria [ 5 ]. Mitochondria have key implication in many pathways essential 
to both the life and death of cells. These organelles generate 80–90 % of ATP by 
oxidative phosphorylation needed for cell respiration and survival, regulate cal-
cium fl ux, and have signifi cant role in the integration of pro- and anti-apoptotic 
stimuli. Mitochondria cannot be formed de novo. They vary in shape, length, size 
and are dynamic organelles having complex, interconnected, and network like 
structures [ 6 ].  

7.3     The Rationale for Mitochondria Drug Delivery 

 Mitochondria are the center of numerous fundamental metabolic pathways which 
are the prime target for pharmacological intervention. Cell’s energy metabolism, 
regulation of programmed cell death and intracellular calcium concentration are 
controlled by mitochondria. Furthermore, the mitochondrial respiratory chain is the 
major source of damaging reactive oxygen species. Consequently, a number of 
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diseases including diabetes, cardiomyopathy, infertility, migraine, blindness, deaf-
ness, kidney, liver diseases, and stroke are the result of mitochondrial dysfunction. 
Somatic mutations in the mitochondrial genome contribute to aging, age-related 
neurodegenerative diseases as well as in cancer. Another concern is mitochondrial 
toxicity. A number of xenobiotics and therapeutics such as haloperidol and thiothix-
ene exhibits mitochondrial toxicity by interfering with mitochondrial functions [ 7 ]. 
Membrane barriers as well as mitochondrial toxicity are signifi cant limitations to be 
addressed for the effective mitochondrial therapeutics. In conclusion, the delivery of 
therapeutics into mitochondria may provide the basis for a large variety of future 
therapies. The natural aging process can be slowed down by delivery of antioxidants 
to the mitochondria. Mitochondrial DNA diseases may possibly be treated by the 
delivery of therapeutic DNA and RNA such as antisense oligonucleotides, ribo-
zymes as well as plasmid DNA expressing mitochondrial encoded genes. The tar-
geted delivery of drugs to mitochondrial-uncoupling proteins may be promising in 
obesity treatment. Designing therapeutic strategies specifi cally for killing cancer 
cells by exploiting their metabolic alterations may open up therapeutic possibilities 
for new anticancer therapies. Moreover, apoptosis-resistance of many cancer cells 
can be treated by delivering molecules which trigger apoptosis directly without 
involving mitochondria.  

7.4     Mitochondrial Dysfunction and Related Disorders 

 Mitochondrial diseases include the disorders that are related to defects or absence of 
proteins that are utilized in mitochondria [ 8 ]. Dysfunctions caused by mutations 
mainly affect proteins of the respiratory chain and consequently normal energy pro-
duction which can lead to severe diseases. Cancer, Neurological disorders such as 
Parkinson’s, Alzheimer’s, and Down syndrome are associated with mitochondrial 
dysfunction. Mitochondria also play a vital role in the pathology of many other dis-
eases such as diabetes, amyotrophic lateral sclerosis, ischemic heart disease, hyper-
thyroidism, non-alcoholic fatty liver disease, and phenylketonuria. Mitochondrial 
dysfunction, which increases cellular glucose levels and consequently reduces insu-
lin production [ 9 ] may cause diabetes. The maternally inherited type of mitochondria 
related diabetes is caused due to spot mutation/point mutation in one of the mito-
chondrial genes encoding tRNALeu (UUR). Amyotrophic lateral sclerosis is gradual 
and selective loss of motoneurons in cortex, brainstem, and spinal cord caused due to 
mutations in the enzyme superoxide dismutase 1 (SOD 1) in the mitochondria. 
Alzheimer’s (AD) and Parkinson’s disease (PD) are common age related diseases 
[ 10 ]. Patients with Alzheimer’s disease showed altered activities of enzymes in tri-
carboxylic acid (TCA) cycle, mutations of mitochondrial fusion proteins, and accu-
mulation of mtDNA mutations. The importance of mitochondria in the pathology of 
cancer and diabetes is discussed below: 
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7.4.1     Cancer 

 Cancer cell mitochondria are structurally and functionally different from their normal 
counterparts signifying the role of mitochondrial dysfunctions in the entire process 
of cancer development and progression. Synthesis of respiratory chain proteins due 
to mutations of the mitochondrial DNA (mtDNA) leads to increased electron leakage 
and ROS over production. Increased ROS level favors cell proliferation, DNA dam-
age, genetic instability, resistance to antitumor agent’s chromosomal instability, neo-
plasm metastasis, and carcinogenesis. Mitochondria regulate the intrinsic pathway of 
apoptosis by regulating the translocation of proapoptotic proteins from the mito-
chondrial inter-membrane space to the cytosol [ 11 ]. An intact outer membrane con-
tains a variety of inactivated apoptotic proteins and once the integrity is lost; these 
apoptotic proteins are dumped into the cytoplasm and induce apoptosis. In cancer 
cells the antiapoptotic proteins are overexpressed with reduction in proapoptotic 
factors, enabling the cancer cells to be more resistant. In malignant lesions compo-
nents of the permeability transition pore complex (PTPC) express and exhibit alter-
ations, which control the exchange of metabolites and also mediate the permeability 
transition to trigger the release of cytochrome c. Thus, targeting of molecules or toxic 
substances which stimulate the permeability transition or alteration of mitochondria of 
tumor cells and devastate the mitochondrial DNA in mammalian cells to encourage 
apoptosis could be promising targeting strategy for cancer therapy [ 12 ].   

7.5     Mitochondria-Targeted Agents Under Preclinical 
and Clinical Evaluation for Anticancer Therapy 

 Many of the compounds that target differences between mitochondria from normal 
cells and from cancer cells are currently under preclinical and clinical evaluation.

•    Agents targeting the transition of cell metabolism 
 Non-metabolically active glucose analog like 2-deoxyglucose inhibits glycolysis 
is currently under Phase I/II clinical trials. 3-bromopyruvate, an analog of lactic 
acid under preclinical testing, has shown benefi cial property on tumor growth. 
Derivative of indazole-3-carboxylic acid, lonidamine (LND) inhibits glycolysis 
and improves the cytotoxicity of the doxorubicin and cisplatin is under multiple 
Phase III clinical trials. In addition, phloretin is known to sensitize cancer cells to 
daunorubicin for its anticancer activity and apoptosis to overcome drug resistance 
only under hypoxia. Another agent, dichloroacetate that inhibits the key enzyme 
pyruvate dehydrogenase kinase in cancer cells, is currently under Phase II clinical 
trials in brain tumor and some solid tumors.  

•   Agents targeting cellular damage caused by abnormal ROS production 
 Several agents that increase ROS generation for cancer therapy are under clinical 
trials. Arsenic trioxide can cause an increase in electron leakage by interfering with 
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the OXPHOS, therefore promoting ROS generation, leading to cancer cell apop-
tosis. Redox-inactive vitamin E analog alpha-tocopheryl succinate is under 
Phase II study in melanoma, prostate cancer, colorectal cancer, mesothelioma, 
and breast cancer for anticancer activity. 

 The Phase I/II studies have demonstrated that 2-methoxyestradiol; an estro-
gen derivative that selectively kills human leukemia cells is well tolerated and 
causes disease stabilization in patients with solid malignancies or with multiple 
myeloma. Additionally, buthionine sulfoximine and imexon are both in Phase I 
clinical trials.  

•   Agents targeting the disabled apoptosis pathway 
 Bcl-2, an antiapoptotic protein is a promising target molecule in cancer therapy. 
Antisense oligonucleotides specifi c for Bcl-2 RNA sequences (such as G3139) 
suppress particularly the proliferation of cancer cells or augment their sensitivity 
to chemotherapeutic drugs. G3139 and Gossypol, a BH3 mimetic is under Phase 
III clinical trials in addition with chemotherapeutic agents in a number of tumors. 
Peripheral benzodiazepine receptor (PBR) ligands, such as PK11195, RO5-4864 
and diazepam, have shown antitumor effects both in vitro and in vivo, either as 
alone or in combination with other chemotherapeutic agents and have entered 
clinical trials. The promising results have been achieved in patients with recur-
rent glioblastoma treated with diazepam plus lonidamine.  

•   Agents targeting mutated mtDNA 
 Several compounds that target mtDNA or enzymes related to its replication illus-
trate potential clinical applications. Among them, cisplatin, a classic anticancer 
drug in clinical use, is found to bind preferentially to mtDNA more than to 
nuclear DNA and shows higher cisplatin–mtDNA adduct levels, resulting in the 
inhibition of NADH-ubiquinone reductase and the decrease of ATP generation. 
Ditercalinium, a bis-intercalating agent accumulates in the mitochondria causing 
specifi c elimination of mtDNA and inhibition of its replication. In vitro studies 
have shown that vitamin K3 exhibits anticancer activity in breast and pancreatic 
cancer cells by specifi cally inhibiting the affect on DNA polymerase ϒ, the mito-
chondrial enzyme responsible for mtDNA replication but its use as a potential 
anticancer agent remains to be evaluated.     

7.6     Exploiting Mitochondrial Properties for Drug Targeting 

 Mitochondria exhibit some specifi c features that differ from other cellular compart-
ments and also between normal and diseased mitochondria. These features can be 
exploited for developing a targeting strategy to transport biologically active mole-
cules to and into the mitochondria within living mammalian cells. The distinct mito-
chondrial features, which govern the mitochondrial targeting strategies are:

•    The high membrane potential across the inner mitochondrial membrane,  
•   The organelle’s protein import machinery  
•   The mitochondrial fusion process    
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 The fi rst property that can be utilized for targeting is the mitochondrial mem-
brane potential. Mitochondria are composed of a double membrane. Transmembrane 
electrochemical gradient is generated by the electron transport chain and ATP syn-
thesis via oxidative phosphorylation that leads to a high membrane potential, nega-
tive inside and a pH difference, acidic outside [ 13 ]. Therefore, cationic molecules 
are attracted and preferentially taken up by mitochondria. The molecules get selec-
tively accumulated in the mitochondrial matrix in response to their membrane 
potential. The inner mitochondrial membrane has to be crossed for the delivery of 
substances into the mitochondrial. Altogether, lipophilic as well as positively 
charged molecules can take the advantage of the membrane potential to accumulate 
in mitochondria [ 14 ]. Moreover, the outer membrane does not present a barrier to 
small molecules. These can basically diffuse through pores in the membrane formed 
by a membrane spanning protein. 

 Protein import pores the specifi c targeting sequences present in outer and inner 
membrane of mitochondria could potentially be utilized for transporting drug or 
DNA molecules to and/or into the matrix of mitochondria. In addition, any 
mitochondria- specifi c binding sites and unique protein receptor at the mitochon-
drial membranes could be exploited for drug targeting purposes. Mitochondrial tar-
geting by mitochondrial fusion process so far has not been explored yet. Drug 
delivery using carriers might be a suitable approach to mitochondria targeting for 
drugs too large to pass the mitochondrial protein import pores.  

7.7     Challenges of Targeting Mitochondria 

 Although mitochondria play an essential role in various signifi cant pathologies, 
they have been an ignored target. It is due to the diffi culty of selectively targeting 
molecules to this organelle in vivo. Various extracellular and intracellular barriers 
including cell membrane and the mitochondrial membrane impose formidable chal-
lenges to the drug delivery to mitochondria. The transportation through cell mem-
brane is a prime requirement for drug delivery and therapy. For intracellular targeting 
a carrier system must cross the plasma membrane, a major barrier for large and 
charged molecules to enter the cytoplasmic space [ 15 ]. 

 The challenge of targeting mitochondria by itself is to transfer the drug or drug 
carrier across two membranes in the case of mitochondrial matrix targeting. In tar-
geting of the intermembrane space, it is suffi cient to pass the outer mitochondrial 
membrane, but almost all potential targets are located in the mitochondrial matrix. 
Therefore, it is necessary to overcome both mitochondrial membranes which have 
only small pores and a highly lipophilic inner membrane. Theoretically, membrane 
impermeable probes can enter mitochondria through protein import pores (TOM and 
TIM complex), the pore protein porin, also referred to as the voltage dependent anion 
channel (VDAC), the mitochondrial permeability transition pore complexes (mPT-
PCs), through mitochondrial apoptosis-related channels and through apoptosis- 
related ceramide pores. But only the VDAC and the protein import pores are relevant 
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in normal mitochondrial function. The others are related to apoptosis and dysfunction 
and are localized in the outer but not the inner mitochondrial membrane. 

 Size and hydrophobicity of the molecules are the factors affecting and determin-
ing the diffusion rate through mitochondrial membrane. Hydrophobic (log P > 5) 
and relatively small molecular weight (500 mw) substances are transported through 
the plasma membrane by passive diffusion whilst hydrophilic molecules are 
screened off. However, different endosomal mechanisms are also utilized by the cell 
for the transport of macromolecules and carriers. All eukaryotic cells exhibit one or 
more forms of endocytosis. Many endogenous and exogenous ligands enter a cell by 
receptor mediated endocytosis. Optimal drug therapy not only depends on the deliv-
ery of bioactive molecule/macromolecule to its target cell but also its appropriate 
localization within that cell. Receptor targeting for selective uptake and internaliza-
tion of drugs has further expanded with the introduction of new macromolecular 
drugs including DNA, peptides and proteins. The accessibility of sophisticated 
nanotechnology approaches to encapsulate drugs, providing controlled release 
capacity as well as protection of macromolecules from degradation prior to reach-
ing the site of action, has provided an additional level of advantages. 
Macromolecules are primarily entrapped in endosomes followed by maturation to 
form late endosome and ultimately fusion with lysosome in order to exert its ther-
apeutic effects [ 16 ]. The particles that do enter cells via the endosomal pathway, 
must escape the endosome before its fusion with the lysosome in order to prevent 
drug and carrier degradation. Due to the stability problems at endosomal/lysosomal 
pH macromolecular drugs such as proteins, peptides, DNA and drugs should bypass 
the endocytic pathway for their profi cient delivery in the cytosol or other cellular 
organelles [ 17 ]. 

 Different molecules which can be targeted to the mitochondria and pathways for 
mitochondrial targeting are represented in Fig.  7.1 . Peptides namely cell penetrating 
peptides (CPPs) constitute a novel class of molecules capable of transferring mole-
cules directly to the cytosol and bypassing endocytic pathway [ 16 ]. CPPs represent 
short polycationic sequences of about 10–30 amino acids which can extraordinary 
facilitate cellular gene/drug delivery. There are some more peptides that are struc-
turally similar in that they all contain a short sequence of less than 20 amino acids 
with a positively charged arginine and lysine residues. This sequence is called “pro-
tein transduction domain” (PTD) and are considered to be signifi cant to establish 
carrier cellular contact [ 18 ].  

7.7.1     Cytosolic Barriers 

 The barriers that the molecules encounter before they reach mitochondrial organelle 
must be taken into account and special consideration should be given to diffusion of 
molecules from the plasma membrane through the cytosol. The cytosol has an active 
intracellular environment consisted of macromolecular species and specifi c 
 components (water, ions and proteins) with minimal free space available [ 19 ]. 
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The high concentration of macromolecules (up to 400 mg/mL) [ 20 ] in the cytosol is 
referred to as molecular crowding, which constitute a signifi cant diffusion barrier 
for molecules. Moreover, collisional interactions and binding to intracellular com-
ponents in the cytoplasm are additional obstacles encountered during drug targeting 
to the mitochondria [ 21 ].  

  Fig. 7.1    ( 1 ) To design a successful drug delivery system, the therapeutic cargo must be encapsu-
lated with therapeutic moiety depending on the physical characteristics, ( 2 ) intracellular traffi cking 
of carrier including endosomal escape, ( 3 ) mitochondrial targeting, ( 4 ) showing the general route 
other than mitochondrial targeting       
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7.7.2     Mitochondrial Membranes 

 Mitochondria offer two anatomical barriers, the outer and inner mitochondrial 
membrane to the therapeutic agents to be targeted to the mitochondrial matrix. 
The outer mitochondrial membrane is weak barrier compared to the inner membrane 
and contains voltage-dependent anion channels (VDAC, also referred to porin) [ 22 ]. 
VDACs nonspecifi cally transport molecules into the transmembrane space between 
the outer and inner mitochondrial membranes and also coordinate with the mito-
chondrial permeability transition pore complex [ 23 ]. VDAC also integrates with 
PBR which primarily translocates cholesterol and benzodiazepine derivatives into 
the mitochondria for metabolism. 

 The outer membrane also contains mitochondrial protein transporters that trans-
locate proteins which are generally positively charged and contain alpha helical 
secondary structure into the mitochondria [ 24 ]. The drug has to cross the inner 
membrane to reach the mitochondrial matrix. The inner membrane creates a strong 
negative membrane potential of approximately −180 mV due to the presence of 
electron transport chain which accounts for the higher accumulation of cationic 
lipophilic drugs than other molecules including hydrophilic, neutral, and anionic 
molecules. This negative membrane potential can be exploited to target therapeutics 
to this organelle. Mitochondrial accumulation of therapeutics involves factors such 
as electric potential, ion-trapping, and complex formation with cardiolipin [ 14 ]. It is 
reported that lipophilicity, charge and polar surface area of the drug infl uence mito-
chondrial uptake. Transporter proteins assist the uptake of other drug/protein mol-
ecules with low affi nity for mitochondria. Integrating mitochondrial translocation 
ligands and/or positively charged ligands into the therapeutic carrier design may 
help targeted mitochondrial delivery [ 25 ]. Figure  7.2  represents schematic represen-
tation of biological barriers to mitochondria delivery and the approaches that could 
surmount the drug delivery challenges.    

7.8     Mitochondria  Targeting   Strategies 

 A range of strategies for targeting bioactives to mitochondria has been explored. 
These strategies utilize biophysical properties of mitochondria, unique mitochon-
drial enzymes and targeting based on the transporter-dependent delivery to mito-
chondria. Compounds exhibiting or possessing a positive charge are attracted to 
mitochondria (due to the negative potential) but are unable to enter the mitochon-
drial matrix because of the impermeability of inner mitochondrial membrane to 
polar molecules. Therefore, additional physicochemical properties are required for 
mitochondrial targeting. Although it has been widely accepted that molecules 
should be comprised of positive charge and lipophilicity/amphiphilicity for mito-
chondrial targeting, the idea is still in controversies. Moreover, correlation between 
physicochemical properties and extent of accumulation in mitochondria could not be 
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  Fig. 7.2    Schematic    representation of biological barriers for mitochondria delivery and the 
approaches to overcome the drug delivery challenges. Reproduced with permission from 
ref. [ 26 ]       
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demonstrated [ 14 ]. However, several strategies directed/designed for mitochondrial 
targeting are shown to selectively deliver the drugs or molecules into mitochondria 
are discussed in this chapter. Figure  7.3  represents various targeting strategies for 
mitochondrial targeting.  

7.8.1     Lipophilic Cation-Based Non-peptide Targeting 
Strategies 

 Lipophilic cations can easily transverse across the plasma membrane and the mito-
chondrial membranes because of the cationic charge and hydrophobic surface area, 
which in effect lowers the activation energy for their movement across the mem-
brane. The negative membrane potential enables the positively charged moiety to 
move through membranes and accumulate in the mitochondrial matrix. Furthermore, 
lipophilic cations do not require a specifi c import mechanism. The mitochondrial 
membrane potential is about 180–200 mV which favors a 200- to 400-fold higher 
accumulation of lipophilic cation in the mitochondrial matrix. The membrane 
potential of the plasma membrane is about 30–60 mV, negative inside thus accumu-
lation of these compounds in mitochondria relative to the extracellular environ-
ment is several fold higher [ 27 ]. 

 

 

 

 

 

 

 

 

 

  Fig. 7.3    Schematic representation of various mitochondrial drug targeting strategies          
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 Triphenylphosphonium (TPP) cation is best characterized and most widely used 
delocalized lipophilic cation for delivery to mitochondria, which was originally 
used to assess the mitochondrial membrane potential [ 28 ]. Uptake of TPP into mito-
chondria is well recognized and it is comparatively straightforward to introduce it 
into a compound late in the chemical synthesis scheme, typically by displacing a 
leaving group with triphenylphosphine cation [ 27 ]. Moreover, TPP or a methyl 
derivative of TPP does not require any receptor to penetrate into mitochondria. 
Drugs can be attached through the functional groups to the phosphorous atom or 
modifi ed phenyl rings and carried into the matrix space [ 29 ]. It has been applied in 
various studies for mitochondrial targeting of antioxidants with an aim of protecting 
them from oxidative damage [ 30 ]. A wide range of antioxidants have been targeted 
to mitochondria by conjugation to the TPP lipophilic cation, including ebselen, 
lipoic acid, vitamin E, nitrones, plastoquinone, and nitroxides. This principle has 
also been successfully exploited to transport peptide nucleic acid (PNA) of 
3.4–4 kDa by conjugating them with TPP for mitochondrial targeting in order to 
inhibit the replication of mutated mtDNA. Other lipophilic cations such as rhoda-
mine 123 or tetraguanidinium oligomers are also found to accumulate selectively 
within mitochondria [ 31 ]. A mitochondria targeted analog of α-tocopherol (MitoE2), 
reduces iron/ascorbate-induced mitochondrial damage and neuronal and astrocytic 
cell death in pyramidal neurons. MitoQ exhibits antioxidant properties upon mito-
chondrial uptake. In mitochondria, MitoQ is reduced to ubiquinol, which is the 
antioxidant species that detoxifi es reactive oxygen species (ROS), and is thereby 
oxidized to ubiquinone; the ubiquinone thus formed is reduced to ubiquinol.  

7.8.2     Mitochondria-Targeted Peptides 

 Studies describe a variety of peptide and amino acid based mitochondrial transporters 
which are designed to utilize charge-driven uptake into the mitochondria. These 
peptides appear to enter cells via direct mode of uptake, avoiding endosomal and/or 
lysosomal sequestration that would prohibit their ability to accumulate in mitochon-
dria [ 32 ]. Peptides with antioxidant properties present a different mitochondria 
targeting strategy. 

 The peptide sequences are resistance to hydrolysis and, have considerable phar-
macokinetic properties. The observed cell permeability of peptides is dependent on 
charge and lipophilicity. Szeto-Schiller (SS)-peptides (positively charged peptides) 
is an approach which could be used for mitochondrial targeting. The structural 
motif consisted of four alternating aromatic and basic amino acids and possesses 
three positive charges at physiological pH. Studies have revealed their rapid uptake 
through the plasma membrane and accumulation in mitochondria in isolated cells 
[ 33 ]. The uptake of Szeto-Schiller peptides into mitochondria does not depend upon 
the negative membrane potential and the mechanism behind their uptake is cur-
rently not clear [ 34 ]. The novel approach for targeted delivery of antioxidants to the 
inner mitochondrial membrane using Szeto-Schiller (SS) peptide antioxidants 
resulted in reduced ROS and cell death caused by t-butylhydroperoxide (tBHP) in 
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neuronal N2A cells (EC50 in the nM range). These have been investigated in a variety 
of in vitro and in vivo disease models. 

 The peptides inhibit lipid peroxidation by scavenging hydrogen peroxide and 
peroxynitrite. Tyrosine and dimethyltyrosine residues may produce antioxidant 
action. SS peptide antioxidants inhibit the permeability transition (PT) and swell-
ing, and reported prevented cytc release induced by Ca 2+  in isolated mitochondria. 
Because ROS and PT have been implicated in myocardial stunning these peptide 
antioxidants can notably progress contractile force in an ex vivo heart model. 
Therefore, it can be speculated that these peptidal antioxidants can be effective anti-
aging treatment and diseases associated with oxidative stress [ 33 ]. 

 Mitochondria-penetrating peptides (MPPs) are one more promising delivery 
vectors for specifi c and effective mitochondrial transport [ 35 ]. These consist of 
four or eight alternating positively charged, hydrophobic, and partly unnatural 
amino acids. Small molecules, biotin and trolox, a water soluble analog of vita-
min E are delivered by MPPS into mitochondria [ 32 ]. Use of cell penetrating 
peptides (CPP) is another approach which is able to transport the cargoes of much 
higher molecular weight compared to their own [ 36 ]. CPP are larger peptides 
consisting of up to 30 positively charged or alternating positively charged and 
hydrophobic amino acids. Studies show that number of molecules such as pro-
teins, peptides, nucleic acids, and even nanocarriers like liposomes can be deliv-
ered in this way into cells [ 37 ]. Natural mitochondrial leading sequences (MLSs), 
derived from mitochondrial proteins are competent to deliver molecules into mito-
chondria. They are synthesized in the cytosol, with 10–80 amino-terminal pre-pro-
tein to be translocated to their ultimate mitochondrial destination. These are 
positively charged, hydrophobic, and hydroxylated amino acids with an ability to 
form an amphipathic α-helix that presents one positively charged surface and one 
hydrophobic surface. These structural characteristics are imperative for the identifi -
cation by the mitochondrial protein import pores and therefore when an MLS is 
attached to a non-mitochondrial protein, it can specifi cally direct the protein into 
mitochondria [ 38 ]. 

 Most of these proteins are encoded in the nuclear genome and consequently 
delivered to mitochondria by mitochondrial targeting signal peptide (MTS) that is 
located at the N-terminus of the precursor protein [ 39 ]. These MTSs are typically 
consisting of 10–70 amino acids, which are removed in 1 or 2 proteolytic steps once 
delivered to the mitochondria. These MTS peptide can be used to deliver proteins to 
the matrix of the mitochondria. The MTS sequence leads the cargo protein to the 
mitochondria, and is then cleaved, allowing for the absolute localization and func-
tion of the fused protein [ 40 ]. 

 Cyclosporin A (CsA) is a cyclic peptide that inhibit mPTPC formation and 
delays cell death caused by oxidative stress, and hence used on protecting the heart 
and the brain from ischemia–reperfusion injury. Although CsA is a potential drug 
for an anti-ischemic drug, it is diffi cult to predict the concentrations of CsA in mito-
chondria as there are additional targets of CsA in the cell. Therefore to achieve 
therapeutic benefi t of CsA, mitochondria-specifi c drug carrier system should be 
developed [ 41 ].  
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7.8.3     Lipidic and Polymeric Nanocarriers 
for Mitochondrial Targeting 

 Nanocarriers offer numerous advantages in the design of therapeutics to overcome the 
challenges and limitations associated with mitochondrial targeting. Nanocarrier 
loaded with drug can be conjugated with organelle specifi c targeting moieties. 
 Targeting   moieties include peptide sequences and non-peptide molecules that can be 
recognized and interact with the mitochondrial membranes [ 42 ]. Mitochondrial deliv-
ery of drug requires escape of carrier from endosomes after endocystosis. The drug 
delivery system decorated with targeting moieties has to release the drug into the 
cytosol for the intracellular organelle specifi c targeting    (Table  7.1 ). Liposomes, 
nanoparticles, micelles and multifunctional nanoparticles have been proposed for the 
delivery of hydrophobic drugs to various sub-cellular organelles including mitochon-
dria. In a study fl uorescently labeled micelles were found to be distributed through 
several cytoplasmic organelles including a majority of them being associated with the 
mitochondria. It was found that internalization of drug incorporated in micelles was 
better than the free drug [ 54 ].

   It is demonstrated that the quantum dots that are enfolded in micelles and conju-
gated to a mitochondrial targeting peptide could preferentially accumulate in mito-
chondria when they are applied to the intact cells [ 55 ]. Another strategy that can be 
explored to target mitochondria is the utilization of water soluble fullerene deriva-
tives that accumulate in mitochondria as well [ 56 ]. Moreover, drug conjugates of 
HPMA copolymer are also possible candidates which can be explored for mito-
chondrial targeting. Drug conjugates were synthesized using a photosensitizer 
mesochlorine 6 (Mce 6). Mitochondrial targeting of HPMA copolymer-bound 
Mce 6 enhanced cytotoxicity as compared to non-targeted HPMAcopolymer- 
Mce6conjugates [ 57 ].  

7.8.4     Bolasomes 

 Dequalinium (DQA) is a cationic bolaamphiphile with delocalized charge centers. 
It forms liposome like aggregates in water called DQAsomes/bolasomes that act as 
a vector for the transportation of DNA to mitochondria in living cells. DQAsomes 
exhibited higher mitochondrial accumulation and retention. Positively charged 
DQAsomes are attracted towards the negatively charged mitochondrial transmem-
brane of the tumor cells. García-Pérez et al. [ 58 ] reported that DQA showed anti-
cancer activities and induced a concentration-dependent oxidative stress by 
decreasing glutathione (GSH) level and increasing ROS in a cell type specifi c way. 
Inhibitors of the JNK and p38 stress regulated kinases potentiate DQA-induced 
NB4 cell death indicating a protective function for these enzymes. 

 DQA encapsulating paclitaxel exhibited enhanced apoptosis activity over unen-
capsulated paclitaxel in COLO25 cells [ 59 ]. They are capable of increasing the 

7 Targeted Drug Delivery to the Mitochondria



256

   Ta
bl

e 
7.

1  
  L

is
t o

f 
va

ri
ou

s 
na

no
sy

st
em

s 
de

si
gn

ed
 f

or
 ta

rg
et

ed
 m

ito
ch

on
dr

ia
l d

el
iv

er
y 

fo
r 

th
e 

tr
ea

tm
en

t o
f 

ca
rc

in
om

as
   

 N
an

oc
ar

ri
er

/
th

er
ap

eu
tic

 m
oi

et
y 

 D
is

ea
se

 ta
rg

et
ed

 
 M

ec
ha

ni
sm

 
 R

es
ul

ts
 

 R
ef

. 

 L
ip

os
om

es
 m

od
ifi 

ed
 

w
ith

 T
PG

S1
00

0-
T

PP
/

Pa
cl

ita
xe

l 

 R
es

is
ta

nt
 lu

ng
 

ca
nc

er
 

 E
nh

an
ci

ng
 th

e 
ap

op
to

si
s 

by
 

ac
tin

g 
on

 th
e 

m
ito

ch
on

dr
ia

l 
si

gn
al

in
g 

pa
th

w
ay

s.
 

 T
he

 T
PG

S1
00

0-
T

PP
 c

on
ju

ga
te

d 
lip

os
om

es
 f

ac
ili

ta
te

d 
th

e 
m

ito
ch

on
dr

ia
l t

ar
ge

tin
g 

an
d 

up
ta

ke
. T

he
 ta

rg
et

in
g 

lip
os

om
es

 c
ou

ld
 in

du
ce

 th
e 

ap
op

to
si

s 
of

 th
e 

dr
ug

-
re

si
st

an
t l

un
g 

ca
nc

er
 b

y 
re

le
as

in
g 

cy
to

ch
ro

m
e 

C
, a

nd
 

in
iti

at
in

g 
a 

ca
sc

ad
e 

of
 c

as
pa

se
 9

 a
nd

 c
as

pa
se

 3
 r

ea
ct

io
ns

 
as

 w
el

l a
s 

ca
us

e 
th

e 
ap

op
to

si
s 

by
 a

ct
iv

at
in

g 
th

e 
pr

o-
ap

op
to

tic
 B

ax
 a

nd
 B

id
 p

ro
te

in
s,

 a
nd

 s
up

pr
es

si
ng

 th
e 

an
ti-

ap
op

to
tic

 B
cl

-2
 p

ro
te

in
. 

 Z
ho

u 
et

 a
l. 

[ 4
3 ]

 

 L
on

id
am

in
e 

lip
os

om
es

 in
 

co
m

bi
na

tio
n 

w
ith

 
ta

rg
et

in
g 

ep
ir

ub
ic

in
 

lip
os

om
es

/
L

on
id

am
in

e 
an

d 
ep

ir
ub

ic
in

 

 D
ru

g-
re

si
st

an
t 

ca
nc

er
 

 E
nh

an
ci

ng
 th

e 
cy

to
to

xi
c 

ef
fe

ct
 

by
 a

ct
in

g 
on

 th
e 

m
ito

ch
on

dr
ia

l 
si

gn
al

in
g 

pa
th

w
ay

s.
 

 T
he

 ta
rg

et
in

g 
lo

ni
da

m
in

e 
lip

os
om

es
 s

ig
ni

fi c
an

tly
 

en
ha

nc
ed

 th
e 

in
hi

bi
to

ry
 e

ff
ec

t o
f 

th
e 

ta
rg

et
in

g 
ep

ir
ub

ic
in

 
lip

os
om

es
 in

 th
e 

dr
ug

-r
es

is
ta

nt
 A

54
9c

D
D

P 
ce

lls
 in

 a
 

lo
ni

da
m

in
e 

do
se

-d
ep

en
de

nt
 m

an
ne

r. 
T

he
 e

ffi
 c

ac
y 

in
 

tr
ea

tin
g 

th
e 

dr
ug

-r
es

is
ta

nt
 A

54
9c

D
D

P 
xe

no
gr

af
te

d 
tu

m
or

 
m

od
el

 a
ft

er
 a

dm
in

is
tr

at
io

n 
of

 th
e 

ta
rg

et
in

g 
lo

ni
da

m
in

e 
lip

os
om

es
 p

lu
s 

ta
rg

et
in

g 
ep

ir
ub

ic
in

 li
po

so
m

es
 w

as
 th

e 
m

os
t s

ig
ni

fi c
an

t 

 L
i e

t a
l. 

[ 4
4 ]

 

 L
ip

os
om

es
/T

op
ot

ec
an

 
 D

ru
g-

re
si

st
an

t 
br

ea
st

 c
an

ce
r 

an
d 

in
hi

bi
tin

g 
in

va
si

ve
 

m
et

as
ta

se
s 

of
 

m
el

an
om

a 

 D
is

si
pa

te
d 

m
ito

ch
on

dr
ia

l 
m

em
br

an
e 

po
te

nt
ia

l, 
op

en
in

g 
of

 
m

ito
ch

on
dr

ia
l p

er
m

ea
bi

lit
y 

tr
an

si
tio

n 
po

re
s,

 r
el

ea
se

 o
f 

cy
to

ch
ro

m
e 

C
, a

nd
 a

ct
iv

at
io

n 
of

 
ca

sp
as

e 
9 

an
d 

3.
 

 T
he

 ta
rg

et
in

g 
lip

os
om

es
 h

ad
 s

tr
on

ge
r 

in
hi

bi
to

ry
 e

ff
ec

t o
n 

th
e 

re
si

st
an

t t
um

or
 s

ph
er

oi
ds

 in
 v

itr
o,

 e
nh

an
ce

d 
ac

cu
m

ul
at

io
n 

in
 r

es
is

ta
nt

 M
C

F-
7/

A
D

R
 c

el
l x

en
og

ra
ft

s 
in

 
m

ic
e,

 a
s 

w
el

l a
s 

be
in

g 
ve

ry
 e

ff
ec

tiv
e 

on
 r

es
is

ta
nt

 M
C

F-
7/

A
D

R
 c

el
l x

en
og

ra
ft

s 
in

 m
ic

e,
 a

nd
 h

av
in

g 
a 

m
ar

ke
d 

an
ti-

 m
et

as
ta

tic
 e

ff
ec

t o
n 

th
e 

na
tu

ra
lly

 r
es

is
ta

nt
 B

16
 

m
el

an
om

a 
m

et
as

ta
tic

 m
od

el
 in

 m
ic

e 

 Y
u 

et
 a

l. 
[ 4

5 ]
 

 Fo
lic

 a
ci

d 
an

d 
T

PP
 

de
co

ra
te

d 
L

ip
os

om
es

 
m

ito
ca

nc
er

ot
ro

pi
c 

(F
A

-M
T

L
s)

/
D

ox
or

ub
ic

in
 

 C
an

ce
r 

ce
lls

 
 R

ed
ox

 c
yc

le
r—

do
xo

ru
bi

ci
n 

ac
ts

 
as

 a
 s

ou
rc

e 
of

 e
xo

ge
no

us
 R

O
S 

pr
od

uc
tio

n 

 M
ito

ca
nc

er
ot

ro
pi

c 
lip

os
om

es
 s

ho
w

ed
 s

up
er

io
r 

ac
tiv

ity
 

ov
er

 m
ito

ch
on

dr
ia

 ta
rg

et
ed

 li
po

so
m

es
 w

hi
ch

 c
on

fi r
m

 th
e 

sy
ne

rg
is

tic
 e

ff
ec

t i
m

pa
rt

ed
 b

y 
th

e 
pr

es
en

ce
 o

f 
du

al
 li

ga
nd

s 
as

 f
ol

ic
 a

ci
d 

an
d 

T
PP

 o
n 

th
e 

en
ha

nc
em

en
t o

f 
ce

llu
la

r 
an

d 
m

ito
ch

on
dr

ia
l d

el
iv

er
y 

of
 d

ox
or

ub
ic

in
 in

 K
B

 c
el

ls
. 

 M
al

hi
 e

t a
l. 

[ 4
6 ]

 

U. Agrawal et al.



257

 L
ip

os
om

es
 m

od
ifi 

ed
 

w
ith

 n
ov

el
 T

PP
-

PE
G

-P
E

 c
on

ju
ga

te
/

Pa
cl

ita
xe

l 

 C
an

ce
r 

 A
po

pt
os

is
 

 T
PP

-P
E

G
-P

E
 m

od
ifi 

ed
 li

po
so

m
es

 d
em

on
st

ra
te

d 
ef

fi c
ie

nt
 

m
ito

ch
on

dr
ia

l t
ar

ge
tin

g 
in

 c
an

ce
r 

ce
lls

 a
s 

sh
ow

n 
by

 
co

nf
oc

al
 m

ic
ro

sc
op

y 
in

 c
ol

oc
al

iz
at

io
n 

ex
pe

ri
m

en
ts

 w
ith

 
st

ai
ne

d 
m

ito
ch

on
dr

ia
. T

he
 s

ys
te

m
 d

em
on

st
ra

te
d 

en
ha

nc
ed

 P
T

X
 in

du
ce

d 
cy

to
to

xi
ci

ty
 a

nd
 a

nt
itu

m
or

 
ef

fi c
ac

y 
in

 c
el

l c
ul

tu
re

 a
nd

 m
ou

se
 e

xp
er

im
en

ts
 

 B
is

w
as

 e
t a

l. 
[ 2

6 ,
  4

7 ]
 

 L
ip

os
om

es
 m

od
ifi 

ed
 

w
ith

 S
T

PP
/P

ac
lit

ax
el

 
 O

va
ri

an
 

ca
rc

in
om

a 
 D

ec
re

as
e 

in
 m

ito
ch

on
dr

ia
l 

m
em

br
an

e 
po

te
nt

ia
l a

nd
 r

el
at

ed
 

to
 c

as
pa

se
-i

nd
ep

en
de

nt
 c

el
l 

de
at

h 

 In
co

rp
or

at
io

n 
of

 p
ac

lit
ax

el
 in

 S
T

PP
 li

po
so

m
es

 r
es

ul
ts

 in
 

im
pr

ov
ed

 a
cc

um
ul

at
io

n 
of

 p
ac

lit
ax

el
 in

 m
ito

ch
on

dr
ia

 a
s 

w
el

l a
s 

im
pr

ov
ed

 c
el

l k
ill

 in
 th

e 
O

vc
ar

-3
 p

ac
lit

ax
el

 
re

si
st

an
t c

el
l l

in
e.

 

 So
lo

m
on

 
et

 a
l. 

[ 4
8 ]

 

 L
ip

os
om

es
 m

od
ifi 

ed
 

w
ith

 (
D

Q
A

-
PE

G
20

00
- D

SP
E

 
co

nj
ug

at
e/

R
es

ve
ra

tr
ol

 

 In
tr

in
si

c 
m

ul
tid

ru
g 

re
si

st
an

ce
 (

M
D

R
) 

of
 c

an
ce

rs
 

 A
po

pt
os

is
 

 In
 c

on
cl

us
io

n,
 m

ito
ch

on
dr

ia
l t

ar
ge

tin
g 

re
sv

er
at

ro
l 

lip
os

om
es

 w
ou

ld
 p

ro
vi

de
 a

 p
ot

en
tia

l s
tr

at
eg

y 
to

 tr
ea

t t
he

 
in

tr
in

si
c 

re
si

st
an

t l
un

g 
ca

nc
er

s 
by

 in
du

ci
ng

 a
po

pt
os

is
 v

ia
 

m
ito

ch
on

dr
ia

 s
ig

na
lin

g 
pa

th
w

ay
. 

 W
an

g 
et

 a
l. 

[ 4
9 ,

  5
0 ]

 

 C
TA

B
 f

un
ct

io
na

liz
ed

 
A

u 
na

no
ro

ds
/G

ol
d 

 C
an

ce
r 

 A
po

pt
os

is
 

 A
u 

na
no

ro
ds

 h
av

e 
di

st
in

ct
 e

ff
ec

ts
 o

n 
ce

ll 
vi

ab
ili

ty
 v

ia
 

ki
lli

ng
 c

an
ce

r 
ce

lls
. O

bv
io

us
 d

if
fe

re
nc

es
 in

 c
el

lu
la

r 
up

ta
ke

, i
nt

ra
ce

llu
la

r 
tr

af
fi c

ki
ng

, a
nd

 s
us

ce
pt

ib
ili

ty
 o

f 
ly

so
so

m
e 

to
 A

u 
N

R
s 

by
 d

if
fe

re
nt

 ty
pe

s 
of

 c
el

ls
 r

es
ul

te
d 

in
 s

el
ec

tiv
e 

ac
cu

m
ul

at
io

n 
of

 A
u 

N
R

s 
in

 th
e 

m
ito

ch
on

dr
ia

 
of

 c
an

ce
r 

ce
lls

. 

 W
an

g 
et

 a
l. 

[ 4
9 ,

  5
0 ]

 

 ST
PP

 f
un

ct
io

na
liz

ed
 

lip
os

om
es

/S
cl

ar
eo

l 
 C

ol
on

 c
an

ce
r 

an
d 

le
uk

em
ia

 
 A

po
pt

os
is

 
 ST

PP
 f

un
ct

io
na

liz
ed

 li
po

so
m

es
 e

xh
ib

ite
d 

16
0 

%
 in

cr
ea

se
 

in
 a

po
pt

ot
ic

 e
ve

nt
s 

in
 C

O
L

O
20

5 
ce

lls
 a

nd
 p

re
se

nt
ed

 
ca

sp
as

e-
8 

ac
tiv

ity
 a

nd
 3

00
 %

 in
cr

ea
se

 in
 c

as
pa

se
-9

 
ac

tiv
ity

. 

 Pa
te

l e
t a

l. 
[ 5

1 ]
 

 Pr
ot

eo
lip

os
om

es
/B

ak
 

 C
an

ce
r 

pr
ot

ei
n 

th
er

ap
y 

 V
D

A
C

 p
la

y 
a 

ro
le

 in
 a

po
pt

os
is

 
an

d 
B

ak
 in

du
ce

s 
m

ito
ch

on
dr

ia
l 

m
em

br
an

e 
pe

rm
ea

bi
lit

y 
up

on
 

ac
tiv

at
io

n 

 M
em

br
an

e 
pr

ot
ei

ns
 in

te
gr

at
ed

 in
 n

at
ur

al
 li

po
so

m
es

 c
an

 
re

pr
es

en
t a

n 
ex

ce
lle

nt
 c

an
di

da
te

 f
or

 c
an

ce
r 

pr
ot

ei
n 

th
er

ap
y 

 L
ig

uo
ri

 e
t a

l. 
[ 5

2 ]
 (c

on
tin

ue
d)

7 Targeted Drug Delivery to the Mitochondria



258

Ta
bl

e 
7.

1 
(c

on
tin

ue
d)

 M
IT

O
-P

or
te

rs
 

(L
ip

os
om

e 
su

rf
ac

e 
m

od
ifi 

ed
 w

ith
 

oc
ta

ar
gi

ni
ne

)/
G

FP
 

 C
an

ce
r 

an
d 

ne
ur

od
eg

en
er

at
iv

e 
di

so
rd

er
s 

 M
IT

O
-P

or
te

r 
pr

om
ot

e 
fu

si
on

 
w

ith
 th

e 
m

ito
ch

on
dr

ia
l 

m
em

br
an

e 
an

d 
re

le
as

e 
of

 it
s 

ca
rg

o 
to

 th
e 

in
tr

a-
 m

ito
ch

on
dr

ia
l 

co
m

pa
rt

m
en

t i
n 

liv
in

g 
ce

lls
 

 T
he

 M
IT

O
-P

or
te

r 
ho

ld
s 

pr
om

is
e 

as
 a

n 
ef

fi c
ac

io
us

 s
ys

te
m

 
fo

r 
th

e 
de

liv
er

y 
of

 b
ot

h 
la

rg
e 

an
d 

sm
al

l t
he

ra
pe

ut
ic

 
m

ol
ec

ul
es

 in
to

 m
ito

ch
on

dr
ia

. 

 Y
am

ad
a 

et
 a

l. 
[ 5

3 ]
 

 ST
PP

 f
un

ct
io

na
liz

ed
 

L
ip

os
om

es
/C

er
am

id
e 

 C
an

ce
r 

 Ta
rg

et
s 

cy
to

ch
ro

m
e 

c 
re

le
as

e,
 

R
O

S 
pr

od
uc

tio
n,

 a
nd

 a
po

pt
os

is
 

 T
he

 in
 v

itr
o 

C
L

SM
 d

em
on

st
ra

te
d 

th
at

 S
T

PP
 

fu
nc

tio
na

liz
ed

 li
po

so
m

es
 lo

ca
liz

ed
 w

ith
in

 th
e 

m
ito

ch
on

dr
ia

 o
f 

4T
1 

br
ea

st
 c

an
ce

r 
ce

lls
 a

nd
 in

du
ce

d 
m

or
e 

ap
op

to
si

s,
 b

as
ed

 o
n 

a 
ch

ar
ac

te
ri

st
ic

 D
N

A
 la

dd
er

 
an

d 
in

di
ca

tiv
e 

of
 a

po
pt

os
is

. T
he

 S
T

PP
 f

un
ct

io
na

liz
ed

 
lip

os
om

es
 tr

ea
te

d 
m

ic
e 

gr
ou

p 
su

rv
iv

ed
 u

nt
il 

da
y 

18
 a

nd
 

do
se

 w
as

 6
 ti

m
es

 le
ss

 th
an

 th
e 

ty
pi

ca
l d

os
e.

 

 B
od

da
pa

ti 
et

 a
l. 

[ 5
4 ]

 

N
an

oc
ar

ri
er

/
th

er
ap

eu
tic

 m
oi

et
y

D
is

ea
se

 ta
rg

et
ed

M
ec

ha
ni

sm
R

es
ul

ts
R

ef
.

U. Agrawal et al.



259

paclitaxel accumulation in the mitochondria. Apoptotic activity of paclitaxel was 
enhanced following the mitochondria-specifi c delivery at concentrations, at which 
the free drug does not have any signifi cant cytotoxic effect. Paclitaxel loaded 
DQAsomes have led to an improved ability to inhibit the growth of human colon 
cancer tumors in nude mice. Decoration of DQAsomes containing paclitaxel with 
folic acid further improved the antitumor effi ciency [ 60 ]. The folate receptor is over 
expressed in a large variety of human tumors. Conjugated nanocarriers are internal-
ized in a tumor cell-specifi c manner through folate receptor-mediated endocytosis 
resulting in an increased toxicity of the encapsulated drug. Folic acid conjugated 
DQAsomes were studied for cell cytotoxicity using HeLa cells possessed improved 
antitumor activity as compared to plain paclitaxel loaded DQAsomes. They are 
found to be better delivery systems as they could deliver the drug not only to the 
cytosol but also to mitochondria whereas folic acid conjugated liposomes delivered 
the drug into the cytosol only [ 59 ]. Figure  7.4  shows untreated cells, cells incubated 
with empty DQAsomes and cells exposed to naked pDNA, respectively.  

 DQAsomes complexed with plasmid DNA can transport and release nucleic acid 
into mitochondria after interacting with mitochondrial membrane [ 60 ]. In a study 
DNA conjugated to mitochondrial targeting sequences (MLS) was entrapped into 
the DQAsomes and successfully used to deliver the DNA into the mitochondria 
[ 61 ]. Vaidya et al. [ 62 ] studied the antitumor activity of folic acid conjugated 

  Fig 7.4    Fluorescence microscopic images of BT20 cells exposed to DQAsome/pDNA complex. 
The cells were incubated with MitoTracker Red CMXRos for staining mitochondria and with 
SYBR Green I for staining free DNA.  Top row : Cells + DQAsome–pDNA; ( a ) MitoTracker, ( b ) 
SYBR.  White arrows  indicate plasmid DNA transported by DQAsomes to the site of mitochondria 
and released from the DQAsome–DNA complex upon contact with the mitochondrial membrane. 
 Bottom row : Controls, stained with SYBR. ( c ) Untreated cells; ( d ) cells + empty DQAsomes; ( e ) 
cells + naked pDNA. (Reproduced with permission from D’souza et al. [ 60 ])       
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DQAsomes using HeLa cells. It was revealed that folic acid conjugated DQAsomes 
show improved antitumor activity as compared to un-conjugated DQAsomes, folic 
acid conjugated liposomes and paclitaxel solution.  

7.8.5     Lipidic Nanocarrier-Liposomes 

 Liposomes are the most potent and investigated nanocarrier system for mitochon-
drial targeted therapeutics because of their biocompatibility and safety. 
Proteoliposomes prepared by incorporating a crude mitochondrial membrane 
fraction into liposomes was the fi rst research that signifi es the utility of liposomes 
for targeting mitochondria [ 63 ]. Liposomes can be fused with mitochondrial 
membranes releasing their drug load into mitochondria. This approach takes benefi t 
of the fact that mitochondria are able to fuse with one another [ 64 ]. 

 Cationic liposomes made up of DOPE (1,2-dioleoyl-sn-glycero-3- phosphoe-
thanolamine) and DOTAP (dioleoyl-1,2-diacyl-3- trimethylammoniumpropane) were 
used to deliver pro-apoptotic peptide D-(KLAKLAK)2 together with an antisense 
oligonucleotide into mitochondria of the cell in order to treat cancer [ 65 ]. 
Conjugation of a lipophilic cationic ligand to the liposomes could target drugs to the 
mitochondria. In a study ceramide (anticancer agent that targets ROS production) 
loaded liposomes functionalized with stearyl triphenyl phosphonium (STPP) were 
developed and assessed for antitumor effi ciency [ 54 ]. STPP shows both cationic 
and lipophilic properties. STPP functionalized liposomes were localized within the 
mitochondria of 4T1 breast cancer cells and found to induce more apoptosis in 4T1 
breast cancer cells, compared to  unconjugated liposomes. Survival rates of tumor 
induced BALB/c mice models were amplifi ed as compared to non-targeted liposomes 
or no treatment control since the drug was targeted to the mitochondria [ 54 ]. Further, 
STPP functionalized liposomes enhanced the effi cacy of sclareol against colon cancer 
and leukemia. These liposomes were found to enhance the apoptosis, caspase-8 
activity, and caspase-9 activity in COLO205 cells compared to non-targeted lipo-
somes. The amount of drug required for an effective therapeutic response by func-
tionalized liposomes was less compared to non-functionalized liposomes. It is also 
reported that STPP-liposomes directed successful accumulation of rhodamine 
labeled phosphatidylethanolamine into mitochondria of live cells [ 51 ]. 

 MITO-Porter is a liposomal carrier system with octaarginine modifi ed at the sur-
face. It promoted fusion with mitochondrial membranes and was shown to specifi cally 
deliver contents into mitochondria. Macropinocytosis rather than clathrin-dependent 
endocytosis is the main mechanism of internalization of MITO- Porter in the cells [ 3 ]. 
MITO-porter liposomes have also been used to deliver green fl uorescent protein [ 66 ] 
as well as propidium iodide [ 67 ] to mitochondria suggesting their effi cacy in deliv-
ery of small and large molecules to mitochondria. Moreover, MITO-Porter was 
modifi ed with R8 peptide, which mimics the trans-activating transcriptional activator 
(TAT) and was found to function as a useful moiety for cellular uptake as well as 
mitochondrial targeting [ 68 ]. 
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 The multifunctional envelope-type nano-device (MEND) permits effi cient and 
simple packaging of plasmid DNA, proteins or other macromolecules for gene 
delivery. It consists of lipid envelope equipped with various functional devices to 
mimic envelope-type viruses [ 53 ]. MEND is based on the new packaging concept 
‘programmed packaging’, is similar to envelope-type viruses, comprises a con-
densed core, such as plasmid DNA, and a lipid envelope equipped with various 
functional devices, which keep their unique basic properties and exist as separate 
structures in the compound. The merits of MEND include enzymes protection, 
improved packaging effi ciency, controlled size and release over a short period of 
time. To locate these nanoparticles selectively in the mitochondria of cancer cells, 
different strategies like peptides for endosomal escape, ligands for specifi c receptors 
and mitochondrial targeting drugs could be easily incorporated into the core and 
onto the surface of particles. These unique characteristics make this design a capable 
module for drug delivery [ 69 ]. 

 Lipoplexes are small partially stable particles formed by mixing of nucleic acids 
with cationic liposomes which protect nucleic acid from nuclease degradation and 
also enhance cellular transfection. They also facilitate nucleic acids release from 
the intracellular vesicles before they reach the destructive lysosomal compartments 
[ 70 ]. Lipofectin is a cationic liposome that is commercially available as a trans-
fection reagent used for intracellular delivery of DNA [ 71 ]. It is composed of the 
cationic lipid 2,3-bis-(oleoyl)oxipropyl-trimethyl ammonium chloride (DOTMA) 
and di-oleoylphosphatidylethanolamine (DOPE). A spontaneous electrostatic inter-
action between the negatively charged DNA and the positively charged liposomes 
results in condensation of the nucleic acids. Moreover, the resulting cationic liposome/
DNA complexes display a net positive charge that is important for their  association with 
the negatively charged cell surface. Intracellular release of complexed DNA is facilitated 
due to the fusogenic properties of the cationic liposomes based formulation that can 
induce fusion and/or destabilization of the plasma membrane. Intact DNA can be 
delivered into the cytoplasm by the virtue of cationic liposomes. The DNA released 
into the cytosol consequently move to the mitochondrial matrix through protein 
import machinery if DNA is conjugated with MLS. DNA is fi rst conjugated with the 
MLS and this complex is entrapped within the cationic liposomes. The entrapped 
DNA is released from the liposomes in to the cytosol; subsequently DNA is carried 
by the MLS peptides to the mitochondrial matrix (Fig.  7.5 ).   

7.8.6     Polymer Nanocarriers 

 Polymeric nanoparticles are the system of choice because of their stability, 
biodegradability, and biocompatibility. Moreover, polymeric nanoparticles can be 
chemically conjugated and modifi ed to targeting ligands and/or drugs. Poly-lactide-
co-glycolide (PLGA) is nontoxic and biocompatible polymer most commonly 
explored for drug delivery applications. PLGA nanoparticles loaded with super-
oxide dismutase (SOD), was found to be more effi cacious in preventing of H 2 O 2  
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induced neuronal cell death compared to SOD alone and SOD conjugated to poly-
ethylene glycol [ 72 ]. These nanoparticles were fabricated using a w/o/w double 
emulsion method and it was speculated that the H 2 O 2  produced by SOD as a result 
of ROS reduction, depletes intracellular antioxidants such as catalase, which neu-
tralize H 2 O 2 . The study demonstrates the potential of antioxidant loaded polymeric 
nanoparticles in protecting cells from oxidative stress induced cell death. Marrache 
et al. [ 73 ] successfully induced immune response through mitochondria- targeted 
biodegradable polymeric nanoparticle containing zinc phthalocyanine (ZnPc) 
(photosensitizer). 

 Multifunctional nanoparticles are investigated to provide a promising 
method for mitochondria-targeted cancer treatment. Several multifunctional mito-
chondrial nanoparticles have been effectively used for cancer therapy. For example, 

  Fig 7.5    Dose-dependent cytotoxicity of dendrimers against NIH-3T3 cells at 24 and 48 h. Data 
are expressed as mean SD of three experiments carried out in triplicate. Difference between G(5)-D 
and G(5)-D-Ac/G (acylated dendrimer) (5)-D-Ac-TPP (TPP-anchored dendrimer) were analysed. 
(Reproduced with permission from Biswas et al. [ 26 ,  47 ])       
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mitochondrial photo damage upon photo-irradiation by dendrimer phthalocyanine- 
encapsulated polymeric micelles and αvβ3 integrin-targeting by ligand conjugated 
doxorubicin (DOX)-micelles can increase DOX mitochondrial accumulation [ 74 ]. 
Biswas et al. [ 26 ,  47 ] conjugated mitochondriotropic ligand triphenylphosphonium 
(TPP) on the surface of the poly(amidoamine) (PAMAM) dendrimer. The newly 
developed TPP-anchored dendrimer (G(5)-D-Ac-TPP) was effi ciently taken up by 
the cells and demonstrated good mitochondrial targeting. In vitro cytotoxicity 
experiments carried out on normal mousefi broblast cells (NIH-3T3) showed greater 
cell viability in the presence of the G(5)-D-Ac-TPP compared to the parent unmodi-
fi ed G(5)-D. To assess the effect of surface modifi cation on the cytotoxicity, a dose 
dependent cell viability experiment with all three dendrimers was performed in nor-
mal mousefi broblast cell line (NIH-3T3) at 24 and 48 h incubation periods. The results 
demonstrated that the modifi ed dendrimers were signifi cantly less toxic than the 
starting material G(5)-D (Fig.  7.5 ).  

7.8.7     Metal Nanoparticles 

 Mitochondrial targeting can be successfully executed by nanoparticles prepared 
from metal elements including gold, platinum and titanium dioxide. They have dis-
tinctive properties including smaller size (<10 nm), antioxidant capabilities, and 
ease of attachment of targeting ligands. Bimetallic nanoparticles may act as the 
delivery vehicle and therapeutic agent and are also capable of acting as antioxidant 
species. Conjugation of targeting ligands (peptides, proteins or nucleic acids) to 
these bimetallic nanoparticles may be a useful approach to target the mitochondria. 
However, the cellular toxicity of these nanoparticles is yet to be tested. Different 
types of metal nanoparticles are discussed below. Gold nanoparticles have been 
prepared with various sizes from <10 nm to approximately 100 nm [ 75 ]. Surface of 
the gold nanoparticles generate a magnetic fi eld upon laser irradiation due to plas-
mon resonance. Altering this surface of the nanoparticle with proteins or DNA alters 
their surface plasmon resonance properties. This property has been used in develop-
ment of novel functional drug delivery systems, diagnostic systems [ 76 ], sensitive 
biosensors for determination of protein–ligand binding reactions, biosensing assays 
[ 77 ]) and micro-electromechanical systems. Only very few studies allude to the 
potential application of these devices as novel mitochondrial targeting systems. 

 Gold nanoparticles are known to have detrimental effects on the mitochondrial as 
they are found to disrupt the integrity of the outer mitochondrial membrane and 
release of cytochrome c from the mitochondrial electron transport chain, which is 
known to cause cell death [ 22 ]. It is reported that gold nanoparticles of 3 nm could 
permeate the outer mitochondrial membrane of heart mitochondria whereas 
nanoparticles of 6 nm were not able to permeate. Therefore, the delivery of gold 
nanoparticles is size dependent whereby particles smaller than or equal to 3 nm are 
capable of crossing the outer mitochondria membrane. It was found that nanopar-
ticles entry into the mitochondrial is dependent on VDAC as the entry is inhibited 
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by VDAC inhibitors. This pathway is of therapeutic value as it is involved in cellular 
apoptosis as well. Surface charge and nanoparticle concentration are important 
determinants other than size as they govern cellular toxicity [ 78 ]. Further, toxicity 
was characterized by lysis of anionic 1-stearoyl-2-oleoylphosphatidylcholine 
(SOPC)/stearoyl-oleoyl-phosphatidylserine (SOPS) liposomes and neutral SOPC 
liposomes. Cationic gold nanoparticles lysed tenfold more anionic liposomes (about 
20 %) than anionic gold nanoparticles (about 2 %) in 5 min. Lysis of neutral lipo-
somes (about 15 %) was nearly the same as for anionic and cationic gold nanopar-
ticles at 5 min; however, anionic gold nanoparticles lysed neutral liposomes more 
(about 5 %) compared to anionic liposomes (about 2 %) at 5 min. In addition to the 
diameter of the gold nanoparticles, the charge of the nanoparticle and concentration 
also contribute to cellular toxicity. Although gold nanoparticles exhibit toxicity, 
they also exhibit therapeutic effects. 

 Surface modifi ed chitosan functionalized gold nanoparticles were found to be 
more profi cient at eliminating ROS in an H 2 O 2 /FeSO 4  system than ascorbic acid 
[ 79 ], and the antioxidant activity was further augmented with an increase in chito-
san concentration. However, the activity was independent of size of gold nanopar-
ticles. Although the results suggest that chitosan may be responsible for the 
antioxidant activity when complexed with gold, chitosan has no known antioxidant 
effects and may exhibit cytotoxicity [ 80 ]. 

 Gold nanoparticles functionalized with polyamidoamine (PAMAM) dendrimers 
are capable of acting as antioxidants by reducing ROS to water and oxygen [ 81 ]. 
PAMAM dendrimer functionalized gold nanoparticles were fabricated by reducing 
the HAuCl 4 –dendrimer mixture with NaBH 4  under stirring for 30 min. The gold 
nanoparticle may contribute to the antioxidant effects of dendrimer functionalized 
gold nanoparticles as PAMAM dendrimer alone was not capable of eliminating free 
hydroxyls. PAMAM functionalized gold nanoparticles with terminal carboxyl 
groups had a rate constant 85 times faster than ascorbic acid. The dendrimer func-
tionalized gold nanoparticles showed smaller size than chitosan-gold nanoparticles 
hence may be more capable than the chitosan-gold nanoparticles. They also have 
slightly higher effi ciency at eliminating ROS. The gold nanoparticles can be used to 
functionalize and provide for mitochondrial targeting of the dendrimer along with 
the drug content. 

 A study demonstrated preferentially induced cell death in cancer cells, but not in 
normal cells by gold nanorods functionalized with CTAB (cetyltrimethylammo-
nium bromide, a cationic lipophilic molecule). They accumulated in the mitochon-
dria of cancer cells, but not in the mitochondria of normal cells [ 49 ,  50 ]. CTAB is 
known to induce toxicity and may be partially responsible for cell death induced by 
CTAB functionalized gold nanorods [ 82 ]. Preferential uptake of cationic CTAB 
functionalized gold nanorods may be attributed to the extremely negative mem-
brane potential across the inner mitochondrial membrane. Mitochondrial membrane 
potential disruption induced cancer cell death as determined by formation of ROS 
by fl ow cytometry and a JC-1 dye assay. Cancer cells had signifi cantly higher levels 
of ROS than non-cancerous cells with gold nanorods. Gold nanoparticles conju-
gated to TPP are under investigation for their possible benefi ts as targeted delivery 
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option. Further, these studies demonstrate that surface modifi cation of gold 
nanoparticles enhances mitochondrial delivery. Gold nanoparticles elicit anticancer 
therapeutic effect in the absence of drug. Gold nanoparticles have the ability to act 
as drug carrier as well as an antioxidant, which make them an attractive nanoparticle 
for mitochondrial delivery. 

 Titanium dioxide particles have been also investigated as targeted nano- 
therapeutics to enter the mitochondria for gene regulation control [ 25 ]. Surface of 
the nanoparticle modifi ed with mitochondrial-specifi c oligonucleotides exhibit their 
mitochondrial specifi city. It is reported that the dopamine complex with TiO 2  
nanoparticles is much more stable than the glycidyl isopropyl ether coating, which 
is also stable in the presence of sunlight. Intense red color was generated due to the 
charge transfer between dopamine and TiO 2  that confi rms the conjugation of the 
dopamine labeled oligonucleotide to the nanoparticle. Oligonucleotide functional-
ized TiO 2  nanoparticles were applied to MCF-7/WS8 breast cancer cells and were 
subjected to electroporation as a transfection tool. TEM images revealed the accu-
mulation of nanoparticles within the mitochondria of the cell. The authors also 
confi rmed mitochondrial targeting in a rat pheochromocytoma cell (PC12) line. 
These results demonstrated that mitochondrial intracellular targeting is possible 
with nanoparticles coated with oligonucleotides specifi c to the mitochondrial 
DNA. Interestingly, targeted mitochondria delivery is achieved by non- functionalized 
titanium dioxide particles of 5–23 nm with minimal nuclear delivery [ 83 ]. However, 
the mechanism by which the oligonucleotide conjugated nanoparticle is endocy-
tosed and reached the mitochondria is not clear. Since larger titanium dioxide 
 particles (5,000 nm) were unable to enter mitochondria, mitochondrial delivery 
appears to be affected by nanoparticle size and probably also by nanoparticle mate-
rials since titanium dioxide can enter mitochondria even without functionalization. 
An important consideration in drug delivery using metallic nanoparticle is toxicity. 
Tests should be included in early stages of nanoparticle development in appropriate 
conditions (buffer, pH, temperature) to ensure higher rates of success in in vivo 
models with no toxicity. Similarly, platinum nanoparticles also exhibit unique anti-
oxidant properties [ 84 ] but safety of the particles has not been confi rmed [ 85 ] in cell 
free and cell based assays. Platinum nanoparticles are of approximately 20–30 nm 
and of varying shapes (nanofl owers, spheres, and multipods). The studies confi rm 
that platinum nanoparticles of various shapes do not exhibit cytotoxicity as they 
do not produce ROS in a cell free system or infl ammatory responses (interleukin-6, 
and tumor necrosis factor-α) in a human umbilical vein endothelial cell (HUVEC) 
system up to 50 μg of platinum nanoparticles. They have been known for their anti-
oxidant properties and potential mitochondria therapeutic effects. Hikosaka et al. 
demonstrated that platinum particles functionalized with pectin were capable of 
oxidizing NADH to NAD +  [ 86 ]. This property may be used to normalize the redox 
potential by regenerating NAD +  species for glycolysis and other cellular pathways 
to function properly. It is also demonstrated that platinum nanoparticles (with a size 
of 5 nm) are capable of quenching superoxide anion radical (O 2− ) and hydrogen 
peroxide (H 2 O 2 ) [ 87 ]. They may mimic the functions of complex I since pectin 
functionalized platinum nanoparticles oxidize NADH to NAD +  and reduce ubiquinone 
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(CoQ) to ubiquinol (CoQH2). These nanoparticles have unique therapeutic benefi ts 
in diseases with complex I defi ciencies such as Alzheimer's disease. Moreover, 
polyacrylic acid (PAA) protected platinum nanoparticles of approximately 2 nm are 
also capable of acting as antioxidants in vitro. 

 The polyacrylic acid (PAA) coated platinum nanoparticles scavenge the superoxide 
anion radicals in a dose dependent manner. Since PAA alone was not capable of 
scavenging the radicals, the platinum could be responsible for the antioxidant activity. 
In a pulmonary infl ammation model, antioxidant properties were demonstrated by 
platinum nanoparticles in vitro as well as in vivo. PAA coated platinum nanoparti-
cles can effectively scavenge ROS and may be more effective than available current 
antioxidant treatments. It has been reported that zinc oxide (ZnO) nanoparticles lead 
to the alteration of the electron transport chain, triggering the apoptotic pathways 
of the cell and induce mitochondrial cytotoxicity in human colon carcinoma LoVo 
cells [ 88 ].   

7.9     Conclusion 

 Mitochondria play a crucial role in various metabolic processes of the cell and mito-
chondrial dysfunction is related to several diseases. The mitochondrion is a novel 
intracellular target involved in the pathology of many degenerative and metabolic 
diseases. Although mitochondria appeared to be a potential target for many dis-
eases, the knowledge about functional characteristics in relation to diseases and 
drug delivery into the mitochondria is still in its infancy. This is certainly due to the 
barriers that have to be circumvented to achieve a selective targeting and accumula-
tion in mitochondria. Even though several approaches to mitochondrial drug deliv-
ery have already been accomplished, there is still a demand for more selective 
targeting strategies with improved drug effi ciency and the therapeutic outcome in 
various diseases. Currently, the relationships between mitochondrial dysfunction and 
related disease are being investigated and established. Pharmaceutical nanocarriers 
offer great promise for site specifi c mitochondrion delivery. However, the develop-
ment of these multifunctional nanoparticles for clinical applications has proven to be 
challenging and they are still at an early stage.     
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    Chapter 8   
 Targeted Delivery of Nucleic Acid 
Therapeutics via Nonviral Vectors 

             Mamta     Kapoor     and     Diane     J.     Burgess    

8.1             Introduction 

 Nucleic acid (NA) therapeutics are deoxyribonucleic or ribonucleic acid (DNA/
RNA) based molecules that regulate expression of a particular gene, intracellularly. 
In the early stages of development, NA based therapy was employed to correct 
inheritable disorders resulting from a single gene defect such as cystic fi brosis [ 1 ] 
and severe combined immunodefi ciency disease (SCID) [ 2 ,  3 ]. Later, this therapy 
was also useful for complex genetic disorders such as cancer [ 4 ,  5 ], and cardiovas-
cular [ 6 ,  7 ] and neurodegenerative diseases [ 8 ,  9 ]. The fi rst gene therapy clinical 
trial was in 1990, for treatment of adenosine deaminase (ADA) defi ciency [ 10 ], a 
genetic disorder that weakens the immune system to fi ght against infections. Normal 
gene encoding for ADA was inserted into the patient’s white blood cells and resulted 
in normal production of ADA. This outcome together with the successful mapping 
of the human genome in the year 2003 [ 11 ], encouraged many scientists to work in 
this area and has led to many gene based clinical trials [ 12 ] as well as commercial 
gene products [ 13 ,  14 ]. 

 Despite these promising developments, the full potential of gene therapy remains 
to be exploited. One of the key challenges to successful NA therapeutics is their 
ineffi cient delivery to the desired site. This is a result of their susceptibility to enzy-
matic degradation, poor cellular uptake and poor endosomal escape. For DNA- 
based therapeutics (such as plasmid DNA), entry into the nucleus is an additional 
challenge. Currently, numerous strategies are being pursued to improve delivery of 
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NAs in vitro as well as in vivo. Although high levels of DNA transfection have been 
achieved by mechanical methods such as microinjection [ 15 ,  16 ] particle bombard-
ment [ 17 ] and electroporation [ 18 ], these methods may cause local toxicity and are 
impractical for in vivo purposes. Alternate methods include chemical modifi cation 
of NA structure in the region of the phosphate backbone, sugars, or bases [ 19 – 22 ]; 
however, this may compromise NA bioactivity and stability [ 22 ,  23 ]. Accordingly, 
the use of viral or nonviral delivery vectors is preferred. Viral vectors have very high 
transfection effi ciency due to their innate components that facilitate effi cient cellu-
lar penetration through the plasma membrane, the endosomal membrane and the 
nuclear membrane [ 24 ,  25 ]. Nonetheless, viral vectors may be immunogenic as well 
as toxic [ 26 ,  27 ]. Consequently, utilization of nonviral vectors is favorable in order 
to facilitate effi cient intracellular transport of NAs. 

 Nonviral vectors such as cationic liposomes and polymers (including den-
drimers) interact electrostatically with NAs, thereby protecting these against enzy-
matic attack, improving their cellular internalization as well as their endosomal 
escape. However, a major drawback to the use of these cationic substances is their 
considerable local or systemic toxicity upon administration [ 28 – 30 ]. Accordingly, 
focus has been diverted towards anionic liposomes/polymers for effi cient gene 
delivery [ 31 – 36 ]. Other nonviral vectors used for gene delivery include PLGA 
polymeric nanoparticles, which are useful for sustained delivery of NAs. Most 
recent among the nonviral vectors are “microbubbles” which release NAs upon 
exposure to ultrasound [ 37 – 41 ]. 

 For safe and effi cient delivery, it is imperative to deliver the therapeutic molecule 
to the desired site while leaving the healthy cells unaffected. This can be attained by 
using targeted (or site-specifi c) gene delivery systems. Targeting can be achieved by 
using polyethylene glycol (PEG) that prolongs particle blood circulation ( passive 
targeting ) [ 42 ] or by using targeting ligands which bind specifi cally to receptors that 
are (over-) expressed in diseased cells ( active targeting ). Using these approaches 
tissue-specifi c [ 43 ], cell-specifi c [ 35 ,  44 – 47 ] and even organelle-specifi c targeting 
[ 24 ,  48 – 54 ] can be obtained. Additionally other strategies such as ultrasound- 
triggered microbubble delivery and suicide gene delivery can be employed [ 37 – 41 ] 
to achieve site-specifi c delivery. 

 This chapter describes nucleic acid therapeutics in preclinical and clinical stud-
ies, various nonviral vectors employed to deliver these therapeutic molecules, and 
several strategies adopted to achieve in vitro/in vivo targeted gene delivery.  

8.2     Nucleic Acid Therapeutics 

    Various NA therapeutics have been employed to treat genetic disorders either by 
inhibiting expression of harmful proteins (e.g.,  antisense oligonucleotides , 
 DNAzymes ,  RNAzymes ,  aptamers ,  silencing RNAs and short hairpin RNAs ) or 
by providing a (missing) therapeutic protein (e.g.,  plasmid DNA ). Certain 
molecules such as  microRNA  can be used for either of the aforementioned purposes. 
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Figure  8.4  illustrates the site of action of various NA therapeutic molecules. 
Several of these molecules are currently in clinical trials (Table  8.1 ). Properties of 
such NA therapeutics are discussed in the following sections.

8.2.1       Plasmid DNA (pDNA) 

 pDNA is a small circular double-stranded DNA that transcribes (to messenger RNA) 
and translates to produce a “therapeutic” protein. Recombinant pDNA has been uti-
lized to provide “therapeutic” proteins in the body to cure various fatal diseases 
including cancer. For example Gendicine and Ocorine are pDNA based marketed 
products (China) that effi ciently deliver tumor suppressor gene, p53, for the treat-
ment of head and neck cancer [ 55 ]. pDNA can also be employed as vaccines for 
genetic immunization. These can be prepared by cloning the plasmid with genes 
encoding for antigen(s) from a specifi c pathogen. Upon intracellular accumulation in 
“host” cells, DNA vaccine produces the pathogen’s antigen that activates the “host” 
immune system [ 56 ]. There are currently around 89 clinical trials based on DNA 
vaccine, mostly for the treatment of cancer or human immunodefi ciency virus (HIV) 
infection [ 57 ]. Other than vaccines, pDNA is also used in cancer suicide gene ther-
apy (CSGT). There are two approaches for CSGT: (1) pDNA is cloned with a cancer-
specifi c promoter sequence of a suicidal gene so that it is upregulated (expressed) 
only in cancer cells, thereby killing them. Examples of cancer specifi c promoters 
include carcinoembryonic antigen (gastric and colorectal carcinomas), telomerase 
(many tumors including ovarian cancer), and prostate specifi c antigen (prostate can-
cer) [ 58 ]. (2) pDNA is cloned with genes encoding for enzymes that participate in 
activation of anticancer prodrugs. The prodrug is targeted to the “disease” site and 
upon enzymatic activation a toxic metabolite is produced which causes tumor cell 
death. For example pDNA encoding for  cytosine deaminase  enzyme has been uti-
lized for treating cancer upon activating 5-fl uorocytosine [ 59 – 61 ].  

8.2.2     DNAzymes and RNAzymes 

 DNAzyme (DNA enzyme) is DNA-based enzyme that catalytically cleaves mes-
senger RNA (mRNA), thereby interfering with the translation process. After cleav-
age, mRNA dissociates with DNAzyme and this prepares DNAzyme to cleave other 
mRNA molecules [ 62 ]. In this manner, DNAzyme can inhibit expression of “harm-
ful” proteins. For example, anti-latent membrane protein-1 (LMP1) DNAzyme has 
been utilized to effectively knockdown expression of LMP-1 proteins (in mice), which 
are otherwise responsible for nasopharyngeal carcinoma (NPC) [ 63 ]. RNAzyme 
(RNA enzyme) works in a similar fashion as DNAzyme but is less chemically stable 
due to the susceptibility of the 2′OH group in the ribose sugar to alkaline hydrolysis 
[ 64 ]. Other examples of DNAzyme/RNAzyme are listed in Table  8.1 .  

8 Targeted Delivery of Nucleic Acid Therapeutics via Nonviral Vectors
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8.2.3      Aptamers 

 Nucleic acid aptamers are short single/double stranded NAs that specifi cally bind 
(lock and key mechanism) to proteins, other NAs, or even small molecules. Aptamers 
can be designed to interfere with functioning of “harmful” proteins, either directly 
(bind to protein) or indirectly (bind to mRNA/DNA). For example, Pegaptanib 
(Macugen ® ) is a USFDA approved anti-angiogenic RNA aptamer that prevents 
blood vessel growth by directly binding to intracellular VEGF 165  (isoform of vascu-
lar endothelial growth factor (VEGF) that regulates vascular permeability). 
Pegaptanib is therefore useful in the treatment of wet-age related macular degenera-
tion (wet-AMD) (Table  8.1 ). ARC1779 is a DNA aptamer in Phase II clinical trials 
for the treatment of thrombotic microangiopathies and carotid artery disease. 
ARC1779 specifi cally interacts with von Willebrand factor (protein that recruits 
platelets to the damaged arteries) and blocks its binding to platelet membrane gly-
coprotein receptors, resulting in an antithrombotic effect [ 65 ]. Other examples of 
aptamer-based therapy have been reviewed elsewhere [ 66 ,  67 ].  

8.2.4     Antisense Oligonucleotides 

 These are short double stranded DNA/RNA molecules that complimentarily bind to 
a specifi c mRNA, release RNase H enzymes, thereby causing mRNA hydrolysis 
and interference in the translation process [ 68 ]. Accordingly, antisense oligonucle-
otides have been successfully employed to inhibit production of “disease causing” 
proteins and cure conditions such as hypercholesterolemia [ 57 ], neuromuscular dis-
orders [ 69 ] and infl ammatory disorders [ 70 ]. For example Alicaforsen is an FDA 
approved antisense oligonucleotide for the treatment of pouchitis [ 70 ]. Pouchitis is 
an infl ammation of the surgically constructed internal pouch created in ulcerative 
colitis patients who have had their diseased colons removed. Alicaforsen prevents 
the production of intercellular adhesion molecule 1, or ICAM-1 protein overex-
pressed in pouchitis. Another antisense drug Mipomersen, in Phase III clinical tri-
als, acts against apo-B protein to treat severe LDL-hypercholesterolemia [ 57 ]. Other 
examples are summarized in Table  8.1 .  

8.2.5     shRNA, miRNA, and siRNA 

 These are the most recent NA therapeutics employed for gene delivery. Short hair-
pin RNA or shRNA is an expression vector that post-nuclear entry, transcribes to 
RNA which binds sequence specifi cally to mRNA and degrades it. For example 
STMN1-shRNA lipoplexes (Phase-I) have been shown to inhibit production of 
stathmin 1 (STMN 1) protein. This protein is known to participate in spindle 
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dynamics associated with advanced or metastatic cancer [ 57 ]. Micro-RNAs or miR-
NAs are physiological molecules that play a key role in normal functioning of the 
human body [ 71 ]. Structurally these are small noncoding endogenous oligonucle-
otides that bind nonspecifi cally to the 3′UTR (untranslated region) of cytosolic 
messenger RNA and (up/down) regulates gene expression [ 72 ]. However, miRNA 
levels are usually disrupted in disease conditions. Accordingly miRNAs needs to be 
exogenously delivered to restore this balance. For example, endogenous levels of 
microRNA “miR-34,” a tumor suppressor, is usually low in many types of cancers. 
Accordingly, synthetic miR-34 has been delivered, either directly or with nanopar-
ticles (NOV-340), in various animal models to effectively cure cancer. This could 
potentially be the fi rst miRNA therapeutic to enter the clinics [ 73 ]. 

 Due to nonspecifi c binding with mRNA, miRNAs could be effective against 
1,000s of mRNA molecules with similar sequences [ 74 ] but this also increases the 
probability for off-target effects [ 75 ]. Such effects are less common with silencing 
RNAs (siRNAs) that sequence specifi cally bind to the mRNA [ 76 ]. siRNAs are 
small 21–25 base nucleotides that function in the cell cytoplasm [ 77 ]. Since siRNA 
is highly specifi c, compared to miRNA and does not require nuclear delivery (as is 
the case for shRNA) it is the most preferred in the category of RNA-based therapeu-
tics. Additionally, siRNA is more potent than other therapies such as antisense oli-
gonucleotides since one siRNA molecule can cleave several mRNA molecules (of 
the same kind) [ 78 ]. Many siRNA products are currently in clinical trials for the 
treatment of a wide range of indications [ 79 ] including solid tumors, liver cancer 
and wet-AMD (Table  8.1 ).   

8.3     Barriers to Effi cient Nucleic Acid Delivery 

8.3.1     Enzymatic/Chemical Instability 

 Owing to their structure, NAs are prone to attack by exonucleases as well as endo-
nucleases present in the extracellular/intracellular environment. Accordingly, these 
get degraded much before reaching the desired site of action. Several efforts have 
been made to improve NA stability. These include chemical modifi cation of the 
phosphate backbone, sugars or nucleotide bases [ 19 – 22 ]. Phosphodiester bonds in 
the NA backbone have been substituted with enzymatically resistant bonds such as 
phosphorothionate [ 19 ], boranophosphates [ 20 ]. phosphoramidate, and meth-
ylphosphonate. Of these, phosphorothionates have achieved the greatest success 
[ 80 ] as evident by the fact that one of the FDA approved NA products, is Vitravene, 
an antisense phosphorothionate DNA oligonucleotide. Intravitreal injection of 
Vitravene is used for the treatment of cytomegalovirus retinitis [ 81 ,  82 ]. Whereas 
such backbone modifi cations have improved NA stability, high degree of modifi ca-
tion may compromise the safety aspect of NAs. For example Amarzguioui et al. 
reported that 100 % replacement of phosphodiester bonds with phosphorothioate 
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caused signifi cant increase in cytotoxicity although there was remarkable 
improvement in siRNA serum stability [ 23 ]. 

 With respect to sugar modifi cation, the ribose sugar in RNA, has been modifi ed 
with groups such as 2′NH 2 , 2′F, 2′OMe, or 2′deoxy [ 21 ,  83 ]. These modifi cations 
improved chemical stability of RNA which is otherwise prone to alkaline hydroly-
sis owing to the presence of 2′OH group [ 64 ]. Some researchers have also 
attempted modifi cation of bases in nucleotides, but this lowered the activity of 
biomolecules [ 22 ].  

8.3.2     Immunogenicity 

 Nucleic acid therapeutics such as siRNAs could be immunogenic since these trigger 
activation of infl ammatory toll-like receptors (TLR) that further activate interferon 
(IFN-α) [ 84 ], interleukins (IL-6) and other cytokines associated with innate immu-
nity [ 85 ], Ribose sugar and multiple uridine bases in siRNA have been observed to 
be responsible for this triggering mechanism, as these are predominantly identifi ed 
by TLR7 [ 86 ]. Accordingly, modifi cation of the siRNA structure can reduce immu-
nogenicity. For example, when a few 2′ OH groups in ribose sugar were substituted 
with 2′OMe, siRNA immunogenicity was signifi cantly reduced [ 87 ,  88 ]. The pre-
cise mechanism, later discovered by Robbins and co-workers, revealed that 2′OMe 
acts as an antagonist of TLR7, the primary receptor involved in immune stimulation 
[ 89 ]. These fi ndings were also supported by the work of Cekaite et al. [ 90 ]. Besides 
2′OMe, other groups such as 2′F [ 90 ] and locked NA (LNA) [ 84 ] are also useful to 
inhibit the immune response. In addition to TLR, other cellular receptors such as 
PKR (dsRNA-binding protein kinase) [ 91 ] and RIG-1 (retinoic acid-inducible gene- I) 
[ 92 ] have been implicated in immune-stimulation by siRNA.  

8.3.3     Nuclear Entry 

 Other than cellular uptake and endosomal release (Sect.  3.4 ), DNA based therapeu-
tics (pDNA, shRNA) have the additional challenge of entering into the nucleus 
where transcription occurs (Fig.  8.4 ). Various strategies have been adopted to 
improve nuclear entry of these biomolecules and these are discussed in Sect.  5.2.2.1 .  

8.3.4      Poor Cellular Uptake and Endosomal Escape 

 Attributed to their relatively large molecular weight compared to small molecules 
and the presence of a highly negatively charged backbone, NAs face diffi culty in 
passing through the anionic plasma membrane. Additionally, NAs are unable to 
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escape from endosomes due to the inability of the anionic backbone of NAs to 
interact with anionic endosomal lipids, leading to their degradation in this low pH 
environment (Fig.  8.4 ). The degradation mechanism includes hydrolysis of phos-
phodiester bonds [ 93 ] and/or alterations in base pairing in the acidic pH [ 94 ]. To 
improve cellular uptake as well as the endosomal release capability of NAs, two 
approaches have been adopted: (a) direct conjugation and (b) delivery vectors. The 
direct conjugation approach involves chemical conjugation of NAs with moieties 
(lipids [ 95 ], polymers [ 96 ], peptides [ 97 ]) that can potentiate the cellular uptake 
and/or endosomal escape of the biomolecule. However, incorrect site of conjugation 
causing reduced bioactivity [ 98 ], charge neutralization of the cationic conjugated 
moiety by anionic NA [ 99 ], and the inability of the conjugated species to protect the 
NA against enzymatic attack, often limits the potential of this approach. For these 
reasons, use of delivery vectors is more common.   

8.4     Delivery Vectors 

 Effi cient gene delivery for therapeutic approaches is a demanding task that urges the 
development of delivery vectors capable of overcoming the aforementioned chal-
lenges to effi cient NA delivery. Delivery vectors not only protect NAs from enzy-
matic digestion but also enhance their cellular uptake and endosomal release 
capability. On the basis of their origin and mechanism of action, delivery vectors 
can be categorized as viral and nonviral. 

8.4.1     Viral Vectors 

 Inherent properties of viruses such as effective membrane penetration (plasma, 
endosome, or nuclear) has been exploited for achieve very high transfection effi -
ciency with viral vectors [ 24 ,  25 ]. However, some viruses (retrovirus) integrate with 
host genome and excessively produce viral proteins causing a fatal immune 
response. For example, retrovirus-based delivery of tumor suppressor gene in an 
X-lined SCID patient caused massive immune response triggered by the viral vector 
(viral proteins), leading to multiple organ failure and brain death [ 100 ]. For safer 
delivery, researchers have prepared attenuated viruses lacking in virulent compo-
nents. Currently there are seven attenuated (adeno-associated) viral products in 
early phase, and two in late phase (III) clinical trials [ 57 ]. Despite this success, 
future prospects of viral vectors are restricted due to the limit size available for clon-
ing therapeutic genes, scale-up as well as manufacturability issues [ 101 ]. 
Consequently, focus is more towards developing safe and effi cient nonviral vector 
based gene delivery systems.  
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8.4.2     Nonviral Vectors 

 Nonviral vectors offer a high level of control with respect to their physicochemical 
properties and manufacturing on industrial scale. Additionally these are non- 
immunogenic and relatively safer compared to the viral vectors. However, these 
vectors have low transfection effi ciencies due to lack of innate characteristics of a 
virus. Tremendous efforts have been made to develop and optimize nonviral carriers 
which are safe and have transfection effi ciency of viral vectors. Various nonviral 
vectors useful for gene delivery have been discussed in the following sections. 

8.4.2.1     Liposomes 

 Liposomes are spherical structures with an aqueous core surrounded by a lipid 
bilayer. These are by far the most commonly used nonviral vectors to facilitate NA 
delivery. Lipids associate with NAs either via surface complexation or encapsula-
tion of hydrophilic NA molecules within the aqueous core. Biophysical properties 
of liposomes can be modulated to achieve high NA entrapment, effi cient cellular 
uptake and endosomal escape [ 32 ]. Due to this fl exibility in designing the liposomal 
formulations, there are several liposome associated NA products in preclinical [ 79 ] 
and clinical studies (see Table  8.1 ). Both cationic as well as anionic liposomes have 
been used for delivery of NAs. Structures of commonly used lipids are shown in 
Fig.  8.1 .  

   Cationic Liposomes 

 Cationic liposomes electrostatically interact with NAs to form the lipid-NA com-
plexes also known as “lipoplexes.” Liposomes help in NA internalization into the 
cells, as well as its release from endosomes upon interaction with anionic endo-
somal lipids. The fi rst cationic lipid, DOTMA (Fig.  8.1 ) was synthesized by Felgner 
and co-workers [ 102 ]. This was followed by other cationic lipids such as DOTAP 
[ 103 ,  104 ], DOSPA [ 105 ], DOSPER [ 106 ] and Oligofectamine [ 44 ]. Liposomes 
prepared with these lipids in association with fusogenic lipids (such as di-oleyl 
phosphatidylethanolamine or DOPE) and/or cholesterol have shown transfection 
effi ciencies in vitro [ 107 – 112 ]. 

 The aforementioned fi rst generation cationic lipids are cytotoxic which restricts 
their use in vivo [ 30 ]. This toxicity could be attributed to their positive charge 
responsible for nonspecifi c interactions causing interference with the activity of ion 
channels, reduction in cellular adhesion and membrane destabilization [ 113 ,  114 ]. 
Additionally, cationic substances have shown to cause cellular stress in terms of 
altered actin cytoskeleton and abnormal cell proliferation [ 115 ,  116 ]. Kedmi et al. 
observed hepatotoxicity and signifi cant weight loss in mice injected with cationic 
nanoparticles [ 29 ]. Ikebe et al. reported triggered release of pro-infl ammatory 
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cytokines (such as, IL-2, TNF-α) possibly causing increased risk of angiogenesis 
and tumor progression [ 28 ]. Cationic liposomes also interact with negatively 
charged cellular components (such as serum proteins, opsonins, and enzymes), con-
sequently leading to serum inactivation [ 117 – 119 ]. 

 To overcome the toxicity and serum inactivation issues, efforts have been made 
to develop second generation cationic lipids with modifi ed structures. The main 
components of a cationic lipid which are known to regulate transfection effi ciency 
and cytotoxicity are hydrophobic lipid anchor, the linker, and hydrophilic head 
group. The lipid anchor is typically either a fatty chain (e.g., derived from oleic or 
myristic acid) or a cholesterol group, which determines the physical properties of 
the lipid bilayer, such as fl exibility, interaction with membrane lipids, and the rate 
of lipid exchange [ 109 ], and these could indirectly impact NA activity. For example 
lipid tail unsaturation [ 120 – 123 ], shorter chain length [ 109 ,  124 – 126 ], and double- 
tailed lipids [ 127 ,  128 ] have been shown to improve the transfection effi ciency. The 
linker group is an important determinant of the chemical stability, biodegradability, 
and transfection effi ciency of the cationic lipid. Biodegradable lipids are being 
developed that can be metabolized by various enzymes (e.g., esterases, peptidases) 

  Fig. 8.1    Structures of commonly used nonviral gene delivery vectors.  DOTMA  1,2-di-O- 
octadecenyl-3-trimethylammonium propane,  DOTAP  1,2-dioleoyl-3-trimethylammonium propane, 
 DOPG  1,2-dioleoyl-sn-glycero-3-phospho-1′-rac-glycerol,  DOPS  1,2-dioleoyl-sn-glycero-3-phospho-
 L -serine,  DOPE  1,2-dioleoyl-sn-glycero-3- phosphoethanolamine,  PEI  polyethyleneimine, 
 PLGA  poly-lactic-co-glycolide,  PLA  polylactic acid,  PPI  polypropyleneimine,  PAMAM  
polyamidoamine       
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to minimize any toxicity [ 123 ,  129 ]. For example ester linkages are less toxic due to 
their biodegradability when compared to nonbiodegradable linkers such as ether 
and carbamate [ 130 – 132 ]. The linker can also provide sites for the introduction of 
novel side chains to enhance targeting, uptake, and traffi cking. The positively 
charged headgroup on the cationic lipid is responsible for interacting with the nega-
tively charged DNA and is a critical determinant of the transfection and cytotoxicity 
of liposome formulations. The headgroups differ markedly in structure and may be 
single- or multiple-charged as primary, secondary, tertiary, and/or quaternary 
amines. Multivalent headgroups, such as spermine, in a T-shape confi guration tend 
to be more effective than their monovalent counterparts at facilitating gene transfer 
[ 109 ,  133 ]. Also, the presence of hydroxyalkyl [ 109 ], or cyclic groups [ 134 ], 
increases the transfection effi ciency. Continued progress toward a comprehensive 
relationship between lipid structure, its complexation with NA molecules, and the 
subsequent interaction with the biological system is necessary to facilitate the 
design of cationic lipids with optimal properties. Such a careful designing of cat-
ionic lipids has led to development of commercially available transfection reagents 
Lipofectamine 2000 (Invitrogen) and RNAiMax (Invitrogen) that are effi cient and 
relatively safer compared to conventional lipid based reagents such as Lipofectin 
and Lipofectamine [ 135 ,  136 ].  

   Anionic Liposomes 

 Owing to the cationic charge based toxicity of fi rst generation cationic lipids, sig-
nifi cant work has been done to exploit the potential of anionic liposomes for safe 
and effi cient NA delivery [ 31 ,  45 ,  137 ,  138 ]. However, entrapment of NAs within 
these lipids is challenging due to electrostatic repulsion between the two anionic 
charged species (lipid and NAs). For example, Foged et al. attempted preparing 
siRNA associated anionic liposomes. These formulations showed only 7–9 % 
encapsulation effi ciency with no activity in HeLa cells [ 137 ]. Accordingly, for effi -
cient lipoplex formation, a third moiety is required which can act as a bridging agent 
between anionic lipids and NAs. For example, Huang’s group prepared anionic 
lipoplexes using the cationic polymer, poly- L -lysine [ 35 ]. Others have prepared 
anionic liposomal formulations (1,2-dioleoyl- sn -glycero-3-phosphocholine 
(DOPC)/1,2-dioleoyl- sn -glycero-3-phospho-1′- rac -glycerol (DOPG), to effi ciently 
deliver antisense oligonucleotides into hippocampal neurons [ 139 ] or bacterial cells 
[ 140 ]. Our group has developed anionic lipoplexes wherein anionic liposomes 
(DOPG/DOPE) have been complexed with DNA/siRNA with calcium ion bridges. 
These systems have shown equivalent transfection effi ciency and no cytotoxicity 
when compared to commercial cationic liposomes, Lipofectamine™ 2000 in CHO- 
K1 (DNA lipoplexes) [ 31 ,  34 ,  141 ] and MDA-MB-231 cells (siRNA lipoplexes) 
[ 33 ]. Figure  8.2  represents confocal images that shows effi cient (time-dependent) 
cellular uptake and endosomal release of anionic lipoplexes in MDA-MB-231 cells.    
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8.4.2.2     Polymers 

 Polymers are macromolecules composed of linear or branched chains of repeated 
units of smaller molecules (monomers). Several cationic polymers have been 
employed for effi cient gene delivery [ 142 ] (Fig.  8.1 ). Cationic polymers often 
contain high densities of primary, secondary, tertiary or quaternary amines, which 
are protonatable at neutral pH [ 143 ]. Due to the high density of positive charges 
cationic polymers self-assemble with DNA/RNA to generate condensed structures 
(polyplexes) that are usually taken up by cells via endocytosis [ 143 ]. Polymers 
facilitate endosomal release of NAs via the “ proton sponge ” effect [ 144 ]. 
Accordingly, low endosomal pH causes protonation of several amines in the poly-
mer chain resulting in pH buffering. The buffering protons in endosomes attract 
counter ions (chloride ions) causing osmotic swelling, endosomal rupture, thereby 
releasing the entrapped NAs. 

 One of the early polymers used for gene delivery is  Poly - l - lysine  (PLL). PLL has 
low effi ciency mainly because of its poor endosomal escaping capability [ 145 ] and 
therefore, it is often co-administered with chloroquine or fusogenic peptides [ 146 ,  147 ]. 
Alternately, endosomal release can be promoted by conjugating PLL with imidazole 
containing group such as histidine that gets protonated in acidic pH [ 148 ,  149 ]. 

  Fig. 8.2    Confocal images of time-dependent (4 h) uptake and endosomal release of siRNA from 
calcium associated anionic lipoplexes. Cells were stained with Hoescht 33342 ( blue ) for nucleus 
and LysoTracker red DND-99 for lysosomes. Overlay images of  blue ,  green ,  red , and transmitted 
light channels are shown. Reproduced from ref. [ 33 ]       
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Another polymer widely used as effi cient gene delivery vector is p olyethyleneimine  
(PEI). PEI has a high charge density due to the presence of nitrogen at every third 
position in the polymer chain [ 150 ] and therefore promotes cellular uptake and 
endosomal release. For example, linear-PEI (Jet-PEI, 22 kDa) has been utilized to 
effi ciently deliver shRNA-pDNA upon intravitreal injection in mice [ 151 ]. For other 
examples see Table  8.2 .

   Multiple cationic charges on PEI facilitate effective condensation of NAs as well 
as promote cellular uptake; however, this also increases PEI cytotoxicity. Therefore, 
low molecular weight PEIs are favored over higher molecular weight PEIs [ 152 , 
 153 ]. PEI toxicity is also contributed by the nonbiodegradable nature of these poly-
mers. Recently, biodegradable PEIs with cleavable linkers such as disulfi de [ 154 ] 
and amino esters [ 155 ,  156 ] have been prepared that showed low cytotoxicity and 
high transfection effi ciency when compared to the unmodifi ed PEIs. PEIs high 
charge density results in multi-contact points with the NA, thereby slowing DNA/
RNA dissociation from the polymers, after endosomal escape. This issue was com-
bated by employing linear PEIs instead of branched ones. For example Kleemann 
et al. showed high effi ciency and low toxicity with linear PEI/DNA complexes 
injected into mice trachea, compared to branched PEI/DNA complexes [ 157 ]. 

 Due to the nonbiodegradable nature of conventional PEIs, other biocompatible 
and biodegradable polymers have been exploited for effi cient gene delivery. An 
example includes  chitosan  which is a linear cationic polymer consisting of glucos-
amine and N-acetyl  D -glucosamine units. Chitosan has shown higher transfection 
effi ciency compared to naked DNA, when injected intratracheally in mice [ 158 ]. 
However, chitosan effi ciency was lower than that of PEI (25 kDa) probably due to 
less effective endosome escaping capability of chitosan. This issue was combated 
by optimizing degree of deacetylation in chitosan [ 159 ]. For example (84 % 
deacetylated) chitosan/siRNA nanoparticles resulted in effi cient knockdown 
(~44 %) of TNF-alpha gene (infl ammation marker) in mouse macrophages and 
thus were useful in arthritis therapy [ 160 ]. Chitosan grafted into PEI has shown to 
be an effi cient (better than PEI alone) and safe gene delivery vector both in vitro as 
well as in vivo [ 161 ].  

8.4.2.3     Dendrimers 

 Dendrimers are structured polymers that have attained recognition as nano-scale 
units or carriers for a wide range of applications [ 162 ]. These carriers are attractive 
candidates for gene delivery owing to their small condensed size, ease of prepara-
tion and functionalization, and their ability to display multiple copies of surface 
groups for biological recognition processes. Structurally dendrimers comprise a 
series of branches around an inner core. This unique core-shell design of dendrimers 
helps in the incorporation of both hydrophilic and hydrophobic moieties [ 163 ]. 
Dendrimers can be synthesized starting from the central core and working out 
toward the periphery ( divergent synthesis ) or in a top-down approach starting from 
the outermost residues ( convergent synthesis ) [ 164 ]. 
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 Two commercially available dendrimers are PAMAM (polyamidoamine) and 
PPI (polypropyleneimine) (Fig.  8.1 ) with ethylenediamine and butylenediamine as 
central core, respectively [ 163 ]. Because dendrimers are built from ABn-type 
monomers, each layer or “generation” of branching units (e.g., G1,G2) doubles or 
triples the number of peripheral functional groups. Therefore higher generations 
can accommodate greater payload and there are more sites available for conjugation 
[ 165 ]. For this reason sixth generation PAMAM is known to be an optimal gene 
transfection reagent (Polyfect™). These dendrimers have been employed to effec-
tively deliver not only plasmid DNA as well as antisense oligonucleotides [ 166 ]. 
Additionally Polyfect™ successfully delayed tumor growth when employed for 
suicide cancer gene therapy [ 167 ,  168 ]. Other generations of PAMAM have also 
gained success in gene delivery. For example interleukin-10 gene complexed with 
G5-PAMAM was effective in improving graft survival in murine cardiac transplant 
model [ 169 ]. PPI dendrimers have shown high effi ciency but their application is 
limited owing to their cytotoxicity at high charge ratios [ 170 ]. Cellular uptake of 
PAMAM and PPI dendrimers with net positive charges, occurs via electrostatic 
interactions with anionic cell surface followed by release from endosomes by the 
“ proton sponge ” effect [ 171 ]. 

 Other than PPI and PAMAM, new materials have also been utilized in formulat-
ing dendrimers. For example, Ofek et al. prepared novel dendrimers using polyg-
lycerolamine. Dendrimer of this material when complexed with luciferase-siRNA, 
showed signifi cant gene silencing (85 %) within 24 h (pre-inoculated with U87-Luc 
human glioblastoma cells) after a single intratumoral injection in mice (dose—
20 mg/kg polyglycerolamine, 5 mg/kg luciferase-siRNA). This effect lasted for 3–4 
days [ 172 ].  

8.4.2.4     Polymeric Nanoparticles 

 These nanoparticles are polymer based colloidal particles with entrapped moieties 
such as NAs. Nanoparticles can effectively protect NAs from enzymatic attack and 
more importantly, facilitate their prolong release thus making these carriers useful 
for the treatment of chronic ailments such as cancer and infl ammatory diseases 
[ 173 ,  174 ]. Additionally nontoxic nanoparticles can be fabricated by using biocom-
patible and biodegradable polymers such as PLA (poly-lactic acid) and PLGA 
(poly- D , L -lactic- co -glycolic acid) (Fig.  8.1 ). These polymers consist of ester groups 
that hydrolyze and cause polymer degradation in aqueous environment, thereby 
releasing the entrapped material. Polymer degradation rate and hence the drug 
release rate can be controlled based on polymer properties such as molecular weight, 
co-monomer ratio, glass transition temperature, crystallinity, end groups, etc. [ 175 , 
 176 ]. Once the nanoparticles are internalized by cells, endosomal release of 
entrapped NAs occurs via surface charge reversal of polymer in the nanoparticles. 
The ionized acidic groups of the polymer gets protonated in the low pH environ-
ment of endosomes, and interact with negatively charged endosomal lipids, thereby 
causing endosome destabilization [ 173 ]. 
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 PLGA is an FDA approved polymer and therefore is widely used in polymeric 
nanoparticles. PLGA nanoparticles can be prepared by several techniques including 
solvent-evaporation, nano-precipitation, solvent displacement [ 177 ], emulsion- 
diffusion [ 178 ]. These techniques involve use of organic solvents, vigorous stirring 
or homogenization. Such harsh conditions may adversely affect stability of NAs 
potentially lowering their activity. Additionally, limited size of nanoparticles and 
lack of favorable interactions between anionic polymer groups (in PLGA) and NA 
may result in low encapsulation effi ciency. Several approaches have been adopted 
to overcome these challenges. As an example, high molecular weight polymers 
(100 kDa) have been utilized to effectively shield DNA from shear stress during the 
preparation process. DNA protection, in this case, was probably due to increase in 
solution’s viscosity attributed to large polymer chains [ 179 ,  180 ]. Increase in 
nanoparticle encapsulation effi ciency has been achieved by: (1) reducing sonication 
time during nanoparticle formulation process [ 181 ]; (2) preparing large size PLGA 
particles (microspheres) [ 182 ]; (3) adding NAs after nanoparticle preparation. The 
third approach usually results in 80–100 % encapsulation if a bridging agent is 
employed to associate anionic PLGA nanoparticles with anionic NAs. Several moi-
eties such as chitosan [ 178 ], PEI [ 183 ] and cetyl-PEI [ 184 ] have been utilized as 
bridging agents.  

8.4.2.5     Microbubbles (Ultrasound-Mediated Delivery) 

 Microbubbles are micron sized (2–5 μm) gas-fi lled bubbles formed by purging air 
or heavy gas (sulphur hexafl uoride, perfl uoropropane, perfl uorobutane) into a solu-
tion of proteins, polymers or lipids [ 38 ]. Microbubbles burst upon exposure to low 
frequency ultrasound. Due to this feature, microbubbles can be used for site-specifi c 
gene delivery: upon in vivo delivery, microbubbles carry genes until desired site is 
reached. Ultrasound is then applied to this site causing release of entrapped NAs. 
This release usually occurs due to ultrasound-triggered cavitation at the bubble- 
plasma membrane interface [ 185 ]. Gene delivery effi ciency is dependent upon 
ultrasound pressure amplitude, pulse frequency as well as duration of exposure [ 39 ]. 

 Gene loading in microbubbles can be obtained either by entrapping NAs inter-
nally or complexing these onto the bubble surface. Entrapment would protect NAs 
and therefore is a good technique if naked DNA is being used [ 37 ]; however, this 
method offers lower loading effi ciency due to the limited space. To overcome this 
issue, NAs can be complexed on relatively large surface area of microbubbles but 
NAs must be pre-complexed with cationic liposomes/polymers for enzymatic sta-
bility. For example Lentacker et al. loaded PEGylated DNA-lipoplexes onto micro-
bubble surface via biotin-avidin-biotin linkages. These formulations showed greater 
transfection effi ciency when compared to PEGylated lipoplexes not associated with 
microbubbles, in human melanoma (BLM) cells [ 40 ]. In another study, microbub-
bles associated lipoplexes were prepared for effective messenger RNA delivery in 
dendritic cells [ 41 ]. 
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 Although microbubble technology can provide effi cient site-specifi c delivery, 
there are some disadvantages associated with it. For example, exposure of micro-
bubbles to ultrasound may increase blood temperature and cause hemolysis. 
Additionally, ultrasound-mediated microbubble cavitation may exert mechanical 
pressure and cause cell damage and even cell death [ 186 ]. Despite these shortcom-
ings, microbubbles are the only nonviral delivery carriers that can be used for 
targeted delivery without the use of specifi c targeting strategies (passive/active).    

8.5     Targeted Delivery 

 Delivery of a therapeutic molecule directly to the desired site of action not only 
accelerates therapy benefi ts but also reduces the chances of drug side effects espe-
cially in case of toxic drugs. Additionally, there is improved patient compliance as 
the dose frequency is lower with targeted systems. Various nonviral delivery vectors 
(discussed above) have been employed to achieve targeted gene delivery using 
passive and/or active targeting approaches (Table  8.2 ). 

8.5.1     Passive Targeting 

 Passive targeting can be achieved by regulating physicochemical parameters of the 
delivery vector such as size, surface charge or composition, etc. in order to increase 
blood circulation time usually resulting in improved accumulation in target tissues. 
Such an approach is specifi cally useful for cancer therapy since tumor cells have 
leaky vasculature (200–780 nm fenestrae) [ 187 ] and poor lymphatic drainage, the 
phenomena is known as enhanced permeability and retention (EPR) effect (Fig.  8.3 ). 
Therefore, extravasation of tumor cells is achievable with larger sized (100–200 nm) 
particles that are forbidden in the regions of normal tissues where there are tight 
junctions. However, the maximum limit for size of particles penetrating tumor tis-
sues depends on the type of tumor. For example PEGylated liposomes of size 
126 nm but not 400 nm could penetrate solid tumors, although neither of these 
particles was detected in healthy cells [ 188 ].  

 Another approach to prolong particle blood circulation time is by employing 
polymers such as poly-ethylene glycol (PEG) into the delivery carriers. PEGs are 
hydrophilic polymers that can easily “fool” macrophages, thereby preventing uptake 
by reticulo-endothelial system (RES). Accordingly, PEG decorated delivery vectors 
have delayed clearance and thus there is a greater chance of particles accumulating 
in the desired site [ 189 ]. Additionally, steric repulsion between the PEG chains 
inhibits close association of delivery vectors. Even if there is an overlap of PEG 
chains, a region with high osmotic pressure is created in the overlapped region that 
forces the solvent to enter in, and push the PEGylated nanoparticles away. In this 
way, PEG chains provide steric stabilization to particles, the effi ciency of which 
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depends on the PEG chain length [ 190 ]. For these reasons, PEG is useful for 
long- term gene silencing. For example, mice injected with PEGylated cationic lipo-
plexes (SNALP) has shown effi cient gene silencing of hepatitis B virus for up to 
7 days with single dose [ 191 ]. Even longer silencing was achieved with single dose 
i.v. injection of PEGylated lipoplexes wherein tumor suppression was achieved for 
as long as 3 weeks [ 192 ]. Qi et al. showed effi cient gene transfection with 6 % PEG-
G6- PAMAM dendriplexes injected intramuscularly in neonatal mice [ 193 ]. Also 
William’s lab prepared PEG-PEI conjugates in various molecular weight ratios 
(PEG:PEI), for effective delivery of antisense oligonucleotides, in vitro as well as 
in vivo [ 194 ]. Although PEG enhances the bio-distribution of gene delivery systems, 
it interferes with direct interaction of particle surface with cell membrane, thereby 
reducing the cellular uptake. Thus, PEG chains are usually attached to active target-
ing ligands that specifi cally bind to cell surface receptors resulting in effi cient 
cellular internalization [ 195 ]. This approach is known as “active targeting” and has 
been discussed in Sect.  5.2 .  

  Fig. 8.3    Passive targeting approaches utilizing EPR (enhanced permeability and retention) effect 
in tumor cells: gene delivery systems (large sized/PEGylated) can extravasate tumor cells due to 
leaky vasculature and stay there for a longer time due to poor lymphatic drainage in tumor vascu-
lature. On the other hand, large/PEGylated delivery systems are unable to penetrate normal tissues 
due to tight junctions in endothelial cells. However, if some particles pass through normal tissues, 
these get cleared off rapidly due to the lymphatic drainage       
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8.5.2      Active Targeting 

 Unlike passive targeting which is a nonspecifi c approach, active targeting employs 
specifi c targeting moieties that bind effi ciently to antigens/receptors (over-)
expressed on target cell surfaces ( cell - surface targeting ). Alternately, ligands with 
affi nity for molecules on the surface of a specifi c cell organelle, can be employed for 
 organelle - specifi c targeting . Such approaches remarkably improve gene delivery 
effi ciency and also guarantees minimal side effects. Many researchers are working 
on cell-surface as well as organelle specifi c targeting. In general, such active target-
ing approaches are often coupled with passive targeting approaches (PEGylation) 
since the combination is known to yield better results [ 46 ,  195 ]. Details on various 
active targeting approaches are as follows: 

8.5.2.1     Cell-Surface Targeting 

 Targeting cell-surface receptors is an attractive concept to achieve specifi c binding 
and internalization using the incorporation of cell-binding ligands into delivery car-
riers. These ligands bind particularly to certain receptors that are selectively 
expressed or overexpressed on the surface of diseased cells when compared to nor-
mal cells. For example tumor cells are fast growing and therefore have greater nutri-
tional requirements compared to normal cells. Consequently, these have 
overexpressed cell surface receptors required for uptake of nutritional agents such 
transferrin receptor for iron [ 196 ], glycosylated receptor for carbohydrates [ 197 ], 
and folate receptor for folic acid [ 198 ]. Accordingly, incorporation of such moieties 
into nonviral vectors may facilitate rapid and effi cient accumulation at the target 
site. Uptake of cell-surface targeted delivery systems occurs via receptor-mediated 
endocytosis (RME) as illustrated in Fig.  8.4 . Following are the examples of target-
ing ligands used for cell-surface targeting (see also Table  8.2 ):  

   Small Molecules 

 Folate (folic acid) has a high binding affi nity for folate receptors whose expression 
is upregulated in many tumors [ 199 ,  200 ]. Folate is a preferable ligand due to its 
small size, non-immunogenicity, temperature and pH stability (over a broad range), 
and therefore has been widely used in targeted gene delivery systems. Kim et al. 
showed that folate-PEG-PEI/shRNA complexes effi ciently inhibited green fl uores-
cent protein (GFP) expression in KB cells (tumor cells). At N/P ratio of 24/1, folate 
polyplexes showed 90 % silencing, whereas it was only 60 % in case of non-folate 
polyplexes [ 201 ]. Yoshizawa et al. used PEGylated-folate lipoplexes for effi cient 
knockdown of HER-2 in KB cells [ 198 ]. First in vivo “proof of concept” for folate 
targeting was demonstrated by Hofl and et al. wherein folate-PEGylated lipoplexes 
showed effi cient accumulation in tumors when compared to non-folate PEGylated 
lipoplexes [ 195 ]. 
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 Asialoglycoprotein receptor (ASGP-R) is expressed predominantly in liver cells 
and has affi nity for a variety of carbohydrates including lactose, galactose, and 
N-acetylamine. Accordingly, these moieties incorporated into nonviral vectors can 
be useful for liver [ 202 ]. For example DNA lipoplexes prepared with galactosylated 
liposomes showed signifi cantly higher luciferase expression in HepG2 cells when 
compared to unmodifi ed liposomes [ 203 ]. N-acetylgalactoseamine conjugated 
-poly(vinyl ether) successfully silenced expression of apolipoprotein and peroxi-
some proliferator-activated receptor alpha genes, in mouse liver [ 204 ]. In a recent 
study, systemic administration of galactosylated-liposome siRNA nanoparticles 
markedly helped reduce liver injury in mice infected with hepatitis [ 205 ]. 

 Cholesterol and its derivatives have also been used for targeted gene delivery. For 
example, cholesterol conjugated-apolipoproteinB-siRNA has been utilized to effi -
ciently downregulate apo-B gene expression (57 ± 6 % compared to control), that is 
otherwise responsible for hypercholesterolemia [ 206 ]. 

 Anisamide containing drugs have been shown to have good binding affi nity for 
sigma receptors that are overexpressed in many tumors. Accordingly, anisamide 
containing delivery systems have been utilized to achieve tumor specifi c targeting. 

  Fig. 8.4    Active targeting approaches for targeted delivery of NAs: Uptake of these particles 
occurs via receptor-mediated endocytosis (RME). ( a ) Targeting ligand in a gene delivery system, 
assist in  cell - surface targeting  upon specifi cally binding to cell-surface receptors (transferrin/small 
molecule/peptide/antibody/aptamer). ( b ) Early endosomes mature into ( c ) late endosomes. ( d ) At 
this point delivery carrier must assist in endosomal release of NAs which would otherwise ( e ) 
degrade in lysosomes. ( f ) Upon endosomal release, certain NAs (antisense, DNAzyme/RNAzyme, 
aptamers, miRNA and siRNA) remain in cytoplasm and function here. ( g ) Others including pDNA/
shRNA with/without NLS, penetrate into the nucleus, whereas ( h ) pDNA with MLS enter mito-
chondria (“ g ”  and  “ h ”  represent organelle - specifi c targeting ).  NLS  nucleus localization sequence. 
 MLS  mitochondrial leader sequence       
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For example anisamide conjugated PEGylated liposomes have shown effi cient 
luciferase silencing compared to non-anisamide lipoplexes, in lung cancer cells 
(H-460) [ 207 ]. Guo et al. formulated anisamide-PEG-cyclodextrin nanoparticles for 
siRNA delivery to prostate tumors in mice. After 22 days of injection tumor volume 
reduced signifi cantly with anisamide-PEG-cyclodextrin siRNA complexes com-
pared to PEG-cyclodextrin siRNA complexes [ 208 ].  

   Transferrin 

 Transferrin, an iron transporting serum glycoprotein, upon binding to the transferrin 
receptor can be internalized effi ciently into the cells (via RME-Fig.  8.4 ) and through 
this physiological process, iron is delivered into the cells. Although the transferrin 
receptor is expressed on almost all cell types, it is overexpression in many rapidly 
dividing tumors [ 196 ]. Accordingly, transferrin bedecked nonviral carriers have 
been proved to be effective in gene therapy. For example, Kirchies et al. showed 
tumor targeting with transferrin-PEI/DNA when injected systemically in mice 
growing neuro2 tumors [ 209 ]. Huang et al. demonstrated successful brain targeting 
of luciferase DNA using transferrin-PEG-PAMAM dendrimers upon intravenous 
administration in mice [ 210 ]. Transferrin-conjugated PEGylated liposomes loaded 
with anti-BCR-ABL siRNA have been utilized for the treatment of chronic myeloid 
leukemia in K562 and LAMA-84 cells [ 211 ]. A transferrin-containing multi- 
component siRNA formulation (CALAA-01) is in Phase I clinical trials [ 212 ] 
(Table  8.1 ).  

   Antibodies or Antibody Fragments 

 Specifi c antibodies for certain cell-surface markers can also be used for targeting. 
For example a monoclonal antibody directed to the CD3 surface marker in human 
T-cell leukemia enabled effi cient gene delivery in vitro [ 213 ]. Antibodies have two 
main fragments: Fc (constant) and Fab (variable). The Fc fragment is responsible 
for immunogenicity of antibody since it has multiple compliment activation and 
macrophage binding sites, whereas Fab fragment is non-immunogenic and has anti-
gen binding sites which are responsible of its specifi c interaction with the antigen. 
Accordingly, use of antibody fragments has become more common than the whole 
antibody. For examples, ErbB2, a tumor marker that is highly upregulated in many 
human breast and prostate cancers, was targeted with a delivery system containing 
a single-chain antibody [ 214 ]. Other examples include the successful use of 
liposome- polycation-hyaluronic acid modifi ed with single chain antibody fragment 
(scFv) for dual delivery of siRNA and miRNA when administered systemically in 
lung-metastasis bearing mice [ 215 ]. Cell-type-specifi c targeting using antibodies 
was demonstrated by Song et al. In this work, a fusion protein based on protamine 
coding sequence (F105b) was conjugated at the C terminus to Fab fragment of an 
HIV-1 envelope antibody. When antibody-F105b siRNA complexes were injected 
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intravenously in mice inoculated with HIV envelope expressing B16 melanoma 
cells, silencing was specifi cally observed in HIV-1 expressing cells. When the anti-
body (HIV-1 envelope) in such a delivery system, was replaced with ErbB2 single- 
chain antibody (ErbB2-protamine-siRNA), siRNA was observed to accumulate 
specifi cally in ErbB2-expressing cancer cells [ 47 ]. Pirollo et al. used transferrin 
antibody targeted lipoplexes. Three intravenous doses showed knockdown of 
HER-2 gene in mice tumors for 30 days [ 196 ]. Santos prepared antagonist G associ-
ated targeted PEGylated liposomes for downregulation of Bcl-2 in SCLC SW2 
tumor cells [ 216 ]. Recent efforts are focusing on antibody-based targeting for treat-
ment/diagnosis of brain cancer. For example Shen et al. prepared PEG-PEI super-
paramagnetic iron oxide nanoparticles modifi ed with GD2 single chain antibody 
which binds specifi cally to neuroblastoma cell-surface receptors. These nanoparti-
cles complexed with Bcl-2 siRNA showed effi cient silencing of Bcl-2 gene in 
human neuroblastoma cells compared to non-targeted nanoparticles (no antibody). 
Additionally signifi cant apoptosis and suppression of tumor growth was observed 
with these targeted nanoparticles [ 217 ].  

   Peptides 

 Peptide-based targeting of nonviral delivery vectors has become possible because of 
our increased understanding of the discrete peptide sequences of proteins involved 
in cell–cell and effector–cell interactions. Various peptides have been identifi ed as 
ligands that bind to receptors present specifi cally in diseased cells [ 218 – 222 ]. 
Accordingly, delivery systems incorporated with peptide-based ligands can facili-
tate effi cient targeted delivery of genes to the diseased site. For example, Moreira 
et al. prepared tumor targeted delivery vectors using a hexapeptide analogue, antag-
onist G, of the neurotransmitter substance P, which binds to receptors on the surface 
of the small cell lung cancer (SCLC) and blocks the action of multiple neuropep-
tides, such as vasopressin, gastrin releasing peptide, and bradykinin [ 223 ]. Asai 
et al. isolated peptides specifi c for tumor angiogenic vasculature by in vivo bio- 
planning of a phage-displayed peptide library [ 224 ]. Phage fused MCF-7 cell spe-
cifi c peptide “DMPGTVLP” incorporated into liposomes, has been utilized for 
effi cient siRNA delivery to breast cancer (MCF-7) cells [ 218 ]. In another study, 
RGD (arginine-glycine-aspartic acid tripeptide) associated PEGylated nanoparti-
cles injected intravenously, have shown signifi cant tumor growth inhibition in nude 
mice bearing human glioma U87 xenografts, when compared to non-targeted siRNA 
complexes [ 221 ]. Streipe et al. prepared liposomal siRNA delivery systems modi-
fi ed with RGD-peptide for specifi c recognition by integrin receptors in alveolar 
rhabdomyosarcoma cells. These targeted systems showed improved silencing over 
the unmodifi ed ones [ 220 ]. Arginine has been used as a targeting ligand by Zhang 
et al. where a PEGylated octamer of arginine (R8) was decorated on siRNA-loaded 
cationic liposomes for effi cient silencing of HDM2 gene (human double minute 
gene2) [ 222 ]. Kim et al. synthesized poly- L -arginine conjugated PEG (PLR-PEG) 
and prepared liposomes using the cationic lipid DOTAP, fusogenic lipid DOPE, 
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cholesterol, and PLR-PEG. Such arginine conjugated targeted liposomes were uti-
lized to knockdown GFP in H4II-E and HepG2 cells. Accordingly, it was found that 
PLG-PEG liposomes were 30 % more effi cient than conventional liposomes (non- 
PEGylated and non-targeted) at N/P ratio of 30:1 [ 219 ]. Recently, Siould et al. 
showed effi cient silencing of survivin (an important gene for cancer cell survival) 
using siRNA conjugated to gastrin-releasing peptide (GRP), which binds specifi -
cally to GRP receptors on the surface of breast cancer cells [ 225 ]. 

 Other than their application in cell-surface targeting, peptides have also been 
employed to improve cellular uptake, endosomal escape and/or nucleus localization 
gene delivery vectors. A majority of peptides show pH-dependent fusogenic and 
endosomolytic (endosomal escape) activity and are believed to mimic virus like 
journey into the cell. These peptides also called cell-penetrating peptides (CPPs) are 
random coil at pH 7.0 but undergo a conformational change into an amphipathic 
alpha-helix at endosomal pH. This conformational change induces the fusion and 
lysis of endosomal membrane causing the release of entrapped genes [ 226 ]. Certain 
examples of CPPs include TAT, penetratin, transportan, and INF [ 227 ]. Torchillin 
et al. have shown TAT-liposomes to be more effective and less cytotoxic than lipo-
some control when injected subcutaneously in mice inoculated with Lewis lung 
carcinoma tumors [ 228 ]. Penetratin or transportan have been conjugated to siRNA 
for knockdown of many target proteins such as luciferase and green fl uorescent 
protein in several cell lines [ 95 ]. Since direct conjugation of these peptides may 
affect NA bioactivity, recent work is focusing on non-covalent association of pep-
tide with DNA/siRNA. For example Simeoni et al. prepared MPG peptide (sequence 
derived from HIV-1 and NLS) that associates with siRNA via electrostatic and 
hydrophobic interactions and helps with effi cient siRNA delivery in vitro as well as 
in vivo [ 44 ,  229 ]. Deshayes et al. prepared another peptide (CADY) and formed 
stable nanostructures with siRNA for potent delivery in primary cells [ 230 ]. The 
nucleus localization potential of peptides has been discussed in details in 
Sect.  5.2.2.1 .  

   Aptamers 

 Aptamers are NA (Sect.  2.3 ) or peptide-based molecules that bind specifi cally to a 
particular target moiety. As more and more surface molecules are being identifi ed as 
biomarkers for a particular tumor, aptamer-based cell-surface targeted delivery is 
gaining importance. For example PSMA (prostrate-specifi c membrane antigen) 
molecule occurs predominant on the surface of human prostate cancer cells and 
therefore incorporation of PSMA in gene delivery systems have been successfully 
employed for the treatment of prostate cancer [ 231 ,  232 ]. Kurosaki and co-workers 
developed MUC-1 aptamer containing PEI/pDNA complexes that showed higher 
transfection effi ciency in lung cancer cells (~threefold greater) and tumor-bearing 
mice (~4-fold greater), compared to non-targeted polyplexes [ 233 ]. AS1411 is a 
DNA aptamer used in the treatment of acute myeloid leukemia. AS1411 targets 
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cancer cell surface protein, nucleolin, gets internalized and inhibits nuclear factor-κB 
[ 234 ]. AS1411 also destabilizes mRNA of the anti-apoptotic protein, B-cell lym-
phoma protein 2 (BCL-2) [ 235 ]. Other examples of aptamer-targeting are included 
in Table  8.2 .   

8.5.2.2     Organelle-Specifi c Targeting 

 For certain therapeutic molecules such as pDNA (and shRNA), it is not suffi cient to 
accumulate in cytoplasm. These moieties further need to enter specifi c cell organ-
elles such as nucleus, mitochondria  etc ., in order to transcribe and eventually express 
therapeutic proteins. Penetration of NAs into an organelle is challenging due to their 
large size and hydrophilicity. However, various (see below) strategies have been 
adopted to design gene delivery systems for effi cient accumulation in a particular 
cell organelle. 

     Nucleus Targeting 

 After endosomal release, pDNA/shRNA molecules need to fi nd their way into the 
nucleus in order to employ therapeutic benefi ts (Fig.  8.4 ). Nuclear transfer of 
pDNA/shRNA usually occurs either via passive entry during cell division and/or by 
active process via nuclear pores [ 147 ,  236 ]. Besides, non-nuclear pore pathways for 
DNA nuclear import (in cells that are not undergoing active division) have been 
reported. For example, it has been speculated that DNA-PEI complexes may enter 
the nucleus via non-nuclear-pore pathways such as fusion with nuclear membrane 
phospholipids [ 237 ]. Although the entry of these polyplexes into the nucleus may 
be an effective method of delivery of DNA to the nucleus, the potential for interac-
tion of these polycations with host genes is a signifi cant concern. Accordingly, 
focus is towards improving nuclear uptake of DNA via nuclear-pore complex (NPC) 
especially in non-dividing or slowly dividing cells. NPC has a molecular sieve func-
tion allowing small molecules (up to 50 KDa) to diffuse through, whereas larger 
molecules require an active transport mechanism to pass [ 238 ]. Active transport of 
macromolecules (e.g., cytoplasmic proteins) is controlled by short peptides known 
as nuclear localization sequence (NLS) [ 239 ]. NLS has affi nity for the proteins of 
NPC like importin-α. Activated importin-α further activates importin-ß protein 
which then helps in opening the nuclear-pore complex (see Fig.  8.5 ). During this 
active transport the nuclear pore complex opens from ca. 10 to ca. 40 nm and thus 
can accommodate plasmid DNA, which in its condensed form has a diameter of ca. 
25 nm [ 240 ,  241 ]. NLS associated DNA can therefore be utilized to enhance DNA 
import to nucleus.  

 NLSs are usually characterized by one short peptide sequence containing many 
lysine and arginine residues [ 242 ]. The fi rst NLS sequence (PKKKRKV) was 
derived from the tumor antigen, simian virus-40 [ 243 ]. Various NLSs have been 
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attached with plasmid DNA via covalent or non-covalent association to facilitate 
nuclear uptake [ 24 ,  54 ,  244 ,  245 ]. However, both the approaches have their own 
challenges. For example, it has been shown that non-covalent association may result 
in separation of NLS from pDNA in the extracellular environment, if the binding is 
not strong enough [ 24 ,  246 ]. With respect to direct conjugation approach, 
 NLS- pDNA conjugates have shown reduced transfection effi ciency compared to 
pDNA alone [ 247 ]. This is apparently due to the requirement of several NLS mol-
ecules/plasmid to cause effi cient nuclear uptake since some of the cationic NLSs 
could neutralize charge on DNA [ 248 ,  249 ]. However, conjugation of multiple 
NLSs to pDNA may alter its conformation, thereby impeding DNA activity [ 250 ]. 
To combat this issue, spacer moieties between NLS and DNA, such as oligonucle-
otides [ 251 ], psoralen [ 54 ] or PEGs [ 252 ] have been used. Alternately, NLS has 
been incorporated into the nonviral vectors, instead of DNA [ 246 ,  253 ]. For exam-
ple, effi cient nuclear uptake of PLGA nanoparticles [ 254 ] and HPMA copolymer 
[ 54 ,  255 ] has been reported when the NLS is attached directly to carrier 
(nanoparticles/polymer). NLS has also been conjugated to quantum dot (QD) 
nanoparticles to achieve rapid nuclear uptake [ 256 ,  257 ]. A recent review covers 
many examples for NLS associated targeted gene delivery systems [ 258 ].  

  Fig. 8.5    Schematic representation of the nuclear localising peptide-conjugated DNA nuclear 
import mechanism. A well-defi ned nuclear targeting peptide signal sequence is conjugated to the 
DNA. Intracellular delivery of the DNA–NLS conjugate is mediated by formation of lipoplexes via 
the electrostatic interaction of negatively charged DNA molecules with cationic lipid molecules. In 
the cytoplasm, the importin-α transport receptor binds the DNA–NLS conjugate and together with 
importin-β mediates interaction with the nuclear pore complex to translocate the import complex 
into the nucleus. Reproduced from ref. [ 239 ]       
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   Mitochondrial Targeting 

 Mitochondria are membrane-bound organelles whose main function is to produce 
adenosine triphosphate (ATP), the chemical source of energy. Mitochondria also 
regulate cell signaling, cell proliferation and apoptosis [ 259 ,  260 ]. Genetic mutation 
(point mutation, deletions, missense) of mitochondrial DNA (mtDNA) may cause 
mitochondrial dysfunction leading to metabolic disorders, neurodegenerative dis-
eases and even tumors [ 48 ]. Various efforts are being made to cure genetic defects 
in mtDNA by delivering correct copy of DNA into the mitochondria [ 50 – 53 ]. 

 Researchers have identifi ed certain features which when incorporated into deliv-
ery vectors, could facilitate effi cient mitochondrial delivery. For example, mito-
chondria have a very high inner membrane potential (180–200 mV) [ 49 ] and 
therefore attract molecules with high cationic charge density. These molecules need 
to be amphiphilic so that these can be accumulated onto the mitochondrial surface. 
For example, vesicles of an amphiphilic cationic surfactant, dequalinium chloride 
(DQA), were shown to effi ciently transport DNA onto the mitochondrial surface 
[ 50 ,  51 ]. Unlike other cationic lipids (such as DOTAP, DOTMA), DQA release most 
of the DNA upon encountering cardiolipin-rich anionic membrane of mitochondria 
when compared to lesser anionic inner-cytosolic membrane. Although with DQAs, 
DNA could be delivered effi ciently onto the surface of mitochondria, DNA internal-
ization was minimal [ 51 ]. This issue was resolved with DNA conjugated to mito-
chondria targeting peptide also known as mitochondrial leader sequence (MLS) 
(Fig.  8.4 ) [ 50 ]. MLS has also been used with low molecular weight PEI (2,000 Da) 
to effectively deliver DNA to mitochondria in a cell-free assay [ 52 ]. A recent review 
has included many other examples for effective mitochondrial delivery of NAs 
using various delivery systems [ 53 ].     

8.6     Multifunctional Nano-Carriers 

 After tremendous research on nonviral delivery carriers, it has been concluded that 
it is more benefi cial to use combinational carriers (more than one type of vector, 
PEG, targeting ligands) compared to when a single approach is employed. This is 
evident from various examples in the literature some of which have been enumer-
ated here: PLGA nanoparticles entrapping PEI-siRNA complexes showed greater 
effi ciency in vivo compared to non-PEI containing PLGA nanoparticles [ 184 ]. In 
another strategy, chitosan-siRNA encapsulated in PLGA nanofi bers have shown to 
cause 50 % gene silencing and no signifi cant toxicity (48 h post-transfection) in 
non-small-cell lung carcinoma cells (H1299) [ 261 ]. Xun et al. prepared biodegrad-
able PEI conjugated with small hydrophobic lipid molecules. These conjugates 
showed high transfection effi ciency and low cytotoxicity in human non-small-cell 
lung carcinoma when compared to PEI (25 kDa) alone [ 262 ]. Rui et al, prepared 
PEI condensed siRNA nanocomplexes and coated these with lipid (egg phosphati-
dylcholine) and human apolipoprotein A-I, to achieve effective and safe delivery of 
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siRNA in liver cancer (hepatoma) cells [ 263 ]. Dextran grafted PEI–DNA complexes 
incorporated with nuclear localization sequence (Sv7) showed effi cient GFP expres-
sion in vitro (HepG2, HeLa, 293 T cells) as well as in vivo (mice xenograft model) 
[ 264 ]. A novel triblock copolymer composed of PEG, PLGA, and PLL (mPEG-
PLGA- PLL) has shown gene silencing greater than Lipofectamine™ with no cyto-
toxicity in human lung cancer cells (SPC-A1) [ 265 ]. Oishi and coworkers prepared 
a triblock polymer conjugated to a targeting ligand (lactose), PEG, and siRNA on 
three different sites for effi cient cellular uptake as well as endosomolytic activity 
[ 266 ]. Owing to their great potential and proven success, such multifunctional carriers 
have become a favorite of researchers working on the development of effi cient gene 
delivery systems.  

8.7     Summary and Future Perspectives 

 Targeted NA delivery is a challenge that requires the development of delivery vec-
tors that specifi cally direct NAs to the desired site without adversely affecting 
healthy cells. As evident from various examples covered in this chapter, several labs 
have developed safe and effi cient targeted gene delivery systems by employing 
active and/or passive approaches. Despite a remarkable success of these products in 
preclinical studies, there are only two targeted gene delivery products currently in 
clinical trials (Table  8.1  and [ 57 ]). This could apparently be due to product failure 
either in the late-stage preclinical (primates) or early-stage clinical trials. Such fail-
ures could be the result of wrong selection on animal models (preclinical stage), 
scale-up issues at industrial scale, or inter-patient variability (pharmacogenomics). 
Therefore, much work needs to be done to fi ll this gap between preclinical and clini-
cal stages in order to have numerous targeted nucleic acid products in the clinics and 
eventually in the market.     
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    Chapter 9   
 Mucosal Vaccine Delivery 
and M Cell Targeting 

             Prem     N.     Gupta    

       Abbreviations 

  APC    Antigen-presenting cells   
  BSM    Bovine submaxillary mucin   
  DODPC    1, 2-bis[(2E,4E)-Octadecadienoyl]-sn-glycero-3-phosphocholine   
  FITC    Fluorescein isothiocyanate   
  GALT    Gut-associated lymphoid tissue   
  HBsAg    Hepatitis B surface antigen   
  HRP    Horseradish peroxidase   
  mAb    Monoclonal antibodies   
  NALT    Nasal associated lymphoid tissue   
  PLGA    Poly( D , L -lactide-co-glycolide)   
  PVA    Polyvinyl alcohol   
  sIgA    Secretory IgA   
  Tg    Glass transition temperature   
  UEA-1     Ulex europaeus  agglutinin 1   

9.1           Mucosal Immune System 

 The fi rst productive interaction between most infectious agents and the host is with 
mucosal surfaces, specially, the nasal, oropharyngeal, respiratory, genitourinary, 
and gastrointestinal mucosa. Conventional vaccine strategies that involve parenteral 
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immunization with inactivated viruses or bacteria or subunits of relevant virulence 
determinants of those pathogens do not prevent initial interactions. In-fact, tradi-
tional vaccine strategies do not prevent infection but instead resolve infection before 
disease ensues. Moreover, many bacterial toxins bind to and interact with mucosal 
epithelial cells, in which case signifi cant damage to the host may ensue before 
serum antibodies can play a role in protection. The mucosal surfaces of the gastro-
intestinal and respiratory tracts represent the main portals of entry for most human 
pathogens. Sexual contact is another mucosal mode of transmission of infection. 
Direct inoculation of pathogens into the bloodstream is other important route of 
infection. Most external mucosal surfaces are replete with organized follicles and 
scattered antigen-reactive or sensitized lymphoid elements, including B cells, 
T lymphocytes, T-cell subsets, plasma cells, and a variety of other cellular elements 
involved in the induction and maintenance of immune response. The mucosal sur-
faces encompass a critical component of the mammalian immunologic repertoire. 

 Numerous studies have indicated that induction of systemic immunity through 
parenteral immunization can effectively clear systemic infections, but it usually 
fails to protect the mucosal surfaces. Mucosal vaccine administration with an appro-
priate adjuvant, on the other hand, can induce immune responses at both systemic 
and mucosal sites and as a result, may prevent not only infectious diseases but also 
colonization at mucosal surfaces [ 1 ]. The mucosal immune system differs in several 
ways from the systemic immune system. Mucosal immunization frequently results 
in the stimulation of both mucosal and systemic immune responses, while systemic 
immunization typically only induces systemic responses without activating the 
mucosal immune system. Induction of mucosal response leads to production of 
secretory IgA (sIgA) antibodies, which are not usually produced by systemic immu-
nization [ 2 ]. The production of sIgA on the mucosal surfaces is result of the local 
exposure of antigens to the mucosal-associated lymphoid tissues, especially those 
in the upper respiratory tract, and the gastrointestinal tract. In most cases infectious 
agents enter the body at mucosal surfaces and therefore the protective immunity at 
these surfaces can be effectively induced by mucosal immunization through oral, 
nasal, rectal, or vaginal routes [ 3 ]. 

 The stimulation of the mucosal immune system at one mucosal site can lead 
to sIgA production in the local as well as distal mucosal surfaces. For example, 
antigen stimulation of the Peyer’s patches in the gastrointestinal tract produced 
sIgA- producing B cells not only in the intestine, but also in the bronchi as well as in 
the genitourinary tract. This interconnected mucosal system of sIgA induction and 
production is termed as common mucosal immune system [ 2 ,  4 ]. The immunologic 
network operating on external mucosal surfaces consists of gut-associated lymphoid 
tissue (GALT), the lymphoid structures associated with bronchoepithelium and 
lower respiratory tract (BALT), ocular tissue, upper airway, salivary glands, tonsils, 
and nasopharynx (nasal associated lymphoid tissue; NALT), larynx (LALT), middle 
ear cavity, male and female genital tracts, and mammary glands. The organized 
lymphoid follicles in the GALT and BALT are main inductive sites of mucosal 
immune response.  
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9.2     Mucosal Immunization: An Edge Over Parenteral 
Vaccination 

 Vaccine delivery via mucosal route has several advantages over parenteral vaccination 
[ 5 ]. The most important reason for using a mucosal route of vaccination instead of a 
parenteral route is that the vast majority of infections occurs at or takes their departure 
from mucosal surfaces and in these infections mucosal vaccines are usually required 
to induce a protective immune response. The parenteral immunization induces poor 
mucosal immunity; however, mucosal immunization can induce both mucosal and 
systemic immunity [ 6 ]. The immunization at one mucosal site can induce specifi c 
responses at distant sites because of the expression of mucosa-specifi c homing recep-
tors (site-specifi c integrins) by mucosally primed lymphocytes and complementary 
mucosal-tissue specifi c receptors (addressins) on the vascular endothelial cells [ 7 ]. 
This interconnected network is important because protective immunity (for instance 
against sexually transmitted diseases) could be induced in segregated mucosal sites in 
a practical way such as by oral or intranasal immunization and without hampering 
cultural or religious barriers. Mucosal vaccines are potentially useful to overcome the 
known barrier of parenteral vaccination caused by either preexisting systemic immu-
nity from previous vaccination or in young children from maternal antibodies or 
selective immunosuppression such as that caused by HIV infection. For example, 
mucosal antibody response to oral cholera vaccination was observed in AIDS patients 
even after they had completely lost their ability to respond to an injectable vaccine 
(tetanus toxoid) [ 8 ]. In addition to serum IgG and mucosal IgA antibodies, mucosal 
immunization can stimulate cell mediated responses including helper CD4+ T cells 
and CD8+ cytotoxic T lymphocytes, the latter being important to eliminate intracel-
lular pathogens [ 9 ]. The mucosal vaccine delivery is crucial for protective effi cacy 
against noninvasive infections at mucosal surfaces that are normally impermeable to 
serum antibodies transduction, or passive passage across an epithelium, e.g., GIT 
infection with V. cholerae [ 7 ]. The mucosal vaccine delivery is particularly important 
for pathogens that can infect the host through both systemic and mucosal route 
because induction of both sIgA and systemic IgG confer protection at both site. This 
mode of vaccine delivery could be explored for combating pathogens acquired 
through non-mucosal routes such as blood or skin. Mucosal vaccination is also 
benefi cial to induce peripheral systemic tolerance especially against those T cell 
mediated immune reaction that are associated with development of delayed type 
hypersensitivity reactions. This strategy is important to avoid delayed type hypersen-
sitivity reactions and other allergic reactions to many ingested food proteins and 
other allergens [ 6 ]. Mucosal tolerance is a specifi c systemic hyporesponsiveness that 
arises after mucosal administration of an antigen. The tolerance is mediated by a 
combination of suppressor T-cells, inhibitory cytokines and factors which inhibit 
the infl ammatory process. Oral tolerance can be used for the treatment of atopic 
diseases in human [ 10 ]. Oral tolerance varies when the antigen is administered in a 
soluble form as compared to a particulate state. 
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 However, one major limitation with mucosal immunization is a striking balance 
between achieving an effective therapeutic response with a particular dose and pre-
venting the induction of tolerance. Therefore, it is important to understand the mech-
anisms involved in controlling these responses. The key cells that determine the 
success or demise of a vaccine are antigen-presenting cells (APC), e.g., dendritic 
cells and T lymphocytes, including sub-populations of T-helper cells, T-cytotoxic 
cells, and regulatory T cells [ 7 ]. Immune interactions at the local level will have a 
profound effects on the type of immune response generated (e.g., fi rst nuclear factor 
of activated T cell proteins is involved in both the generation of Th1 or Th2 cells and 
the maintenance of T-cell tolerance), so a clear understanding of local immune 
responses at the site of antigen uptake is essential [ 11 ]. 

 On the other hand mucosal administration of vaccines also offers a number of 
practical advantages. Mucosal vaccination, being noninvasive in nature, does not 
require the use of needles. This would carry less risk of transmitting type of infec-
tions still associated with needle reuse [ 12 ,  13 ]. Additionally, mucosal vaccination 
is relatively easy and does not require expensive trained personnel. The production 
of mucosal vaccines may be cost effective in comparison to injectable vaccines that 
require high standards of purity, in addition to sterility. Moreover oral vaccines can 
also be expected to have much greater acceptability than injectable vaccines by 
causing no sore arm etc. Further it can enhance vaccine safety and adverse effect by 
avoiding direct contact between potentially toxic vaccine component and systemic 
circulation. Finally, mucosal vaccines allow for the easy administration of multiple 
vaccines [ 14 ].  

9.3     M Cell as Gateway of Mucosal Immune Systems 

 The common features of all inductive mucosal sites include epithelial surface con-
taining M cells overlying organized lymphoid follicles (Fig.  9.1 ). M cells offer 
functional openings in the epithelial barrier through vesicular transport activity 
[ 15 ]. They are well suited for effi cient endocytosis and transcytosis. The M cells 
lack the rigid brush border cytoskeleton of their enterocyte neighbors, and their api-
cal surfaces have broad membrane, a microdomain from which endocytosis occurs. 
The M cell basolateral membrane is deeply invaginated to form a large intraepithe-
lial “pocket” containing T lymphocytes, B lymphocytes, and macrophages. This 
structural specialization brings the basolateral cell surface to within a few microns 
of the apical surface and greatly shortens the distance that transcytotic vesicles must 
travel to cross the epithelial barrier. Endocytic or phagocytic uptake of foreign anti-
gens or particles is followed by rapid transcytosis directly to the intraepithelial 
pocket, with little or no retention in M cell lysosomes. After M cell transport, anti-
gens are processed and presented by macrophages, dendritic cells, and B cells 
within and below the epithelium, resulting in generation of IgA-committed, antigen- 
specifi c B lymphoblast that proliferate locally in the germinal centers of O-MALT 
and migrate via the bloodstream to distant mucosal and glandular tissues, where 
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they differentiate into plasma cells. The dimeric or polymeric IgA antibodies thus 
produced are selectively bound by epithelial polymeric immunoglobulin recep-
tors, transcytosed across epithelial cells, and released into glandular and mucosal 
secretions [ 16 ]. Thus, M cell plays a pivotal role in the elicitation of secretory 
immune response.   

9.4     Distinguishing Feature of M Cells 

 The M cell apical surfaces are distinguished from their enterocyte neighbors by the 
absence of a typical brush border and the presence of variable microvilli [ 17 ] and a 
unique intraepithelial “pocket.” This hallmark structural feature of fully differenti-
ated M cells, provides a docking site for lymphocytes and shortens the distance that 
transcytotic vesicles must travel from the apical to the basolateral surface. The baso-
lateral surface of the M cell includes the two major subdomains typical of all epithe-
lial cells: the lateral subdomain is involved in cell–cell adhesion and contains 
Na + -K + -ATPase, and the basal subdomain interacts with the extracellular matrix 
and basal lamina. 

 The M cell apical surface differs from that of intestinal absorptive cells in other 
respects as well. Most M cells in Peyer’s patches lack the highly organized brush 
border with uniform, closely packed microvilli typical of enterocytes. The actin- 
associated protein villin, confi ned to microvilli in enterocytes, is diffusely distrib-
uted in M cells [ 18 ], refl ecting the modifi ed apical organization and perhaps the 
ability to rapidly respond to adherence of microorganisms with ruffl ing and phago-
cytosis. M cells are also recognized by their lack of certain enterocytes surface 
glycoproteins. Whereas enterocyte brush borders have abundant hydrolytic enzymes, 

  Fig. 9.1    M cells of the Peyer’s patches       
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these enzymes are usually reduced or absent on M cells [ 19 ,  20 ]. In addition, the 
thick fi lamentous glycocalyx typical of enterocytes is often absent from M cells, 
rendering the M cell surface more accessible to luminal materials. Further, M cell 
apical surfaces are coated with glycoproteins that display glycosylation patterns 
different from their enterocyte neighbors, and although the protein backbones have 
not been identifi ed, the carbohydrate epitopes can be useful M cell identifi ers which 
can be explored for targeted vaccine delivery.  

9.5     M-Cell Surface Receptors 

 On the basis of the observation that M cells are targeted by a variety of soluble trac-
ers and inert particles, it has been suggested that M cell targeting by microorgan-
isms may be mediated, at least in part, by nonspecifi c, passive mechanisms. Such 
mechanisms are likely to be infl uenced by the physical properties of the pathogen, 
since the interaction of inert particles with M cells is infl uenced by the physico-
chemical properties of the particle preparation and by species related variations in 
M cell surface properties [ 21 – 24 ]. Additionally, specifi c receptors located in either 
the M cell apical membranes or the closely associated glycocalyx also contribute to 
M cell targeting by microorganisms. In the view of the fact that M cells bind and 
endocytose antibodies located in the lumen, there is interest in ascertaining whether 
there are specifi c Ig receptors on M cells and the follicle associated epithelium 
(FAE). A novel IgA receptor was discovered in mouse M cells with the potential to 
facilitate transport of sIgA from luminal secretions into GALT [ 25 ]. The fi nding that 
sialylated Lewis A antigen (SLAA) appeared to be expressed selectively on M cells 
from a small number of biopsies of human Peyer’s and cecal patches was very excit-
ing [ 26 ]. Although a “universal” M-cell marker is lacking, some exciting results 
from targeting experiments have been observed. For example, the coupling of 
recombinant cholera toxin B subunit to liposomes containing  Streptococcus mutans  
antigens generated enhanced mucosal immunization in mice compared to untar-
geted antigen-loaded particles [ 27 ]. 

 Ulex europaeus agglutinin 1 (UEA-1) has high specifi city for the carbohydrate 
moiety, α- L -fucose, located on the apical membranes of mouse M cells [ 28 ,  29 ]. 
There have been successful efforts made into in vivo targeting to mouse M cells by 
conjugating the lectin to polymerized liposomes [ 30 ] and also to latex particles [ 31 ]. 
There are many success stories of UEA-1based delivery system is animal models; 
however, it is of limited value in vaccine delivery in human because the lectin is 
toxic, is subject to intestinal degradation, and its receptor is not expressed in human 
PP [ 26 ]. As another alternative to the lectin UEA-1, the edible orange peel mush-
room  Aleuria aurantia  was used to target the α- L -fucose receptor. Coated poly( D , L -
lactide - co -glycolide) (PLGA) particles were entrapped with birch pollen antigens 
and administered to mice as a potential oral allergen immunotherapy [ 32 ]. M cells 
can also be discriminated from enterocytes in the FAE on the basis of altered adherens 
junction protein expression [ 33 ]. Various other receptors and markers on FAE or M cells 
from various species have been summarized by Brayden et al. 2005 [ 34 ].  
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9.6     Mucosal Vaccine Delivery Systems 

 The mucosal vaccine delivery systems can be classifi ed into live vectors (e.g., 
 Salmonella typhi ) and nonliving antigen delivery systems (Liposomes, nanoparti-
cles, immunostimulating complexes, etc.). These mucosal vaccine carriers are sum-
marized in Table  9.1 , and in this chapter two potential mucosal vaccine delivery 
systems, i.e., polymeric particles and liposomes are described.

   Table 9.1    Various options for the vaccine delivery by mucosal route   

 Option for mucosal 
vaccine delivery  Comments  Ref. 

 Live bacterial 
vector, ( Salmonella, 
E. coli., 
Mycobacterium ) 

 The capability of some microorganism to colonize and infect 
intestinal mucosa and the potential for including genes for 
unrelated microorganism encoding relevant antigens represent an 
attractive means for design of novel mucosal vaccines 

 [ 35 , 
 36 ] 

 Live viral vector, 
(Vaccinia virus, 
Canary pox virus, 
Picornaviruses) 

 Live recombinant vector vaccines have the advantage that they can 
stimulate both humoral and cell mediated immune responses and 
have potential for immunization alone or in combination with a 
subunit vaccine 

 [ 37 ] 

 Virosomes  Viral surface glycoproteins possess high affi nity for receptors on 
mucosal surfaces thus providing a mechanism for effi cient 
attachment of antigen to mucosal surfaces 

 [ 38 ] 

 Liposomes  Liposome vaccine may enhance uptake and processing by 
enclosing the antigen in the lipid vesicles. Although they are not 
completely resistant to lipases and bile salts found in the small 
intestine, cholesterol-containing liposomes can provide at least 
partial resistance. Polymerized liposomes are considered to be a 
good candidate for the oral immunization 

 [ 30 ] 

 Nanoparticles and 
microparticles 

 Particles can be taken up by the M cells of the Peyer’s patches. 
Nanoparticles/microparticles have advantage over microbial system 
in which immune response to the live vector can dominate 

 [ 39 , 
 40 ] 

 Cochleates  Induce a strong and prolonged immune response manifested by the 
presence of mucosal and systemic antibody and cytotoxic T cells 

 [ 41 ] 

 Mucoadhesive 
polymers 

 Mucoadhesive polymer avoids the complexity of 
microencapsulation technology. They have been tested for nasal 
immunization but had been overlooked for oral vaccine delivery 

 [ 42 ] 

 Cholera toxin B 
subunit conjugates 

 Proteins coupled to CTB acquire its mucosal immunogenic properties 
due to the high affi nity of CTB for cell surface G M1  ganglioside and its 
avid uptake by M cells on intestinal Peyer’s patches 

 [ 43 , 
 44 ] 

 Immune-
stimulating 
complex matrix 
(ISCOM) 

 ISCOMs are cage like structures into which antigen can be 
incorporated resulting in enhanced immune response after their 
administration. ISCOMs are resistant to solubilization by the bile 
salts deoxycholate, cholate, and taurocholate 

 [ 45 ] 

 DNA delivery to 
mucosal surface 

 Direct mucosal administration of DNA plasmid expression vector 
encoding a protein antigen is more effi cient than recombinant viral 
vector for gene transfer to muscle tissue. Mannosylated niosomes 
are also demonstrated to be a potential adjuvant carrier for oral 
genetic immunization 

 [ 46 ] 

 Transgenic plants  This technology represent an important step for the production of 
inexpensive edible immunogen suitable for immunization of large 
population 

 [ 47 , 
 48 ] 
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9.6.1       Polymeric Particles 

 It has been demonstrated that the incorporation of an antigen into microparticles 
[ 49 ], or its adsorption to the surface of biodegradable microparticles [ 50 ], resulted 
in the induction of enhanced serum and secretory antibody responses, following 
oral administration. Subsequently, it was shown that oral delivery of an antigen 
entrapped in PLGA microparticles also resulted in the induction of enhanced immu-
nity [ 51 ]. During last two decades biodegradable PLGA based microparticles/
nanoparticles have been explored extensively [ 52 – 54 ]. Binding and uptake of the 
particles was enhanced when particles were conjugated to B subunit of  E. coli  heat 
labile enterotoxin (LTB), the plant lectin, ConA or vitamin B12 following oral 
delivery to rats [ 55 ]. Covalent attachment of UEA-1 to polystyrene microspheres 
and oral delivery to mice result in selective binding to and rapid uptake by the 
Peyer’s patch M-cells [ 56 ]. Orally administered polystyrene microparticles with 
attached  Lycopersicon esculentum  agglutinin (LEA) were taken to a greater extent 
than unconjugated particles in the rats [ 57 ]. The linkage of sepharose beads to 
WGA and  Solanum tuberosum  lectin (STL) enhanced their binding to caco-2 cells 
[ 58 ]. These observations and a body of additional data suggest that lectins are 
potential tools for the enhanced binding and internalization of orally delivered 
drugs and drug delivery systems and effi ciency of oral vaccines can be improved 
by M-cell targeting. 

 We have described the development of PLGA nanoparticles loaded with HBsAg 
and the antigen stabilization in the presence of trehalose and Mg(OH)2. 
Additionally, UEA-1 lectin was anchored to the nanoparticles to target them to 
M-cells of the Peyer’s patches [ 59 ]. The results suggest that HBsAg can be suc-
cessfully stabilized by co-encapsulation of protein stabilizers. The lectinized 
nanoparticles have demonstrated approximately fourfold increase in the degree of 
interaction with the bovine submaxillary mucin (BSM) as compared to plain 
nanoparticles and sugar specifi city of the lectinized nanoparticles was also main-
tained. The serum anti- HBsAg titre obtained after oral immunization with 
Hepatitis B surface antigen (HBsAg) loaded stabilized lectinized nanoparticles 
was comparable with the titre recorded after alum-HBsAg given intramuscularly. 
The stabilized UEA-1 coupled nanoparticles exhibited enhanced immune response 
as compared to stabilized non- lectinized nanoparticles. Furthermore, the stabi-
lized lectinized nanoparticles elicited sIgA in the mucosal secretion and IL-2 and 
IFN-γ in the spleen homogenates. 

9.6.1.1     Factors Affecting Uptake of Polymeric Particles 

 The M cell appears to be the primary route of entry into the host for several enteric 
viral pathogens. The mechanism for the uptake of synthetic and biodegradable 
microparticles by M cells appears similar to that observed for bacteria. Microparticle 
uptake initially involves contact with the microvillus projections on the M cell 
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surface followed by rapid phagocytosis through the extension of apical membrane 
processes. Various factors affecting the uptake of particles are described below. 

   Particle Size 

 In general, smaller microparticles are absorbed to a greater degree than larger mic-
roparticles. The smaller particles are distributed more easily to distant sites, and 
remain detectable for longer periods of time. These conclusions are consistent for 
microparticles made of different polymers and different size ranges. Jani et al. [ 60 ] 
studied the comparative uptake of 50 nm, 500 nm, and 1 μm polystyrene particles and 
found that 50 nm particles are absorbed and distributed quicker than 500 nm and 1 μm 
particles. Florence suggested that decrease in particle diameter may result in increased 
uptake below 1 μm and particles above 3 μm are taken up by the Peyer’s patches but 
remained there [ 61 ].  

   Hydrophobicity 

 Hydrophobicity of the particles infl uences profoundly their uptake behavior. Jung 
et al. reported that uptake of nanoparticles prepared from hydrophobic polymer was 
higher than from particles with more hydrophilic surfaces [ 62 ]. They further added 
that hydrophobic polystyrene nanoparticles interact with M cells with more affi nity 
than absorptive epithelia whereas less hydrophobic PLGA nanoparticles interact 
with both cell types. Other investigators have shown that decreasing surface hydro-
phobicity, by the adsorption of poloxamers 235, 238, 407, or poloxamines 901, 
904, and 908, may decrease the uptake of polystyrene microparticles into cells of 
the immune system, thereby avoiding elimination [ 63 ]. The charge on the particles 
also determines their uptake by the intestinal epithelia. Although the charged par-
ticles are taken up, their uptake was less than the non-ionic hydrophobic particles 
[ 61 ]. The negatively charged and neutral particles exhibited greater affi nity to PP in 
comparison to positively charged particles [ 64 ]. This fi nding was in accordance 
with previous report that a combination of both, negative charge and increased 
hydrophobicity of the particles improve the gastrointestinal uptake [ 62 ].  

   Effect of Dose and Vehicle on Uptake 

 The extent of particle uptake is also infl uence by the dosing. It was observed that 
polystyrene particles were identifi ed in Peyer’s patches with diffi culty after 1 day of 
feeding, but were readily identifi ed following chronic feeding. Le Ray et al. [ 65 ] have 
shown that changing the vehicle in which the particles were administered could 
enhance the extent of uptake of polystyrene particles in mice. Further, volume and 
tonicity of the administered vehicle also have an effect on the extent of uptake [ 66 ].  
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   Glass Transition Temperature and Crystallinity of the Polymer 

 Glass transition temperature (Tg) and crystallinity of the polymer are two important 
bulk properties of the polymer affecting the release of incorporated components. 
Without proper release characteristics, drugs or vaccines incorporated into micropar-
ticles may be released either prematurely or to insignifi cant levels before elimination. 
Tg is the temperature at which a transition occurs from the glassy state to the rubbery 
state resulting in increase in the molecular motion and free volume of the amorphous 
polymer, which in turn increases the drug release from the polymer. Above Tg the 
polymer acquires suffi cient thermal energy for isomeric rotational motion or for sig-
nifi cant torsional oscillation to occur about most of the bonds in the main chain. This 
leads to an increase in the free volume of the amorphous polymer, and thus in turn, 
the release of incorporated bioactive [ 67 ]. 

 Migliaresi et al. observed an increase in the degree of crystallinity of polylactic 
acid with the degradation of the polymer [ 68 ]. This could be related to the faster 
degradation of the amorphous phase of the semicrystalline polymer, resulting in 
loss of amorphous material and a concomitant increase in crystallinity. A decrease 
in crystallinity increases the drug release because the diffusion coeffi cient and solu-
bility of the drug in polymer are inversely proportional to at least the fi rst power of 
the amorphous content. The structural features, which infl uence the crystallinity of 
the polymer, are similar to those, which affect the glass transition temperature. 

 Bioactive (drug/vaccine) may release from nanoparticles/microparticles by sev-
eral mechanisms including surface and bulk erosion, disintegration, microparticle 
hydration, drug diffusion and desorption. These bioactive release mechanisms are in 
turn controlled by bulk properties such as the molecular weight of the polymer 
(affecting crystallinity and glass transition temperature), the copolymer composi-
tion, polymer matrix density and the extent and nature of the cross-linking. By 
adjusting the blend ratio of PLGA/polyethyleneglycol (PEG) the release profi le of 
entrapped dextran and rabbit gamma immunoglobulin (IgG) microparticles can be 
varied [ 69 ]. The release rate of entrapped compounds increased with increasing 
PEG content because of the leaching out of PEG from the polymer blend into the 
aqueous phase during drug release, resulting in the increased porosity of micropar-
ticles. Changing the monomer ratio of lactide/glycolide in PLGA microparticles 
from 75:25 to 50:50 led to an increase in the release rate of entrapped OVA due to 
an increase in the degradation rate of the microparticles [ 70 ].  

   Effect of Additives 

 Various additives are involved in the fabrication of nanoparticles/microparticles. 
Polyvinyl alcohol (PVA) is the most commonly used emulsifi er in the formulation 
of lactide and poly ( D , L -lactide-co-glycolide) nanoparticles/microparticles. A fraction 
of PVA remains associated with the nanoparticles/microparticles despite repeated 
washing because PVA forms an interconnected network with the polymer at the 
interface. The residual PVA affect different pharmaceutical properties of the 
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particles such as particle size, zeta potential, polydispersity index, surface 
hydrophobicity, protein loading and also slightly infl uenced the in-vitro release of 
encapsulated protein. Importantly, nanoparticles with higher amount of residual 
PVA had relatively lower cellular uptake despite their smaller particle size [ 71 ]. 
The lower cellular uptake of nanoparticles with higher amount of residual PVA is 
attributed to the higher hydrophilicity of the nanoparticle surface. Trehalose is well-
documented protein stabilizer. We have observed increase in the release of HBsAg 
with trehalose stabilized PLGA nanoparticles/microparticles when compared with 
PLGA nanoparticles/microparticles without trehalose [ 72 ]. Since the protein stabi-
lizer (trehalose) reduced denaturation at the aqueous-organic interface, the payload 
of HBsAg was increased and this was refl ected in augmented cumulative percent 
release. Moreover, sugars (e.g., trehalose, sucrose) have appreciable solubility in 
aqueous media. They dissolve rapidly from the matrix leaving a porous matrix, 
which in turn releases antigen/bioactive relatively faster.  

   Effect of Species, Animal Age, and Food Ingestion on Uptake 

 The species variation can affect uptake extent of the particles. The uptake of poly-
styrene particles in rabbit was at least an order of magnitude greater than mice 
because of the greater abundance of the M cells in the Peyer’s patches [ 73 ]. Le 
Fevre et al. showed greater uptake of polystyrene particles in older mice [ 74 ]. Other 
investigator reported that age of the animal did not affect the extent of polystyrene 
particle uptake in rats [ 75 ]. The extent of uptake in the mice was enhanced by the 
presence of food, which may delay the intestinal transit of the particles [ 75 ].  

   Intestinal Mucus Layer Characteristics 

 The uptake of the nanoparticles/microparticles is preceded by their passage through 
two barriers, i.e., the mucus gel layer and the mucosa. Intestinal mucus is a high 
molecular weight glycoprotein secretion, which covers the mucosa with a continu-
ous adherent blanket. The mucus layer protects the gastrointestinal mucosa from 
potentially harmful bacteria, pathogens, or chemicals [ 76 ]. Several investigators 
have reported diminished diffusion of small and large compounds such as bovine 
serum albumin (BSA), lysozyme, tertiary amines, and quaternary ammonium com-
pounds [ 77 ]. Mucus acts as a barrier by entrapping microparticles, causing agglom-
eration, which results in an increase in net size and a resultant decrease in diffusion 
coeffi cient, and by decreasing the diffusion coeffi cient through the mucus thereby 
restricting diffusion to the mucosa layer. Since the high number of sulfate, sialic 
acid, and sugar moieties in the carbohydrate side chains of the mucin molecule 
impart a highly negative charge to mucin [ 76 ], it may be expected that electrostatic 
interactions between positively charged drugs and particles would cause binding 
within the mucin layer. Several mechanisms have been documented in literature for 
the uptake of the nanoparticles/microparticles (Table  9.2 ).
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9.6.2          Liposomes 

 Although some success has been achieved in experimental studies involving oral 
administration of antigens entrapped in liposomes [ 78 ], disappointing results have 
also been reported by others [ 79 ,  80 ]. Nevertheless, a liposomal vaccine has been 
shown to induce a salivary IgA response in a small number of human volunteers, 
following oral immunization [ 81 ]. Furthermore, although it has been reported that 
liposomes are unstable in the gut and are not taken up by epithelial cells [ 82 ], the 
uptake of liposomes into Peyer’s patches has been reported [ 83 ]. Polymerized lipo-
somes exhibited many characteristics which make them attractive antigen carriers. 
They are in the nanometer size range suitable to be transported by M cells. Further, 
liposomes formed by polymerization of 1, 2-bis[(2E,4E)-Octadecadienoyl]-sn-
glycero- 3-phosphocholine (DODPC) can be manipulated by incorporation of dif-
ferent lipid groups, thus adjusting surface charge and rigidity. DODPC liposomes 
also have carboxylate groups on their surface which could facilitate cell receptor 
targeting [ 84 ]. A number of studies showed the potential of targeted liposomes in the 
induction of immune response. Sugimoto et al. [ 85 ] and Fukasawa et al. [ 86 ] showed 
that liposomes coated with mannopentose and dipalmitoyl phosphatidylethanol-
amine (Man5-DPPE) could elicit strong cellular immune responses. It has been 
shown that UEA1-coated liposomes can be effi ciently targeted to murine M cells 
in vivo [ 30 ], thus supporting the hypothesis that decorating liposomes with M cell 
specifi c lectins may effi ciently target orally delivered antigens to M cells and possibly 
DCs residing in the FAE. 

 Liposome offers a number of potential advantages for the mucosal vaccine deliv-
ery [ 87 ]. While native liposomes may target Peyer’s patch M-cells [ 83 ], the effi -
ciency of binding and subsequent uptake is thought to be relatively low following 
oral gavage of mice [ 88 ,  89 ]. Therefore, we have developed lectin conjugated lipo-
somes for M-cell targeted vaccine delivery [ 90 ]. The activity of the liposome- 
conjugated with UEA-1 towards exogenously provided BSM and affi nity toward 
competing sugar were studied to determine targeting effi cacy of lectinized lipo-
somes. The lectinized liposomes showed good BSM binding in absence of specifi c 
sugar for UEA-1 (α- L -fucose). The same formulations, however, showed signifi cant 
decrease in the percent BSM binding in the presence of α- L -fucose (Fig.  9.2 ). M-cell 
targeting of the liposomes was studied by dual staining by using CLSM. The inter-
action of liposomes with M-cells may be facilitated by the relatively thin M-cell 

   Table 9.2    Site-specifi c mechanism for the uptake of the nanoparticles/microparticles   

 Uptake site  Mechanism  Particle size 

 Intestinal epithelial cells on villus tip  Paracellular transport  100–200 nm 
 Villus tips  Persorption  5–150 μm 
 Intestinal macrophages  Phagocytosis  1 μm 
 Enterocytes/M cells  Endocytosis  <200 nm 
 Peyer’s patches  Transparacellular  <10 μm 
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glycocalyx which appears to promote the interaction of small particles with the 
M-cell surface membranes. Also, there are various other factors which may affect 
the Peyer’s patch uptake of particles [ 5 ]. Lectinized liposomes showed higher 
immune response in comparison to non-lectinized formulation (Figs.  9.3  and  9.4 ). 
UEA-1 anchored liposomes selectively targeted to M-cells of Peyer’s patch, and 
M-cell adherent liposomes are thought to be rapidly endocytosed. M-cell apical 
surfaces are coated with glycoproteins that display glycosylation patterns differ-
ent from their enterocyte neighbors, and although the protein backbones have not 
been identifi ed, the carbohydrate epitopes can be useful M-cell identifi ers [ 91 ]. 
Thus, M-cell targeted liposomes were found to have greater accessibility to M-cell 
and as a consequence they showed enhanced immune response as compared to 
non- lectinized liposomes.      

9.7     Targeting of Mucosal Vaccine Delivery Systems 

 Targeting to the specifi c site of the gastrointestinal tract is an effective means for 
enhancing the uptake of the particulate systems. Depending on the pharmaceutical 
application, different targets within the gastrointestinal tract can be exploited (Fig.  9.5 ) 
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  Fig. 9.2    Binding of BSM to lectinized liposomes (EDS3L1-EDS3L5) and optimized non- 
lectinized liposomes (EDS3) in presence and absence of competing sugar (Reproduced with 
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including mucus glycoproteins (mucins), epithelial cells, M-cells, Peyer’s patches 
or GALT, and abnormal glycoproteins secreted by cancerous cells (local tumors). 
Brayden et al. reviewed novel M-cell surface receptors that could be used to target 
orally delivered antigens [ 34 ]. Gene expression technology has provided evidence 
that coculture model has many characteristics of Peyer’s patches. It has been demon-
strated that epithelial genes that were unregulated in coculture corresponds to genes 
expressed selectively in mouse FAE [ 92 ]. These include claudin 4, laminin β3, tet-
raspanTM4SF3 and a matrix metalloproteinase. Claudin 4 appears to have dual loca-
tion at tight junctions (M cell–enterocyte), and as    an M cell and enterocyte 
cytoplasmic receptor, it is involved in the traffi cking of pathogens across M cells to 
lymphocyte or dendritic cells. Peptidoglycan recognition protein (PGRP)-S and 
PGRP-L are other potential targets co-localized with UEA-positive cells in microdis-
sected mouse Peyer’s patches and in the FAE respectively [ 93 ]. Other targeting agents 
like lectins, invasins, antibodies, etc. can be used as a means of enhancing targeting 
and thus in turn particle uptake. Various ligands for the targeted immunization are 
summarized in Table  9.3 . 
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Conjugated antigen
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Lectin conjugated
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  Fig. 9.5    Various options for the targeted delivery. Mucus glycoprotein, M-cells and abnormal 
glycoprotein secreted by the cancerous cells can serve as receptor for binding with various ligands 
conjugated to drug/vaccine delivery system       
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9.7.1       Lectin Mediated Targeting 

 Lectins are proteins or glycoproteins capable of specifi c recognition of and reversible 
binding to carbohydrate determinants of complex glycoconjugates, without altering 
the covalent structure of any of the recognized glycosyl ligands. Lectin receptors are 
expressed on various cells such as endothelial cells, hepatocytes, macrophages, mono-
cytes and lymphocytes. They are effi cient in recognizing the complex oligosaccharide 
epitopes, which are also present on the cell surface or could be exogenous glycocon-
jugate ligands mimics of endogenous carbohydrate epitopes [ 104 ]. Lectins are poten-
tial tools for the targeting of particulate vaccines to the M cell of the Peyer’s patches, 
which are the sampling site of the mucosal immune system. Nanoparticles/micropar-
ticles may also be targeted to mouse Peyer’s patch M cells by coating with the lectin 
UEA1 for the development of an effective mucosally targeted vaccines. In studies 
reported by Foster et al. [ 56 ], polystyrene microparticles (0.5-mm diameter) were 
covalently coated with the lectin UEA1 and administered to mice both by injection 
into ligated gut loops of anaesthetized animals and by oral gavage. In contrast to other 
proteins, lectin UEA1 coating selectively targeted the microparticles to mouse Peyer’s 
patch M cells, and M cell adherent microparticles were rapidly endocytosed. Although 
the lectins specifi c for the human intestinal M cells await identifi cation, human M 
cells preferentially display the sialyl Lewis A antigen [ 26 ] and this could be envisaged 
for targeting vaccines to the mucosal immune system. Future studies should deter-
mine whether lectins may similarly be used to target vaccine candidate in PLA/PLGA 
based delivery construct to intestinal M cells, and whether such targeting enhances the 
immune response to antigens delivered by these carrier systems. Recently our group 
has developed biodegradable polymer based stabilized microparticles and nanopar-
ticles for the mucosal vaccination [ 39 ] and also envisaged lectin for the targeted 

   Table 9.3    Various ligands for targeted mucosal immunization   

 Targeting ligand  Targeting site  Conjugated material  Ref. 

  Ulex europaeus  1  Mouse Peyer’s patch M cells  FITC, HRP  [ 94 ] 
 Polystyrene microparticles  [ 56 ] 
 Liposomes  [ 89 ] 

 mAb 5B11  Brush border of both M cells  Polystyrene latex microparticles  [ 95 ] 
  Lycopersicon esculentum   Rat intestine  Polystyrene microparticles  [ 96 ] 
 Secretory IgA  Mouse Peyer’s patch M cells  Polystyrene microparticles  [ 97 ] 

 Liposomes  [ 98 ] 
  Triticum vulgaris   Mouse intestine  Liposomes  [ 89 ] 
  Bandeiraea simplicifolia  
I isolectin B 4 

 Hamster NALT  Biotin, HRP  [ 99 ] 
 M cells 

 Invasin-C192  Intestinal M cells  Polystyrene nanoparticles  [ 100 ] 
 O-palmitoyl mannan  Peyer’s patch  Niosomes  [ 101 ] 
 Cholera toxin B subunit  M cells of Peyer’s patches  Liposomes  [ 102 ] 

 Bilosomes  [ 103 ] 
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mucosal immunization [ 40 ]. Additionally we have also explored cholera toxin B 
subunit conjugated bilosomes [ 43 ] and mannosylated niosomes [ 101 ] as potential 
carrier- adjuvants for the targeted oral mucosal immunization.  

9.7.2     Invasin Mediated Uptake 

 Invasins are virulent factor usually associated with the bacterial cell wall, and have 
the capacity to stimulate cytokine synthesis and to interact with mammalian cells by 
distinct mechanisms [ 105 ]. Young et al. demonstrate the potential of invasins for the 
internalization process [ 106 ]. For this purpose, microparticles were coated with 
Yersinia enterocolitica invasin and the resulting conjugates put in contact with 
human laryngeal epithelial cells (Hep-2 cells). The presence or absence of inter-
nalised conjugates was monitored by transmission electron microscopy and light 
microscopy. It was clear that conjugates not only bound, but also were internalised 
by the Hep-2 cells. In contrast, control conjugates were rarely associated with these 
cells.  Salmonella typhimurium  selectively bind to, invade and destroy murine M cells 
and have been studied as live oral vaccine delivery vehicles. The M cell targeting by 
 S. typhimurium  is mediated by a specifi c adhesin (long polar fi mbria; LPF) [ 107 ]. 
Reovirus type 1 is another ligand, which selectively adhere to, and endocytosed by 
intestinal M cells. It was demonstrated that proteolytic processing of native reovirus 
type 1 is required for adhesion to murin M cells and this is dependent on retention of 
modifi ed σ1 and/or product of μ1 outer capsid protein. It has been suggested that σ1 
protein has potential for targeted delivery [ 108 ].  

9.7.3     Antibody Directed Targeting 

 The use of antibodies and monoclonal antibodies has been proposed for specifi c 
targeting within the gastrointestinal tract. It was observed that binding of the 5B11 
monoclonal antibody, with specifi city for rabbit M cells, to polystyrene particles, 
enhanced uptake by rabbit M-cells 3–3.5-times when compared to controls (plain 
latex and IgM of unrelated specifi city-conjugates) [ 109 ]. The ability of different con-
jugates, obtained by coating latex microparticles with albumin, bovine growth hor-
mone (bGH), human IgG, secretory IgA (hIgA), and bGH complexed with an IgG 
antibody raised against bGH (bGH-Ab), to be taken up by M cells was studied. It was 
found that the selectivity in binding to and entry into M-cells was improved by the use 
of IgG or bGH-Ab. Moreover, the appearance of conjugates in rat mesenteric lymph 
showed a similar selectivity to that found for binding and entry into M-cells. Ferritin-
loaded liposomes conjugated to IgA were investigated for mucosal immunization via 
the rectum [ 109 ]. It was observed that the presence of IgA on the liposome surface 
increased the uptake of conjugates by Peyer’s patches, and the local rectal/colon 
immune response to ferritin about fi vefold over uncoated liposomes.   
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9.8     Link Between M Cell Uptake of Particles and Induction 
of Mucosal Immunity 

 Generally, macromolecules that adhere to mucosal surfaces tend to induce vigorous 
mucosal immune responses, whereas soluble, non-adherent proteins do not [ 110 ]. 
Pathogens and vaccines that can bind selectively to M cells appear to be most effec-
tive in mucosal invasion and induction of mucosal immune responses, and this 
assumption underlies many of the current approaches to vaccine design. Presently, 
there have been few successful oral vaccine trials in man using non-live antigens in 
particles. Mixed results were obtained in a limited number of human subjects dosed 
with untargeted PLG microspheres containing the highly potent  E. coli  colonization 
factor antigen II as potential vaccine for enterotoxigenic  E. coli  [ 111 ]. These studies 
suggest indirectly that there is likely to be some particle uptake in man; however, a 
quantifi able relationship between enhanced M-cell targeting of vaccine loaded par-
ticles and an enhanced immune outcome remains illusive. Apart from the immunol-
ogy issues, pharmaceutical factors are critical in the design of antigen-loaded 
particles. These include antigen stability issues, premature antigen release from par-
ticles in the intestine and incomplete antigen release within Peyer’s patch at the right 
time. There are many reports of induction of immune response using M cell targeted 
particles in animal models; however, more clinical studies are required to establish a 
correlation between M cell targeting and elicitation of immune response. A Phase I 
trial of a single shot tetanus toxoid (TT) and diphtheria toxoid in PLGA microspheres 
is still some way off, even though outcomes in mice and guinea-pigs showed positive 
and durable immune responses using antigen-loaded microparticles [ 54 ]. It is possible 
that particulate antigens, when targeted to inductive immune sites, might perform 
even better in man than in laboratory animals because the pathways of antigen pre-
sentation by human dendritic cells are relatively well established and might even be 
superior [ 112 ]. Advancement in the non-living vaccine delivery system coupled 
with the suitable targeting strategy may lead to a successful clinical trial.  

9.9     Future Perspectives 

 Recent discoveries in both mucosal vaccine delivery and mucosal adjuvant research 
have signifi cantly improved the effectiveness of mucosal immunization in animal 
models. The mucosal immune system is a complex system that generate large 
amount of s-IgA as well as cell mediated immunity at mucosal surfaces to prevent 
pathogen infi ltration and infl ammation. The mucosal immune system should be 
most effi cient in providing protection against pathogens and generating longer last-
ing protection through using attenuated pathogen for vaccine. The only mucosal 
vaccines approved for humans are attenuated pathogens. Future mucosal vaccines 
will also involve vaccines strategies other than attenuated pathogens. New delivery 
strategies such as immunization of live recombinant vectors, DNA plasmids, and 
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transgenic plants to deliver antigens present promises to improve the effi ciency 
of mucosal antigen delivery. Further, DNA vaccines and subunit vaccines such as 
bacterial adhesion in combination with potent mucosal adjuvants (such as QS21; a 
saponin, unmethylated CpG motifs or cytokines such as IL-12) or mucosal delivery 
systems based on nanoparticles/microparticles will have the potential to be the next 
generation of vaccines. 

 Mucosal delivery of vaccines offers a number of signifi cant advantages over 
systemic delivery. There are many alternative approaches to the mucosal delivery of 
vaccines and our group has explored various versions of delivery systems [ 39 ,  40 , 
 43 ,  90 ,  101 ,  113 ]. One potential approach to the mucosal delivery of vaccines is the 
encapsulation or entrapment of antigens into polymer based nanoparticles or mic-
roparticles. Polymeric delivery systems can be manipulated to enhance the effi cacy 
of mucosally administered vaccines in a number of ways; they can protect antigens 
from degradation, concentrate them in one area of the mucosal tissue for better 
absorption, extend their residence time in the body, or target them to sites of antigen 
uptake (e.g., Peyer’s patches in the gut). 

 Immunization does not always stimulate immunity because of the insuffi cient 
elicitation of immune responses. Such limitations have spurred the development of 
new adjuvant and antigen-delivery systems. Adjuvant plays an important role in 
enhancing the effi cacy of vaccines. Recombinant proteins or synthetic peptides are 
safer than crude inactivated microorganism, but less immunogenic. This limitation 
can be overcome by using specifi c adjuvant. The adjuvant selection depends on sev-
eral criteria, like the target species, the antigens, the type of desired immune response, 
the route of administration, or the duration of immunity. So far, biodegradable poly-
mers particularly of PLGA have been used, considerably because of their well-
known degradation properties. An area requiring additional efforts is analytical 
characterization of protein-encapsulated nanoparticles/microparticles. Advanced 
methods for protein characterization is in demand to approach problem of protein 
stabilization in polymer based delivery systems. Development of in vitro–in vivo 
correlation for protein release from protein nanoparticles/microparticles is another 
issue. More intensive interactions between immunologists and drug delivery special-
ists are required to understand protein release and its presentation to the immune 
system. Signifi cant progress has been made recently with biodegradable polymer, 
mainly PLGA and various approaches are being considered for the effective stabili-
zation of proteins in microparticles during the preparation process. Among them we 
have focused on the basic additives mediated stabilization of therapeutic protein 
within carrier construct [ 39 ,  40 ]. Nevertheless, all the approaches involving encapsu-
lation of antigens into nanoparticles/microparticles are likely to suffer from the some 
signifi cant drawback; the extent of uptake of the particles across the gut appears to be 
limited. Whether or not the extent of uptake in humans is suffi cient to allow the 
development of an effective oral vaccine is currently unknown. However, it is clear 
that in rodents, the extent of uptake of nanoparticles/microparticles can be enhanced 
using targeting ligands. 

 Numerous studies suggest that the effi ciency of particle absorption can be 
improved through modifi cation of particle surfaces with targeting molecules such as 
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antibodies or lectins. Albeit the results are promising, it is not known if any of the 
strategies will be effective in humans because it is currently unclear if particulates 
are taken up in human GIT. Additionally the uptake mechanisms and absorption 
effi ciencies are not known. Thus, current knowledge obtained from animal models 
may or may not be extendible to human beings. Continued research to understand 
the interconnection and sub-compartmentalization of the common mucosal system 
will certainly guide the rational selection for routes of mucosal administration. 
An effi cient delivery vehicle, combined with an effective adjuvant given through an 
optimal route of administration, will ultimately allow for the development of a suc-
cessful needle-free (mucosal) vaccine in humans.     
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    Chapter 10   
    Stimuli Responsive Carriers: Magnetically, 
Thermally and pH Assisted Drug Delivery 

             Eameema     Muntimadugu    ,     Anjali     Jain    , and     Wahid     Khan    

      Abbreviations 

   ABC    ATP-binding cassette   
  DEA    Diethylacrylamide   
  DOPE    Dioleoylphosphatidylethanolamine   
  ECM    Extracellular matrix   
  LCST    Lower critical solution temperature   
  NIPAM     N -isopropylacrylamide   
  PCLA    Poly(ε‐caprolactone-co-lactide)   
  PAD    Poly( N -amidino)dodecyl acrylamide   
  PEO    Polyethylene oxide   
  PNIPAM–CS    Poly( N -isopropylacrylamide)–chitosan   
  NVCL     N -vinylcaprolactam   
  UCST    Upper critical solution temperature   

10.1           Introduction 

 Clinical application of most of the drugs is limited by their side effects in spite of 
their benefi cial action. There has been a long time desire to achieve selective delivery 
of bioactives to target areas in the body in order to maximize therapeutic potential 
and minimize side-effects. For achieving better therapeutic application, 
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nanocarriers are considered for target-specifi c delivery of drugs to various sites in 
the body in order to improve the therapeutic effi cacy, while minimizing undesirable 
side effects    [ 1 ]. Nanocarriers possess in vivo longevity and specifi c capability of 
extravasation through the endothelium of infl ammatory tissues (the so-called 
enhanced permeability and retention effect), whereas their functionalisation with 
biologically active ligands facilitates the targeting of specifi c cells. However, the 
translation of both the enhanced permeability and retention effect and ligand recog-
nition into the clinic still remains questionable. This may be, to a certain extent a 
consequence of the stochastic nature of ligand–receptor interactions and of diffi cul-
ties in the control of the release of the drug from targeting nanocarriers. One alterna-
tive involves on-demand processes (also termed “switch on/off”), which in principle 
allow for tailored release profi les with excellent spatial, temporal and dosage con-
trol. On-demand drug delivery is becoming feasible through the design of stimuli 
responsive systems that recognize their microenvironment and react in a dynamic 
way, mimicking the responsiveness of living organisms [ 2 ]. The concept of stimuli- 
responsive drug delivery was fi rst suggested in the late 1970s with the use of ther-
mosensitive liposomes for the local release of drugs through hyperthermia. Since 
then, and particularly in the past decade a great deal of research has been carried out 
on stimuli-responsive materials for drug delivery, especially concerning their design 
and applications as nanocarriers [ 3 ]. 

 Stimuli-responsive nanocarriers are specialised nano-sized active delivery vehi-
cles that evolve with an external signal and are equipped with “load-and-release” 
modalities within their constituting units. The central operating principle of these 
carriers lies in the fact that a specifi c cellular/extracellular stimulus of chemical, 
biochemical, or physical origin can modify the structural composition/conforma-
tion of the nanocarriers, thereby promoting release of the active species to specifi c 
biological environment. The observed changes are mainly decomposition, isomeri-
sation, polymerisation, activation of supramolecular aggregation among many oth-
ers. The general concept of triggered release can be divided mainly into two major 
modes according to the nature of the interaction between the bioactive molecule and 
the nanocarriers. In the complexation approach, where the bioactive agent is 
entrapped within the nanocarrier, the release can be triggered by structural change 
within the carrier scaffold (i.e. carrier degradation, cleavage of shell, charging of 
functional groups), while in the nanocarrier-conjugate approach; the mechanism of 
release involves the splitting of the linker between the carrier and the bioactive 
agent. The external stimuli which bring about these changes are numerous and cross 
related. These advanced nanocarriers thus become an active participant in the thera-
peutic landscape, rather than an inert carrier molecule [ 4 ].  

10.2     Classifi cation 

 Stimuli that trigger drug release from the nanocarriers can be broadly classifi ed 
with respect to the biological systems as either endogenous (physiological, patho-
logical, and patho-chemical conditions) or exogenous (physical) (Fig.  10.1 ). 
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Endogenous stimuli of chemical and biochemical origin include cellular pH-shift, 
redox, and ionic microenvironment of the specifi c tissues, enzyme over-expression in 
certain pathological states, host–guest recognitions, and antigen–antibody interac-
tions. Physical stimuli that can be applied externally to bring about a triggered release 
of active guest may involve temperature, light, mechanical pressure, and strength of 
magnetic or electrical fi elds. This chapter throws light on pH, thermally and magnetic 
fi eld assisted drug delivery either alone or as dual responsive systems.   

10.3     pH-Responsive Carriers 

 Among the common stimuli, pH-responsiveness is the most frequently used. These 
carriers respond to pH gradients within the microenvironments of organs, tissues 
and cell organelles to achieve drug release at desired site. Certain tumours and 
infl amed tissue have a slightly lower pH values (between pH 5.4 and 7.4) than 
homeostatic conditions (pH 7.4). Furthermore, there exists a lower intracellular pH 
in endosomes and lysosomes. As such particles internalised through endocytosis 
will experience a pH gradient from neutral (pH ~ 7.4) in extracellular environment, 
to acidic (pH ~ 6.2) in early endosome and more acidic (pH ~ 5.0) in lysosome [ 5 ,  6 ]. 
Moreover, members of the ATP-binding cassette (ABC) effl ux pump superfamily, 
such as P-glycoprotein (P-gp)/ABCB1, MDR-associated protein/ABCC, and breast 
cancer resistance protein/ABCG2, play important roles in drug kinetics including 
absorption, distribution, metabolism and excretion, which limits the accumulation 
of drugs inside the cells and results in drug resistance [ 7 ]. pH responsive carriers are 
expected to provide fast intracellular drug release and make the intracellular drug 

  Fig. 10.1    Classifi cation of stimuli involved in responsive drug delivery systems       
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concentration to reach a suffi ciently high level to exceed the effl ux capacity of drug 
transporters and the threshold concentration to kill the MDR tumour cells. 

 There are several general approaches of such systems that undergo chemical 
transitions around the critical pH range of 5–7 [ 8 ]. One approach is to introduce 
“titratable” or “protonizable” chemical groups such as amines and carboxylic 
acids into the components assembling the nanocarriers. The systems containing 
amines or carboxylic groups with different chemical structures and pKa values 
could change their physical and chemical properties, such as swelling ratio or 
solubility in response to local pH level [ 9 ]. Another approach is to incorporate 
acid-labile linkages directly to attach drugs covalently to the vectors or into the 
main-chains of the polymers constructing the carriers. The pH sensitive bonds 
are cleaved at acidic pH, accompanied by dissolution of carriers and release of 
drugs. The third approach is to incorporate carbon dioxide (CO 2 )-generating 
ingredient for inducing CO 2  gas in acidic environment and leading to disintegra-
tion of the vehicles [ 10 ]. 

10.3.1     Delivery Systems 

 pH-responsive systems are mainly designed and reported as dendrimer, liposomes, 
nanoparticles and nanofi bres (Fig.  10.2  and Table  10.1 ). Dendrimers are highly 
branched oligomers or polymers characterised by three structural features: (1) the 
central core from which the polymeric branches emanate, (2) the nature of the 
repeating unit which determines the microenvironment of the interior and thus the 
solubilisation ability of the dendrimer and (3) the nature and number of the terminal 
functional groups, mainly responsible for the behavior of dendrimers in solution. 
Pistolis et al. Developed pyrene loaded poly(propyleneimine) dendrimers for pH 
dependent release of pyrene. The release was increased up to tenfold by decreasing 
the pH to 2–4 [ 11 ]. Dual acting pH and thermosensitive dendrimer with a shell of 
poly( N , N -dimethylaminoethyl methacrylate) were also developed [ 12 ]. Similarly 
Yuan et al., reported pH-sensitiveness and cellular targeting dendrimer to provide 
the advantage of thermo regulated targeting. This system contained poly( L -glutamic 
acid) dendrimers with a polyhedral oligomeric silsesquioxane nanocubic core. 
Doxorubicin was attached via pH-sensitive hydrazine bonds and biotin was used as 
targeting moiety [ 13 ]. 

   As another delivery system, pH-sensitive liposomes are designed to undergo 
acid-triggered destabilisation. For this, fi rst generation pH-sensitive liposomes 
which are based on the cone-shaped lipid dioleoylphosphatidylethanolamine and 
later, serum-resistant pH-sensitive liposome formulations containing egg phospha-
tidylcholine and cholesteryl hemisuccinate are developed. These liposomes 
exhibited excellent stability at pH 7.4 and underwent rapid destabilisation upon 
acidifi cation [ 14 ,  15 ]. 

 For polymeric delivery, few common examples of pH sensitive polymers 
are poly(methacrylic acid)s, poly(vinylpyridine)s, poly(vinylimmidazole)s. 

E. Muntimadugu et al.



345

Moreover, efforts are being made to develop new co-polymers with pH responsive 
properties. Giacomelli et al. Synthesised poly(ethyleneoxide)-b- poly(glycerolmonomethacrylate)–
Indomethacin conjugates. This polymer–drug conjugate self assembled into micelle 
in water. The release of Indomethacin (IND) was governed by intrinsic molecular 
characteristics of free-IND (aqueous dissociation behavior) and pH-sensitivity of 
ester linkages in the conjugates. At neutral pH, the ester bond linkages were stable 
which promoted diffusion of free-IND out of the carrier, whereas acidic pH facili-
tates sustained release with slow kinetics [ 16 ]. 

 pH sensitive poly(methacrylic acid and methacrylate) nanoparticles were 
designed to improve oral bioavailability of cyclosporin [ 17 ,  18 ]. Borchert et al. 
observed the pH-induced release of hydrophilic dyes from poly(2-vinylpyridine-b- 
ethylene oxide) block copolymer vesicles. At pH less than 5, protonation and dis-
solution of the poly-2-vinylpyridine blocks facilitated the release of dye from 
vesicles [ 19 ]. Similarly, gold-decorated shape-persistent, pH-responsive polymer-
somes were prepared by the self-assembly of a novel poly(ethyleneoxide)-block- 
poly[2-(diethylamino)ethylmethacrylate-stat-3-(trimethoxysilyl)-propy-
lmethacrylate], copolymer. These pH-sensitive blocks are located in the membrane 
walls, while the hydrophilic PEO chains forms the corona [ 20 ].  

  Fig. 10.2    Stimuli responsive carriers       
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10.3.2     Applications 

10.3.2.1     Anti Cancer Therapy 

 pH sensitive liposomes made of dioleoylphosphatidylethanolamine (DOPE) and 
oleic acid or DOPE and 1,2-dipalmitoylsuccinylglycerol explored multiple possi-
bilities to treat cancer. Problems associated with less circulation half-life, stability 
in blood have been resolved [ 21 ]. Recently, liposomal delivery system modifi ed 
with pH-responsive cell penetrating peptide TH (TH-Lip) has been reported. TH 
was found to be a wonderful pH responsive ligand as the cell penetrating capacity 
of TH concealed during the blood circulation and in normal tissues at neutral 
pH. However, when TH-Lip reached the tumour, low pH at these sites promoted 
protonation of TH and the surface charge of TH-Lip converted from negative to 
positive thus promoted enhanced cellular and tumour spheroid uptake [ 22 ].  

10.3.2.2     Antibacterial Therapy 

 Bacterial infections are generally characterised by very low pH values because of 
anaerobic fermentation and subsequent infl ammation. In this regard, systemic anti-
biotic therapy was achieved by incorporating an ionisable polyhistidine segment in 
a block copolymer to make PLGA-b-polyhistidine-b-PEG triblock copolymer 
nanoparticles. A charge switch at the sites of localised acidity promoted interactions 
with the negatively charged bacterial wall, and led to increased nanoparticle uptake 
in both Gram-positive and Gram-negative bacteria [ 23 ].  

10.3.2.3     Intracellular Traffi cking 

 The usefulness of pH-sensitive liposomes has been well exhibited in a wide variety 
of applications, these include the transport of fl uorescent probes to estimate the 
effi cacy of different liposome compositions and to explain the mechanisms involved 
in intracellular traffi cking, the intracellular transport of antigens, targeting intracel-
lular pathways involved in processing and presentation of antigens and enhancing 
the immune response to tumour cells [ 24 ].  

10.3.2.4     Oral Bioavailability Improvement 

 Because of the broad range of pH found throughout the gastrointestinal tract, pH- 
responsive systems for oral drug delivery have been designed to protect drugs from 
the harsh conditions found in the gastric cavity and to improve their absorption in 
the intestine [ 25 ]. For instance, poly(methacrylic acid)-based copolymers have been 
used as pH-sensitive coatings at the surface of porous silica nanoparticles, as well 
as to prepare copolymer micelles able to disassemble at the intestinal pH [ 26 ]. 
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This charge-reversal approach was also applied to multi stimuli responsive 
 nanocarriers to achieve drug release at neutral pH by taking advantage of electro-
static interactions, and to chitosan nanoparticles for gastric or intestinal delivery 
[ 27 ]. Similarly it was reported, pH sensitive oly(methacrylic acid and methacrylate) 
nanoparticles improved the oral bioavailability of cyclosporin [ 18 ].  

10.3.2.5     DNA Therapeutics 

 Gene therapy is most widely explored fi eld in biomedical research and increasing 
interest in stimuli responsive carriers to deliver DNA therapeutics can open multiple 
opportunities in this area. pH senstive liposomes were developed to deliver plasmid 
DNA into mammalian cell lines [ 28 ].    

10.4     Thermoresponsive Carriers 

 Thermoresponsive carriers are usually governed by a nonlinear sharp change in the 
properties of at least one component of the nanocarrier materials with temperature 
(Fig.  10.2  and Table  10.1 ). Such a sharp response triggers the release of the drug 
following a variation in the surrounding temperature. Ideally, thermosensitive nano-
carriers should retain their load at body temperature (~37 °C), and rapidly deliver 
the drug within a locally heated tumour (~40–42 °C) to counteract rapid blood- 
passage time and washout from the tumour [ 2 ]. The use of temperature as a signal 
has been justifi ed by the fact that the actual body temperature often deviates from 
the physiological value (37 °C) in the presence of pathogens or pyrogens. This 
deviation can be a useful stimulus to activate release of therapeutic agents from vari-
ous temperature-responsive drug delivery systems for diseases accompanied by 
fever. Drug-delivery systems responsive to temperature utilize various polymer 
properties, including the thermally reversible transition of polymer molecules, 
swelling change of networks, glass transition and crystalline melting [ 29 ]. 

 Thermoresponsive polymers utilize subtle changes in temperature to trigger 
macroscopic changes in material properties. Polymers that possess a lower critical 
solution temperature (LCST) typically undergo a sol-gel phase transition when 
heated above their LCST, whereas polymers that become soluble upon heating are 
said to possess an upper critical solution temperature (UCST) [ 6 ]. Both systems 
can be exploited for drug delivery purposes. LCST copolymers can simply be 
mixed with drug as a liquid suspension at room temperature and delivered via 
minimally invasive injection techniques directly to hard-to-access target tissues 
within the body. Heating to physiologic temperature drives a sol–gel phase transi-
tion, which entraps the infused drug within a solid depot and can provide sustained 
release of therapeutic concentrations of drug directly at the site of interest [ 30 ]. 
Drug-releasing polymer systems possessing a UCST may employ temperature-
induced swelling or scaffold destabilisation to rapidly release drug at a target site [ 31 ]. 
Localised heating (tumour tissues) or the application of an externally applied 
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 stimulus (ultrasound, infrared laser and so on) may be utilised to induce the local 
destabilisation of a UCST drug-releasing copolymer scaffold to produce targeted 
release [ 32 ,  33 ]. 

 Typical LCST polymers are based on  N -isopropylacrylamide (NIPAM),  N , N - 
diethylacrylamide  (DEA), methylvinylether and  N -vinylcaprolactam (NVCL) as 
monomers. Some example of these categories are Poly( N -vinylcaprolactam) [ 34 ], 
Poly( N -isopropylacrylamide) [ 35 ], Poly( N , N -ethylmethylacrylamide) [ 36 ], Poly( N - 
ethylacrylamide ) [ 37 ], Poly( N , N -diethylacrylamide) [ 38 ]. A typical UCST system 
is based on a combination of acrylamide and acrylic acid [ 6 ]. Thermoresponsiveness 
can also occur on a brief temperature decrease (also called cold shock or cryother-
apy). In this case, a thermally reversible swelling or de-swelling of the nanocarrier 
leads to free diffusion of the encapsulated drugs as a consequence of increased 
porosity [ 39 ]. Thermosensitive amphiphilic polymers generally have temperature- 
responsive hydrophilic segments and a suitable hydrophobic segment. NIPAM and 
its random copolymers are the most intensively investigated temperature-sensitive 
hydrophilic segments [ 40 ]. Block copolymers of PEG as a hydrophilic block and 
NIPAM or poly( N -isopropylacrylamide)-co- N -(2-hydroxypropyl) methacrylamide- 
dilactate as a thermosensitive block are able to self-assemble in water into 
temperature- responsive nanocarriers above the LCST of the thermosensitive block 
[ 41 ]. The hydrophobic segments, poly ( L -lactide), cholic acid, alkyl, and poly
(γ- benzyl  L -glutamate) have also been used in diblock polymers with the 
temperature- sensitive polyacrylamide derivatives being the hydrophilic segments. 

10.4.1     Delivery Systems 

 Generally used thermoresponsive carriers are liposomes, or polymer micelles, 
nanoparticles and nanofi bres [ 42 – 48 ]. For liposomes, thermoresponsiveness usually 
arises from a phase transition of the constituent lipids and the associated conforma-
tional variations in the lipid bilayer [ 49 ]. In vivo, heat is generally applied by using 
temperature-controlled water sacks, radiofrequency oscillators or miniature annular- 
phased array microwave applicators. Liposome-embedded hydrogels have been 
widely used for controlled drug release. Liu et al. embedded egg phosphatidylcho-
line liposome into a poly( N -isopropylacrylamide) (pNIPAM) hydrogel via chemical 
cross-linking. It was found that the confi nement of the network and the hydrophobic 
interactions between the liposome and pNIPAM modulated the integrity of the lipo-
some and the release profi le of the encapsulated content, such as calcein [ 50 ]. 

 Polymeric micelles have been explored for temperature induced release of 
actives for drug and gene delivery. The temperature-sensitive property is pos-
sessed by the outer shell of the polymeric micelles and the drug molecules are 
incorporated into the hydrophobic inner core [ 1 ]. Co-polymer of pNIPAM and 
poly(acrylic acid) with LCST 33 °C had shown potential to be developed as novel 
injectable drug delivery system due to rapid sol to gel conversion upon subcutane-
ous injection [ 51 ]. 
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 Chang et al. developed a block co-polymer from pNIPAM and poly(methyl 
methacrylate). They prepared prednisone acetate loaded uncross-linked micelles 
and cross-linked micelles with newly developed block co-polymer. LCST of 
uncross-linked and cross-linked micelles were 31.0 and 40.8 °C respectively. 
Uncross-linked micelles showed a rapid drug release near to 30 °C while cross- 
linked (SCL) micelles displayed negligible release up to 37 °C which increased 
rapidly above 40 °C [ 52 ]. Thermoresponsive, self-assembling polymersomes of 
poly( N -[3-aminopropyl] methacrylamide hydrochloride) and pNIPAM were also 
synthesised and used for similar applications [ 53 ]. 

 Vitamin B-12 loaded nanofi bres of pNIPAM/poly(ethylene oxide) (PEO) blend 
were also able to program drug release with the variation of temperature. Fibres 
containing higher ratios of pNIPAM displayed rapid release below LCST while the 
prolonged release was observed at 37 °C [ 54 ]. Stover and coworkers developed 
thermoresponsive, biodegradable linear-dendritic nanoparticles for targeted and 
sustained release of a pro-apoptotic drug ceramide (C6). These nanoparticles 
showed preferential uptake into human MDA-MB-231 breast adenocarcinoma cells 
at temperature above the LCST (37 °C) and sustained release of C6 up to 1 month 
in vitro [ 55 ].  

10.4.2     Applications 

10.4.2.1     Cancer Therapy 

 Thermoresponsive drug delivery is among the most investigated stimuli-responsive 
strategies, and has been widely explored in oncology. Qin et al. prepared thermore-
sponsive, doxorubicin-containing PEG–pNIPAM based polymersomes. Temperature 
induced transition facilitated self-assembly of polymer into vesicles at temperatures 
above 32 °C. Temperature-controlled release was determined by incorporating a 
hydrophobic fl uorescent dye into their membrane. These vesicles destabilised, or 
ruptured upon local cooling with either ice or penetrating cryoprobes [ 56 ]. For the 
treatment of gastric cancer, linoleic acid-coupled Pluronic F-127 (Plu-CLA) based 
thermoresponsive hydrogel loaded with docetaxel were developed. Docetaxel–Plu- 
CLA showed excellent anti-tumour activity, induced apoptosis and signifi cantly 
reduced the number of peritoneal metastatic nodules than docetaxel alone [ 57 ].  

10.4.2.2     Anti-Adhesive 

 Another application of thermosensitive polymers to inhibit ischemia-induced 
postoperative peritoneal adhesion was highlighted by Wu and coworkers. The 
PCL–PEG–PCL, developed for this purpose exhibited rapid micelle formation at 
10 °C and sol to gel conversion at body temperature. They were found to be well 
tolerated, less toxic and therapeutically more effective as compared to control 
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group. Emergence of a layer of neo-mesothelial cells on the injured tissues after 
micelle treatment provides a strong evidence in the support of its anti-adhesion 
activity [ 58 ].  

10.4.2.3     Temperature-Responsive Surfaces 

 Temperature-responsive cell culture surfaces of pNIPAM with the ability to alter its 
surface hydrophobicity in response to temperature were developed. The so devel-
oped cell culture surfaces facilitated cell adhesion and proliferation at 37 °C while 
released spread cultured cells below 32 °C without any need of trypsin. Further, 
pre-coating of these surfaces with fi bronectin improved spreading of less adhesive 
cultured hepatocytes [ 59 ]. Liao et al. developed NIPAM-based thermoresponsive 
polyelectrolyte multilayer fi lms as culture substrates to support hMSC expansion. 
These fi lm were via layer-by-layer adsorption of thermoresponsive polymer and 
positively charged allylamine hydrochloride, or negatively charged styrene sulfonic 
acid. Surface charge was found to alter ECM structure and subsequently cellular 
response for the surface. The positively charged surfaces resulted improved cell 
adhesion and growth compared to control surfaces [ 60 ].  

10.4.2.4    Diabetes Mellitus 

 For treatment of diabetes mellitus, pancreatic islet cells were harvested on laminin-
 5 coated temperature-responsive dishes functional activity of the islet cell sheets 
was confi rmed by histological examination and Insulin secretion assay prior to 
in vivo transplantation [ 61 ]. Thermoreversible hydrogel composed of poly(lactic 
acid-co-glycolic acid)-poly(ethylene glycol)-poly(lactic acid-co-glycolic acid) 
(PLGA-PEG-PLGA) triblock copolymers loaded with exenatide were also evalu-
ated to treat diabetes. Polymer decreased the degradation of the polypeptide. Further, 
the problems of loading of water soluble peptide and sustaining the release of pep-
tide were solved by synergistic effect of zinc acetate, PEG, and sucrose [ 62 ].  

10.4.2.5    Ocular Therapy 

 Thermosensitive poly( N -isopropylacrylamide)–chitosan (pNIPAM–CS) solution 
loaded with timolol maleate was investigated for ocular application due to its in situ 
gel-forming properties. Polymer showed lower critical solution temperature of 
32 °C, which was close to the surface temperature of the eye. Ocular pharmacoki-
netic analysis on rabbit eye showed higher Cmax and AUC as compared to conven-
tional eye drop solution. Moreover, pNIPAM–CS solution showed reduced in vitro 
cytotoxicity and higher capacity to reduce the intra-ocular pressure as compared to 
conventional solution [ 63 ]  
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10.4.2.6    CNS Disorders 

 Thermo-gelling injectable nanogels amphiphilically modifi ed chitosan were 
reported for delivery ethosuximide. In vivo studies suggested prominent therapeutic 
effect of ethosuximide loaded nanogels by suppressing spike wave discharges in 
Long Evan rat model [ 64 ].    

10.5     Magnetically Responsive Carriers 

 A magnetic fi eld-responsive nanocarrier generally involves paramagnetic or super- 
paramagnetic materials either embedded into a polymeric scaffold forming liposo-
mal, micellar, or supramolecular aggregates (Fig. 10.2  and Table  10.1 ). The versatile 
intrinsic properties of magnetic particles enable their use in numerous medical 
applications, such as: localisation of therapy, where magnetic carriers, associated 
with drugs, nucleic acids or loaded within cells can be directed or guided by means 
of a magnetic fi eld gradient towards certain biological targets; magnetic fl uid 
hyperthermia, where selective thermal ablation of tumours is achieved through 
heating of tumour-localised magnetic particles exposed to a high frequency mag-
netic fi eld; tissue engineering, where particles can be used in remote actuation for 
control of cellular behaviour enabling development of functional tissue or to pro-
vide means for a patterned cell assembly and facilitated seeding of tissue engi-
neered scaffold with functional cells; and MRI, where magnetic particles are used 
as contrast agents [ 65 ]. 

 Magnetic systems for magnetic targeting that have been proposed or employed 
so far fall into two main classes. In one class, magnets external to the body provide 
both the fi eld to magnetize the carrier and fi eld gradients for targeting [ 66 ,  67 ]. 
However, the use of external magnets imposes serious limitations in targeting deep 
tissues as their fi eld strength and fi eld gradient decrease exponentially with the dis-
tance from the surface. The other class is based on a combination of external mag-
nets and magnets (or magnetizable devices) implanted local to the target region. In 
the second class of systems, the external magnet would typically provide the mag-
netizing fi eld for the carrier, while the local magnet (or magnetisable implant) will 
provide the largest possible fi eld gradients for targeting. The second type of magnet 
system can be of potential use for targeting deep tissues, including blood vessels 
where magnetizable implants can be placed [ 68 – 70 ]. The effective use of magneti-
cally responsive nanocarriers for biomedical applications such as targeted drug 
delivery depends on a number of factors related to the size and magnetism of the 
biocompatible nanoparticles. Parameters such as the physicochemical properties of 
the drug-loaded nanocarriers, fi eld strength and geometry, depth of the target tissue, 
rate of blood fl ow, and vascular supply play a role in determining the effectiveness 
of this method of drug delivery [ 71 ,  72 ]. 
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 Iron oxides with core/shell structures are the most widely used as sources of 
magnetic materials. Iron oxides have several crystalline polymorphs known as 
   α-Fe2O3 (hematite), β-Fe2O3, γ-Fe2O3 (maghemite), ε-Fe2O3, Fe3O4 (magnetite) and 
some others (amorphous and high pressure forms). Nevertheless, only maghemite 
and magnetite found the greatest interest of bio-applications [ 73 ]. Readily, carbonyl 
iron, which is well-known material with a unique form of elemental iron because of 
its small particle size, was also used as magnetic core [ 74 ]. In some reports, pure 
metals, such as Fe and Co were chosen as a magnetic material because they have 
several advantages over iron oxides, e.g. better magnetic properties, high saturation 
magnetisation, and high specifi c loss of power [ 75 ,  76 ]. 

 Functionalisation of magnetically responsive carriers with amino group, silica, 
polymer, various surfactants or other organic compounds is usually provided in 
order to achieve better physical and chemical properties. Moreover, the core/shell 
structures of nanocarriers have the advantages of good dispersion, high stability 
against oxidation and appreciable amount of drug can be loaded to the polymer shell 
[ 77 ]. Lecommandoux et al. developed magnetic nanocomposites of polypeptide- 
based diblock copolymers of polybutadiene-block-poly(glutamic acid) in combina-
tion with hydrophobically modifi ed γ-Fe2O3 nanoparticles [ 78 ]. Furthermore, lots of 
functional groups from polymers on the surface can be used for further functionali-
sation to get various properties [ 79 ]. It is favoured that magnetically responsive 
carriers retain suffi cient hydrophilicity and, with coating, do not exceed 100 nm in 
size to avoid rapid clearance by reticuloendothelial system. It was found that surface 
functionalisation also plays the key role in nanoparticle toxicity [ 80 ]. 

10.5.1     Delivery Systems 

 Candidate nanosystems for such a therapeutic approach are core–shell nanoparticles 
(a magnetic core made of magnetite coated with silica or polymer) [ 81 ,  82 ], magneto-
liposomes (maghemite nanocrystals encapsulated in liposomes) [ 83 ,  84 ] and porous 
metallic nanocapsules [ 85 ] (Fig.  10.2 ). A novel nanocarrier, containing  functionalised 
magnetite (Fe3O4) core that was conjugated with drug via acid- labile hydrazone-bond 
and encapsulated by the thermosensitive chitosan-g-poly( N -isopropylacrylamide - co -
 N , N -dimethylacrylamide) was reported. Polymer exhibited a LCST of 38 °C below 
which the drug release response was appreciably low [ 86 ]. Antibody-conjugated 
magnetoliposomes for targeting cancer cells were also reported [ 87 ].  

10.5.2     Applications 

 Magnetically responsive carriers are getting signifi cant attention in the fi eld of ther-
anostics. Theranostics is the fusion of therapeutics and diagnostics to design indi-
vidualised pharmacotherapy. Paramagnetic nanoparticles were initially used as 
contrast agents for magnetic resonance imaging (MRI) later on surface modifi cation 
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of these nanoparticles introduced various functions for the nanoparticles to be used 
for both gene delivery and MR imaging. The combination based on the nanoparti-
cles allows non-invasive monitoring of in vivo gene delivery with MRI and delivery 
of therapeutic genes [ 88 ,  89 ]. Such magnetofection experiments were generally per-
formed using nanoassemblies with cationic coatings to condense nucleic acids, 
which resulted in higher transfection effi ciencies under a permanent magnetic fi eld. 
These technique led to improved effectiveness in the transfection of siRNA in vitro 
and/or in vivo when directed against prostate [ 90 ] and breast cancers [ 91 ], as well 
as in the gene transfer to oligodendrocyte precursors for neural repair [ 92 ].   

10.6     Recent Advancements 

10.6.1     Dual and Multi Stimuli Responsive Carriers 

 In an effort to further fi ne tune drug release and augment therapeutic effi cacy of 
nanoparticulate drugs, sophisticated polymeric nanoparticles that respond to dual 
and multi-stimuli such as pH/temperature, pH/redox, pH/magnetic fi eld, tempera-
ture/reduction, double pH, pH and diols, temperature/magnetic fi eld, temperature/
enzyme, temperature/pH/redox, temperature/pH/magnetic, pH/redox/magnetic, 
temperature/redox/guest molecules and temperature/pH/guest molecules have been 
aggressively pursued (Fig.  10.2 ) [ 93 – 96 ]. It should be noted that the responses take 
place either simultaneously at the same location or in a sequential manner in differ-
ent settings and/or compartments. These dual and multi-stimuli responsive poly-
meric nanoparticles might on one hand offer unprecedented control over drug 
delivery and release leading to superior in vitro and/or in vivo anti-cancer potency, 
and on the other hand also facilitate nanoparticles preparation and loading of drugs 
under mild conditions [ 97 ]. These two and more stimuli are combined in order to: 
(1) facilitate preparation of nanoparticles under mild conditions through application 
of an external stimulus such as temperature and pH; (2) trigger drug release via 
application of an external stimulus such as magnetic fi eld, ultrasonic, light and tem-
perature; (3) trigger drug release or reverse deshielding of nanoparticles thereby 
enhancing tumour cell uptake of nanoparticulate drugs in a mildly acidic tumour 
microenvironment; and/or (4) boost intracellular drug release in tumour cells under 
endo/lysosomal pH and/or cytosolic reductive conditions. 

 Shim et al. developed a polymer containing sulfamethazine as the pH-responsive 
component, and poly(ε‐caprolactone-co-lactide) (PCLA) in a triblock with PEG, 
PCLA–PEG–PCLA, as the thermosensitive moiety [ 98 ]. By controlling precise 
ratios between the two parts the co-polymer showed a reversible sol–gel–sol transi-
tion phase. At room temperature and pH 8 the polymer remained in a solution state, 
when the environment was altered to 37 °C and pH 7.4, i.e. normal physiological 
conditions, there was a rapid phase transition to a gel state. Once the gel was formed 
it remained stable and degraded over time without changing local pH levels [ 98 ,  99 ]. 
Despite the advantageous versatility of these systems, they often appear as too 
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c omplicated and many still remain as proofs of concept. To ascertain the viability of 
these strategies, evidence of the regulation of the response to each stimulus would 
be needed both in vitro and in vivo.  

10.6.2     Breathing Vesicles 

 The breathing, in this context, can be defi ned as a highly reversible vesicle volume 
change by a factor of approximately 7, which was accompanied by diffusion of 
s pecies into and out of the vesicles with a relaxation time of approximately 1 min. 
A three-layered vesicle system with pH-induced “breathing” feature was designed 
with triblock copolymer poly(ethylene oxide)-block-polystyrene-block-poly
(2- diethylaminoethylmethacrylate). Self-assembly into vesicles was observed at a 
pH of 10.4. As the pH decreased, both the vesicle size and the thickness of all three 
layers increased. Progressive swelling of the middle layer with a decrease in pH 
below 6 induced cracking of the two outer layers and also a sharp increase of the 
vesicle size and the wall thickness. When pH reached up to 3.4, the vesicle size was 
found to be increased by a factor of 1.9 and the wall showed a cracked surface. 
These changes between pH 10.4 and 3.4 were highly reversible with the relaxation 
time of 1 min with marked repeatedly. The change in the wall structure dramatically 
helped to increase the wall permeability to water along with rate of proton diffusion 
from practically zero to extremely rapid [ 100 ]. 

 Similarly, CO 2 -responsive breathing vesicles were synthesised with block poly-
mer poly(ethylene oxide)-poly( N -amidino)dodecyl acrylamide (PEO-b-PAD). 
PEO-b-PAD self-assembled in to micelle like structure in which the PEO portion 
formed hydrophilic exterior and the PAD portion formed hydrophobic interior. The 
amidine group in copolymer transformed into a charged amidinium species upon 
reaction with CO 2  which reverted back to its original form upon exposure to argon 
(Ar). It was confi rmed by much larger intact vesicles with a diameter of 205.25 nm 
and strikingly increases volume by 83.5 % after CO 2  treatment for 20 min. These 
vesicles shrunk back to their initial size in the presence of Ar [ 101 ].   

10.7     Challenges 

 Despite their responsive feature and versatility for drug delivery, thermoresponsive 
systems have some unanswered questions too. Co-polymeric systems provided ease 
to modulate the system properties but they are facing the problem of biocompatibil-
ity, biodegradability, reproducibility and tailored drug release as per requirement of 
site of action [ 51 ,  99 ]. Development of amphiphilic poly(asparagine) based 
 polymers, Poly[α/β-(DL-aspartate isopropylamide)-co-(succinimide)] PCL-PEG 
copolymer had solved the biodegradability issue up to certain extent still, 
more in vivo studies are needed to ascertain their complete safety [ 58 ,  102 – 104 ]. 
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While theranostics is the most recent advancement which utilizes the magnet 
stimuli as a component of diagnosis still the mismatch of dose required for imaging 
and therapy creates problem and require further optimisation. Further, the concen-
tration required for imaging may create toxicity problems [ 105 ].  

10.8     Clinical Status 

 Nanocarriers that are responsive to exogenous stimuli (temperature and magnetic 
fi eld) have reached clinical stage as they are more promising. Endogenous triggers 
are indeed diffi cult to control because they may vary from one patient to another 
(such as the pH of a tumour or the presence of reducing agents in the blood circula-
tion). Table  10.2  gives information regarding responsive carriers that are in different 
phases of clinical trials.

10.9        Conclusions 

 With greater understanding of physiological differences between normal and dis-
ease tissues and advances in material design, there is an opportunity to develop 
nanocarrier systems for target-specifi c drug delivery that will respond to local stim-
uli. They can shift the paradigm in the delivery of medicine and diagnostics. This 
chapter explained the role of pH, temperature and magnetic fi eld responsive nano-
carriers for targeted-drug delivery. However, compared to the amount of research 
being done in the fi eld, relatively few medical nanotechnologies have made it to the 
market. Clear demonstrations of biocompatibility and including biodegradable 
components will make these materials even more attractive for in vivo applications. 
Furthermore, development and implementation of scalable, cost-effective fabrica-
tion techniques will help promote clinical translation. Together, intelligent materials 
and nanocarriers provide a versatile toolbox that we believe will revolutionize the 
future of modern medicine.     
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    Chapter 11   
 Prodrug Conjugate Strategies in Targeted 
Anticancer Drug Delivery Systems 

             Shashwat     Banerjee    ,     Kiran     Todkar    ,     Govind     Chate    , and     Jayant     Khandare    

      Abbreviations 

   ADCC    Antibody-dependent cellular cytotoxicity   
  ADEPT    Antibody-directed enzyme prodrug therapy   
  AuNP    Gold nanoparticles   
  BCR    Breakpoint cluster region protein   
  BTK    Bruton’s tyrosine kinase   
  CDK inhibitor    Cyclin-dependent kinase inhibitors   
  CLL    Chronic lymphocytic leukemia   
  CPT    Camptothecin   
  CTC    Circulating tumor cells   
  Dox    Doxorubicin   
  DTC    Disseminated tumor cells   
  EGFR    Epidermal growth factor receptor   
  EPR    Enhanced permeability and retention   
  ERK    Extracellular signal-regulated kinases   
  FISH    Fluorescence in-situ hybridization   
  FOL    Folic acid   
  FR    Folate Receptor   
  GDEPT    Gene-directed enzyme prodrug therapy   
  GnRH    Gonadotropin-releasing hormone   
  GRP78    Glucose-regulated protein 78   
  HCC    Hepatocellular carcinoma   
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  HER2    human epidermal growth factor 2   
  HPLC    High-performance liquid chromatography   
  IGFR    Insulin-like growth factor receptor   
  KRAS    Kirsten rat sarcoma   
  LHRH    Luteinizing hormone releasing hormone   
  mAb    Monoclonal antibodies   
  MAPK    Mitogen-activated protein kinases   
  MCL    Mantle cell lymphoma   
  mCRC    Metastatic colorectal cancer   
  MDNS    Magneto-Dendritic Nano System   
  MDR    Multiple-drug resistance   
  mRNA    Messenger ribonucleic acid   
  mTOR    Mammalian target of rapamycin   
  NSCLC    Non-small-cell lung cancer   
  PCR    Polymerase chain reaction   
  PDGFRβ    Platelet-derived growth factor receptor   
  PI3K    Phosphatidylinositol 3-kinase   
  PIGF    Placental growth factor   
  RCC    Renal cell carcinoma   
  RET    Rearranged during transfection   
  RGD    Arginine-glycine-aspartic acid   
  SCCHN    Squamous cell carcinoma of the head and neck   
  scFv    Single chain variable fragment   
  siRNA    Small interfering RNA   
  Tf    Transferrin   
  Tf-PEG-AD    Transferrin-conjugated poly (ethylene glycol)-adamantane   
  TfR    Transferrin receptor   
  TPGS    D-α-Tocopheryl polyethylene glycol succinate   
  US FDA    United States Food and Drug administration   
  VEGF    Vascular endothelial growth factor   
  VEGFR    Vascular endothelial growth factor receptor   

11.1           Introduction 

 The primary dearth of treatment in chemotherapy is lack of molecular selectivity 
and severe toxicity associated from an anticancer drug. In general, chemotherapeu-
tic drugs responds through anti-proliferative mechanisms; or by preventing cell 
cycle at a specifi c phases rather than producing a toxic effect to particular site or 
types of cancer cells [ 1 ]. Hence, for the effective anticancer therapy, polymeric pro-
drug conjugation methodology represents one of the most promising approaches in 
achieving selective chemotherapy. Many efforts in reducing the systemic toxicity of 
chemotherapeutic moieties have been clinically explored (Fig.  11.1 ). In particular, 
polymeric  prodrug   conjugate is a chemical modifi cation of a biologically inert 
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component which is transformed to its active form, in vivo [ 2 ,  3 ]. Polymeric forms 
(e.g., poly(ethylene glycol) (PEG)) commonly referred in literature as “ PEGylation  ” 
is a polymeric prodrug approach, offering an important tool to enhance the pharma-
codynamics (PD) of the active pharmacologic component via a simple chemical 
alteration. Traditional prodrug design aims to offer: (1) enhanced aqueous solubil-
ity, chemical stability, brain permeability, and oral or local absorption of a drug; and 
(2) reduced undesired pre-systemic metabolism, and toxicity [ 4 ,  5 ].  

 An ideal polymeric prodrug conjugate system typically consists of multiple com-
ponents as represented in Fig.  11.2 . 

  Fig. 11.1    Advances in drug delivery systems representing varied architectures, physicochemical 
traits such as size, shape, and surface charge (modifi ed from [ 6 ])       

  Fig. 11.2    Schematic 
representation of a polymeric 
prodrug conjugate with 
targeting moiety       
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    1.    A polymer as a  drug delivery   vehicle   
   2.    Drug, protein or peptide as a biological active component   
   3.    A spacer molecule and targeting moiety    

  Following approaches are generally used to target anticancer prodrugs to the 
tumor or cancer cells [ 7 ,  8 ]: (1) Passive Drug  targeting   and (2) Active Drug 
targeting. 

  Passive Drug Targeting : In passive targeting, drug is delivered to the targeted site by 
conjugating it with polymer which releases the drug outside the targeted site due to 
altered environmental conditions as represented in Fig.  11.3a . The general features 
of tumors and many infl amed areas of body include leaky blood vessels and poor 
lymphatic drainage which passively provides increased retention of macromole-
cules into tumor [ 9 – 12 ]. This phenomenon is commonly referred to as Enhanced 
Permeability and Retention (EPR) effect [ 9 ]. EPR effect is primarily a passive tar-
geting due to the accumulation of prodrug, into the tumor. The phenomenon mainly 
occurs owing to hampered lymphatic drainage which allows them to release the 
drug into the tumor milieu. However, passive targeting approach has several limita-
tions. This is because targeting of the cancer cells is not always achieved as the 
diffusion of some drugs is insuffi cient and the random chemical approach makes it 
diffi cult to control the process. The lack of control is expected to lead into multiple-
drug resistance (MDR). This situation results in resistance of cancer cells towards 
one or more drugs, thereby leading to failure of chemotherapy treatments. Moreover, 
it is known that certain tumors do not show the EPR effect, and the permeability of 
vessels is unpredictable throughout tumor which further limits the passive targeting 
approach [ 13 ]. On the other hand, the more effi cient way to obtain targeting is by 
“active targeting” process.  

  Active Drug   Targeting  : Active targeting approach involve interactions between spe-
cifi c biological systems, e.g., ligand–receptor, antigen–antibody, enzyme–substrate 
(Fig.  11.3a  [ 14 ]). Active targeting is achieved by targeting ligand molecules that 
may interact with specifi c receptors on the cell surfaces—along with the bioactive 
prodrug system (Fig.  11.3b ), designed by variety of synthetic conjugation methods. 
Most commonly used targeting components are small organic molecules, antibod-
ies (mAbs), peptide ligands, sugar residues, aptamers (specifi c to particular recep-
tors), selectins, antigens, and mRNAs overexpressed in targeted cells or organs. It 
is imperative that the targeting moiety binds with high selectivity to molecular 
receptors that are uniquely overexpressed on the cell surface.  
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  Fig. 11.3    ( a ) Active and passive targeting approaches though prodrug system, ( b ) (1) prodrug is 
docked at cell surface by ligand–receptor interaction and then internalized by tumor cells through 
receptor-mediated  endocytosis  , (2) transport of prodrug in membrane limited organelles, (3) fusion 
with lysosomes, (4) fi nally, drug is released intracellularly on exposure to lysosomal enzymes or 
lower pH (pH 6.5 to <4.0) [ 15 ,  16 ]       
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11.2     Prodrug Systems for Targeted Drug Delivery 

 The critical requirements for achieving selective  targeting   of prodrug to tumors are 
as follows: (1) it should be highly stable in blood circulation, (2) higher bio- 
distribution to the targeted site, (3) adequate contact time with the target, (4) suffi -
cient retention by the target, (5) retention of drug potency, and (6) adequate clearance 
fate of non-targeted compound [ 17 ]. Polymer therapeutics with various polymeric 
architectures have been reported to achieve cellular targetability and EPR effect 
(Fig.  11.4 ). Similarly, Table  11.1  shows different types of targeting through ligands, 
and their specifi c targets through various drug delivery systems. Furthermore, to 
target specifi c biological molecules (e.g., enzymes, peptide transporters, antigens) 
that are overexpressed in tumor cells in comparison to normal cells, new promising 
anticancer prodrugs can be designed which includes: 

     1.    Enzyme-activated prodrugs—antibody-directed enzyme prodrug therapy 
(ADEPT) and gene-directed enzyme prodrug therapy (GDEPT) [ 17 ].   

   2.    Targeting-ligand conjugated prodrugs—antibody–drug conjugates, peptide–drug 
conjugates, aptamer–drug conjugates, and folic acid–drug conjugates [ 18 ].   

   3.    Enzyme-cleavable prodrugs.   
   4.    Membrane transporter-associated prodrugs.   
   5.    Polymeric prodrug conjugates.    

  The section below describes the classifi cation and mechanisms of targeting.  

  Fig. 11.4        ( a - e ) Different polymer therapeutics with various architectures for delivering biological 
actives (reproduced from [ 3 ])       
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11.3     Type of Targeting Moieties 

 Targeting agents can be classifi ed broadly as proteins (mainly antibodies and their 
fragments),  nucleic acids   (aptamers), or other receptor ligands (peptides, vitamins, 
and carbohydrates) as shown in Fig.  11.5 .   

11.4     Implications of Molecular Targeting in Anticancer 
Therapy (e.g., CDK Inhibitors, mTOR, IGFR, VEGF) 

 The implementation of targeted cancer therapy for individual patient has revolution-
ized the existing ways for cancer therapy. There is an increasing importance of 
 targeted therapy in the treatment of several cancer entities (e.g., colon, NSCLC, 
breast, lymphoma, and malignant melanoma) and its molecular targets such as 
human epidermal growth factor 2 (HER2) [ 22 ], epidermal growth factor receptor 
(EGFR) [ 23 ], cyclin-dependent kinase inhibitors (CDK inhibitor) [ 24 ], vascular 
endothelial growth factor (VEGF), etc. [ 25 ,  26 ]. However, the key issue in imple-
menting targeted therapy may only be effective when the tumor carry certain 
 molecular features; otherwise they can be ineffective or can create unwanted side 
effects. For example, panitumumab is active against colon cancer only when the 
tumor is Kirsten rat sarcoma viral oncogene (KRAS) wild type [ 27 ]. 

 In order to avoid such limitations and designing diagnostic analysis of solid and 
hematological tumors, identifying  target genes   is an essential step. In order to have 
an identifi cation process, the laboratories explore high-end techniques, such as 

  Fig. 11.5    ( a ) Various targeting molecules such as a monoclonal antibody or antibodies’ fragments, 
non-antibody ligands, and aptamers. ( b ) Affi nity and selectivity can be increased by dimerization of 
ligand or by screening for conformation-sensitive targeting agents such as intact antibodies and 
their fragments as well as antibodies, avimers and nanobodies (reproduced from [ 19 ])       
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FISH assay, PCR, HPLC, protein arrays, DNA/RNA-array technology which are 
used to precisely detect the genetic alterations in the diseased state. For example, 
breast cancer is characterized by overexpression of HER2 which has been known to 
be more aggressive disease progression and a poorer prognosis [ 28 ,  29 ]. Hence, 
many researchers have focused on HER2 inhibitors as potential anticancer target 
which is achieved through gene therapy or by using drugs as Trastuzumab [ 30 ]. 
However, patients with HER2 positive breast cancer developed resistance towards 
the fi rst FDA-approved therapeutic antibody for metastatic breast cancer 
“Trastuzumab” through hyperactivation of the phosphatidylinositol 3-kinase 
(PI3K)/Akt/mTOR signaling pathway [ 31 ]. The PI3K/Akt/mTOR signaling  cascade 
has important regulatory functions in normal and oncogenic cellular growth, sur-
vival, proliferation, migrations and metabolism [ 32 ]. Several studies have shown 
that second mutations in this signaling pathway confers resistance mechanism to 
HER2-targeted therapies and direct inhibition of PI3K/Akt/mTOR signaling cas-
cade may overcome trastuzumab resistance [ 33 ,  34 ]. Hence, combination of 
Trastuzumab and Anastrozole is targeted towards MAPK pathways and Akt path-
way [ 35 ]. Likewise, inhibition of mTOR with drug Everolimus is effi cacious when 
combined with  Trastuzumab   [ 36 ]. Recently, US FDA has approved Trastuzumab 
with Emtansine as a fi rst antibody-drug conjugate for treating HER2-positive meta-
static breast cancer [ 20 ]. In addition to many other molecular targets, sialic acid, a 
derivative of neuraminic acid, is one of the major targets in developing therapeutic 
treatment in cancer patients as hypersialylation has been shown to contribute cancer 
cell progression and metastasis [ 37 ]. However, till date, there is no therapeutic drug 
developed to interfere with  sialic acid      synthesis which might offer better treatment 
approach for cancer patients. Sialic acid as a targeting moiety with PEGylated 
doxorubicin (Dox) targeted prodrug conjugate demonstrated signifi cant antitumor 
activity compared to free Dox and non-targeted conjugate counterpart. This signifi -
cant effect is achieved by enhancing the permeation and prodrug uptake by cancer 
cells and cytotoxicity of the prodrug [ 38 ].  

11.5     Role of Antibodies in Targeted Therapy 

 In 1975, Köhler and Milstein developed methods to recover antibodies in large 
amount which can be directed against specifi c  antigens  . Since then monoclonal  
have emerged as most important ligands for delivering contrast agents and chemo-
therapeutics for several different malignancies [ 39 ]. Monoclonal antibody are stable 
in blood and typically have nanomolar affi nities for their target. The binding and 
non-binding domains of mAb are separated physically; hence, they could impart 
substitution with other chemical agents like, contrast agents and chemotherapeutics. 
Three  targeting moieties, whole mAb, Fab′, and single chain variable fragment 
(scFv) were evaluated for targeting the same B-cell antigen CD19 [ 18 ]. The Fab′ 
immunoliposomes even though exhibited the most prolonged circulation times, 
exhibited statistically insignifi cant numbers of long-term survivors [ 18 ]. While, in 
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B-cell model, the anti-CD19 Fab′ immunoliposomes demonstrated increased circu-
lation time and higher survival rates for Namalwa-bearing SCID mice as compared 
to the anti- CD19 mAb immunoliposome treatment [ 40 ]. 

 More recently, the fragments of antibody containing only the variable region 
of the antibody are used for active targeting of therapeutics because they retain 
the specifi city for their target [ 36 ]. In addition, they prevent complement activa-
tion due to the lack of constant Fc effector region or undesirable interaction with 
other cells. Furthermore, the smaller sizes of antibody fragments are important 
factor in the development of an actively targeting nanoparticle. Moreover, using 
antibody fragments can also help in effi cient cell permeability [ 41 ]. Therapeutic 
agents must cross various biological barriers as well as the high interstitial pres-
sure to reach their target cells. Towards this antibody fragments such as scFv and 
Fab are known to represent higher effi ciency in penetrating tumor cells compared 
to intact antibody. 

 Immunogenicity caused by these antibodies is yet another important factor in 
using them for therapeutic targeting. Animal originated antibodies are obviously 
identifi ed as foreign agents resulting in strong immune responses. However, genetic 
engineering tools can now design chimeric mouse-human mAbs. For example the 
anti-CD20 mAb rituximab (Rituxan) has revolutionized lymphoma treatment. On 
the other hand, humanized antibodies, containing only the binding regions of the 
mouse antibodies combined with a human antibody, exhibit reduction in  immuno-
genicity   [ 42 ]. However, they have shown reduced affi nity in some cases. Further, 
antibodies could lose activity when translated into a conjugated form. Therefore, 
novel chemical strategies are essential to retain their potency even after the conjuga-
tion and at the same time are able to release the cytotoxic agent, either after binding 
to the cancer cell surface or after endocytosis into the cell. An example of such a 
conjugation is that of calicheamicin, a cytotoxic drug, conjugated to a tumor- 
targeting mAb through an amide linkage. The conjugate accumulates in the tumor 
but shows no appreciable cytotoxicity [ 43 ]. However, when calicheamicin is conju-
gated using a pH-sensitive bifunctional linker that permits its release intracellularly 
(Fig.  11.6 ), the conjugate shows potent antitumor activity [ 44 ].  

  Fig. 11.6    Cleavable bifunctional linker for the conjugation of calicheamicin to monoclonal anti-
bodies (reproduced from [ 17 ])       
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 The prodrug was designed by coupling calicheamicin to various hydrazide 
 bearing spacers through a disulfi de bond, and the resulting moiety was conjugated 
to humanized anti-CD33 monoclonal antibody (clone P67.6) hinge region. 
Monoclonal antibody conjugated calicheamicin was then coupled to aldehyde-bear-
ing oxidized carbohydrates, through hydrazone bonds [ 44 ]. In vivo study showed 
that active prodrugs rapidly cleaved at pH 4.5 whereas, they were stable at pH 7.4. 
On the other hand the effi cacy of the prodrug system was found to be far less when 
calicheamicin was conjugated with a linker encompassing a non-pH-labile amide 
bond to mAb. This conjugate although had the same affi nity for CD33 as Mylotarg, 
the system was found to be hundreds of times less cytotoxic in vitro and consider-
ably less active in vivo and ex vivo [ 44 ]. In this system, the release of calicheamicin 
was believed to be due to intracellular oxidation of a hindered disulfi de bond. This 
clearly indicated that the importances of  linker   chemistry for effective intracellular 
activation of calicheamicin–mAb conjugate.  

11.6     Protein and Peptide Based Carrier Systems 

 Peptide ligands are being explored against a tumor-specifi c antigen or a peptide 
transporter that is overexpressed in cancer cells [ 40 ].  Peptide   ligands can be directly 
conjugated to chemotherapy drugs to achieve a targeted delivery to cancer cells. 
Compared to antibody, peptides are more suitable targeting moieties because of (1) 
low molecular weight, (2) exceptional cell permeability, (3) ease in chemical conju-
gation, and (4) simple to produce [ 45 ]. 

 The main approach in identifying appropriate peptide ligands is to screen peptide 
libraries produced by either phage display [ 46 ] or by chemical synthesis process 
[ 47 ,  48 ]. Phage display assists in identifying peptides that target a specifi c receptor, 
or certain cell types even if the  receptors   are unidentifi ed [ 49 ]. Till date, various 
types of receptors or cells, have been discovered such as integrin receptors [ 50 ,  51 ], 
thrombin receptors [ 52 ], tumor cells [ 53 – 55 ], cardiomyocytes [ 56 ], and pancreatic 
β cells [ 57 ]. Tumor-targeting peptides have been effectively used in delivery vehi-
cles for targeting small molecule drugs, oligonucleotides, liposomes, imaging 
agents, and inorganic nanoparticles to tumors. Furthermore, peptidomimetic self-
assembled nanoparticles and peptide aptamers, which are peptide- related nanopar-
ticles, also have shown great promise in targeted drug delivery. The former have 
wider applications in tumor imaging, tumor targeting delivery and vaccination [ 58 ], 
whereas the latter are directly used as drugs interfering with the function of recep-
tors [ 59 ]. The use of these peptides has assisted in enhancing the specifi city and 
effi cacy of drug delivery with reduced side effects [ 60 ,  61 ]. The current discoveries 
of tumor lymphatic vessel targeting peptides present another route for targeted drug 
delivery for tumors [ 62 – 64 ]. 

 Transferrin (Tf), a serum non-heme iron binding glycoprotein is a very pertinent 
targeting agent for cancer therapeutics due to overexpressed Tf receptors (TfR + ) on 
malignant cells compared to normal cells because of the higher demand for faster 
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cell growth and division. We and many others have demonstrated use of Tf for tar-
geting TfR +  in cancer therapeutics and diagnostics [ 65 ]. Tf is also extensively 
reported in human clinical trials with adriamycin [ 66 ], cisplatin [ 67 ], and diphtheria 
toxin [ 68 ]. 

 An important study to demonstrate Tf mediated targeting was explored using 
0.05 % PEG-AD containing Tf formulation [ 69 ]. The formulation was compared 
against AD-PEG-particles (with 0.0 % Tf-PEG-AD) using cells K562 for gene 
delivery. Tf-PEG-AD demonstrated a fourfold increase in transfection mainly due 
to Tf mediated uptake. However, presence of excess Tf added to 0.05 % Tf-PEG-AD 
particles eliminated the transfection enhancement [ 69 ]. 

 An important characteristic of Tf ligand for targeting TfR +  is the iron-binding 
effi ciency.  Transferrin   ligand with low iron-binding effi ciency resulted in a lower 
effi ciency in binding to the TfR [ 68 ]. This was revealed from the fl ow cytometry 
study involving fl uorescein-labeled transferrin (Tf-fl uor) and holo-transferrin (holo-
 Tf, native transferrin), Tf-PEG-AD, or Tf-(PEGAD) 2 . The Tf-PEG-AD and 
Tf-(PEG-AD) 2  showed lower binding affi nities, while holo-Tf treatment showed the 
highest binding affi nity mainly due to their oxidized state. As a result, a different 
synthesis route for Tf-PEG-AD was designed to improve the binding affi nity to the 
Tf receptor. The synthesized Tf-PEG-AD nanoparticles (250 nM Tf-fl uor/75 nM 
Tf-PEG-AD nanoparticles) showed a 15 % reduction in fl uorescence compared to 
Tf-PEG-AD conjugates (250 nM Tf-fl uor/75 nM Tf-PEG-AD in conjugate form) 
revealing high binding. The difference in receptor binding was mainly due to mul-
tiple interactions between each ligand-modifi ed particle and cell surface receptors. 

 Davis et al. have also performed a novel study of small interfering RNA (siRNA) 
delivery in nonhuman primates using Tf-conjugated liposomes [ 70 ]. The effi cacy of 
these Tf-conjugated liposomes had been proven effective in metastatic mouse mod-
els of Ewing’s sarcoma, and consequently, the safety of the administration of these 
particles in nonhuman primates was the focus of this study [ 71 ,  72 ]. 

 Interestingly, Tf-conjugated liposomes co-encapsulating Dox and verapamil 
(Tf-L-DOX/VER) have been shown to effectively overcome multi-drug resistance 
[ 73 ]. Cellular uptake of Tf-L-DOX/VER was 5.2 and 2.8 times greater with cytotox-
icity (IC 50  = 4.18 μM) than non-targeted liposomes having Dox and verapamil 
(IC 50  = 21.7 μM) and Tf-conjugated liposomes loaded with Dox alone (IC 50  = 11.5 μM) 
in a chronicmyelogenous leukemia cell line (K562 cells). In addition, the difference 
in cytotoxicity between the targeted and non-targeted liposomes was diminished 
within the presence of 2 mg/mL free Tf. This exhibits the effectiveness of the Tf 
moiety for cellular uptake and cytotoxicity [ 72 ]. 

 We have recently shown that Tf conjugated multicomponent magneto-dendritic 
nanosystem (MDNS) can be effi ciently used for rapid tumor cell targeting, 
 isolation, and high-resolution imaging by a facile bioconjugation approach [ 65 ]. 
The bio-functionalized MDNS designed by combining multiple components such 
as Tf, iron oxide (Fe 3 O 4 ) nanoparticles, fourth generation (G4) dendrimers, cyanine 
5 NHS (Cy5) fl uorescent NIR dye and glutathione (GSH) was able to capture TfR 
overexpressed cancer cells from an artifi cial circulating tumor cell (CTC)-like 
 suspension (Fig.  11.7 ). The MDNS platform exhibited rapid capture (~5 min) of 
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TfR-overexpressing (TfR + ) cancer cells at clinically r elevant concentrations 
(approximately 1 CTC per 10 5  blood cells) [ 65 ].  

 Choi and his coworkers showed that Tf decorated PEGylated gold nanoparticles 
accumulations in the tumors and other organs are independent of Tf (Fig.  11.8 ) [ 74 ]. 
However, the  nanoparticle   localizations within a particular organ are infl uenced by 

  Fig. 11.7     Cellular targeting   of a bio-functionalized Magneto-Dendritic Nano System (MDNS). ( a ) 
Magnifi ed image of a cell showing localization of MDNS particles on the cell membrane after 5 min 
of incubation. ( b )  Left image  shows Tf +  MDNS particles attached to the HCT116 cells, whereas, 
hardly any Tf -  MDNS particles present on the cell surface as shown in right image. ( c ) After 60 min 
of exposure only the Tf +  MDNS were present in large numbers on the cells revealing target specifi c-
ity of MDNS interaction remains intact even after long exposure (reproduced from [ 65 ])       
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the Tf content. They also demonstrated that in tumor tissue, the content of targeting 
ligands signifi cantly infl uenced the number of nanoparticles localized within the 
cancer cells. Most nanoparticles remain in nonparenchymal cells, however, small 
amount of nanoparticles resided in hepatocytes due to higher Tf content [ 74 ].  

 Similarly, Lutenizing Hormone Releasing Hormone (LHRH) peptide- conjugated 
prodrug has shown promising results for cancer therapy [ 75 ,  8 ]. Khandare et al. 
conjugated LHRH peptide using PEG as the spacer to camptothecin (CPT), a cyto-
toxic drug [ 75 ,  8 ] (Fig.  11.9 ). The LHRH peptide-conjugated prodrug demonstrated 
higher effi cacy with minimized side effects on healthy organs. In addition, the pro-
drug system showed targeting potential for both solid tumor tissue as well as a sin-
gle tumor cell. Hence, this prodrug can effectively target tumor cells with a low 
toxicity to normal tissues [ 75 ]. Neamati and coworkers conjugated paclitaxel, an 
antimicrotubule agent commonly used in the treatment of metastatic breast cancer 
to a cyclic peptide E[c(RGDyK)] 2  (RGD). In vivo studies showed a specifi c tumor 
uptake of the RGD-paclitaxel system at 4 h post administration [ 76 ].  

 Similarly, Yoneda et al. have explored targeted delivery of paclitaxel and doxoru-
bucin by using  glucose-regulated protein   78 (GRP78) as a tumor-specifi c antigen 
[ 77 ]. GRP78 is overexpressed on many tumor cells, including skin, prostate, colon, 

  Fig. 11.8    Schematic of Tf-PEG-AuNPs. Unmodifi ed 50-nm AuNPs (I) were reacted with excess 
mPEG-SH to form PEG-AuNPs (II) as untargeted particles or fi rst were reacted with various 
amounts of Tf-PEG-SH and later excess mPEG-SH to form Tf-PEG-AuNPs (III: 2 Tf per particle; 
IV: 18 Tf per particle; V: 144 Tf per particle) (reproduced from [ 74 ])       
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and breast cancers. On the other hand, its expression on normal tissues is very 
small [ 78 ]. Pep42, a cyclic 13-meroligopeptide (CTVALPGGYVRVC), internalizes 
through the GRP78 receptor-mediated endocytosis after specifi cally binding to 
GRP78 and then traffi cked to the lysosome that contains protease cathepsin 
B. Therefore, Val-Cit motif, a cleavable linker, was used to link Pep42 to anticancer 
drugs. The Val-Cit linker is reasonably stable in the plasma, but cathepsin B in the 
cancer cells can cleave [ 79 ]. Both Pep42-paclitaxel and Pep42-Dox showed an 
enhanced toxicity in comparison to the free drug when cytotoxicity of the Pep42- 
prodrug was estimated in osteosarcoma cells, SJSA-1 [ 77 ].  

  Fig. 11.9    Schematic of  targeted multivalent anticancer prodrug  . The prodrug conjugate system 
was designed with ( a ) bis-PEG polymer as a carrier- one, two, or three copies of CPT as an anti-
cancer drug; and one, two, or three copies of LHRH peptide as a targeting agent. ( b ) α,ω-bis- 
PEG3000-CA conjugate (3) was designed by conjugation of bis(2-carboxyethyl) PEG (1) with CA 
(2). ( c ) The bis-PEG-CA conjugate (3) was conjugated with CPT (4) to obtain α,ω-bis(2- 
carboxyethyl) PEG-CA-CPT conjugates (5, 6, and 7). ( d ) α,ω-bis(2-carboxyethyl) PEG-CA-CPT- 
LHRH conjugates (d, 5a, 6a, and 7a) having one, two, and three copies of CPT (4) and LHRH (8)
were synthesized by conjugating LHRH (8) with 5, 6, and 7 (reproduced from [ 75 ])       
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11.7     Folic Acid-Drug Conjugate 

  Folic acid   (FA) is a member of the vitamin B family and is one of the most 
commonly used targeting moiety for specifi c delivery of various imaging agents, 
therapeutic agents, and nano-scaled systems to tumor cells. It is known to bind with 
a very high affi nity ( K  d  0.1–1 nM) to folate receptor (FR). Folate receptor is 
overexpressed on the surface of many malignant cells including breast, lung, 
kidney, ovarian, and endometrial cancers [ 80 ]. On the other hand, the expression of 
FR on other normal tissues is low and restricted to some epithelial cells. Folic acid 
conjugated prodrugs enter cells via receptor mediated endocytosis after binding to 
folate receptors. In addition, FA has a low immunogenicity and relatively simple 
chemistry compared to other targeting moieties such as antibody, peptide, and 
aptamer [ 80 – 82 ]. For targeting tumor cells, a range of anticancer drugs have been 
conjugated with FA. 

 To enhance the specifi city to tumor cells Dox was conjugated to FA [ 83 ]. Dox is 
an anthracyclinic drug used for a wide variety of cancers. However, poor solubility, 
extremely high toxicity and short half-life limit its therapeutic effi cacy.  D-α-
Tocopheryl polyethylene glycol succinate   (TPGS) was conjugated, to the FA modi-
fi cation, to Dox to enhance the solubility and drug permeability across cell 
membrane. The TPGS-Dox-FA prodrug exhibited enhanced half-life, high antitu-
mor effi cacy (45-fold more effective than the unmodifi ed Dox), and less accumula-
tion in the heart, which is the major organ affected by Dox’s side effects [ 83 ]. 

 Philip et al. demonstrated that FA on conjugation to campothecin, a poor water- 
soluble and highly toxic chemotherapy agent, via a hydrophilic peptide containing 
a disulfi de bond [ 81 ]. They showed increase in specifi city of the prodrug, while the 
cleavable spacer increased the solubility of campothecin and also provides an effi -
cient release of camptothecin within tumor cells via the disulfi de reduction [ 81 ].  

11.8     Conclusions 

 Polymeric prodrug conjugate systems offer a potent and versatile tool for improving 
the therapeutic potential of low-molecular-weight drugs and proteins. Although 
considerable progress has been made in the fi eld of prodrugs in clinic, prodrug sys-
tems consisting a targeting component still remains only as a perspective. There are 
numerous scientifi c challenges to overcome this goal, such as advanced biomateri-
als, molecular tunability, physicochemical strategies, immunogenicity, cell perme-
ability, and cell specifi city in clinically relevant targeted drugs. However, several 
prodrug systems having anticancer agents are currently under  clinical   trials. Towards 
this direction, in next few years many other anticancer conjugates could get regula-
tory approvals. In the future, requirement for advance drug delivery strategies such 
as targeted prodrugs will become more important since the discovery of new anti-
cancer drugs will become increasingly challenging and expensive [ 1 ].     
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12.1           Drug Delivery Challenges and Pharmacokinetics 
of Polymer–Drug Conjugates 

 A drug delivery system (DDS) is defi ned as a formulation or a device that enables 
the administration of therapeutic substances in the body and improves its effi cacy 
and safety. Over the past three decades, signifi cant advances have been made in 
drug delivery technology. Modern technological approach, such as nanotechnology 
based drug delivery system has profound impact on disease prevention, diagnosis, 
and treatment in terms of its stability, absorption, therapeutic concentration, and 
improved pharmacokinetics over native drugs [ 1 – 3 ]. In order to improve the specifi c 
delivery of drugs with a low therapeutic index, several nanosized drug carriers have 
been developed. These nanoformulation vehicles are the polymeric nanoparticles, 
amphiphilic core/shell (polymeric micelles or liposomes) or hyperbranched macro-
molecules (dendrimers, drug–polymer conjugates), etc. [ 4 – 9 ]. 

 The concepts of utilizing polymers as therapeutic agents have been widely inves-
tigated for a number of decades. In 1975, Helmut Ringsdorf proposed the concept 
of polymer therapeutics, where a polymer is covalently bound to drug molecules 
that could improve the aqueous solubility and bioavailability of the drug [ 10 ]. These 
polymer–drug conjugates offers several signifi cant advantages over traditional 
small molecule therapeutics as they can protect it from degradation, resulting in 
improved effi cacy due to increased drug circulation times, controlled release of 
drugs in terms of variations in pH, temperature, enzyme concentration, or attach-
ment of ligands for targeting to the desired site of therapeutic need [ 11 ,  12 ]. Further, 
the polymer–drug conjugates increases the reduction in the uptake by reticuloendo-
thelial system (RES) or macrophages due to stealth effect of the polymer [ 12 ]. The 
increased blood circulation time of the polymer–drug conjugate also enhances the 
therapeutic index of the drug in tumor tissues, by taking the advantages of leaky 
vasculature and impaired lymphatic drainage system known as enhanced permea-
bility and retention (EPR) effect (Fig.  12.1 ) [ 13 – 15 ].   

12.2     Important Aspects of Design of Polymer–Drug 
Conjugates 

 The basic requirements for the design of polymer–drug conjugates are based on the 
worldwide screening of the natural and synthetic polymers and its use in vivo 
screening to fi nd out a biocompatible polymer (i.e., nontoxic, nonimmunogenic, 
biodegradable, etc.). The identifi cation of the new pharmacological targets arises 
from the molecular basis of the diseases. A wide range of polymers are available 
for the delivery of macromolecular drugs [ 16 ]. These macromolecular prodrugs 
comprise a minimum of three components: (1) a natural or synthetic water soluble 
polymeric carriers; (2) a biodegradable polymer–drug linker; and (3) a bioactive 
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antitumor agent (Fig.  12.2 ). Ligands can also be attached to facilitate active targeting. 
An ideal targeting system should enable it to overcome the biological barriers that 
selectively direct it against the diseased cells [ 17 ,  18 ].  

12.2.1     The Polymer 

 The different polymers that are used for the drug conjugation includes  N -(2- 
hydroxypropyl) methacrylamide (HPMA), poly- L -glutamic acid (PG), polyethyl-
ene glycol (PEG), styrene maleic anhydride (SMA), etc. [ 19 ,  20 ]. These polymers 
also have been exploited for conjugation to various proteins and drugs. Currently 
considerable research effort is being focused on the continued development of 

  Fig. 12.1    Schematic representative of EPR-mediated tumor targeting       

  Fig. 12.2    Schematic presentation of polymer–drug conjugates in which a solubility enhancer, a 
targeting moiety, a spacer, and specifi c drugs could be attached to the same polymeric chain       
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improved drug delivery systems. Mostly the polymer–drug conjugate systems are 
designed for localization of the chemotherapeutic drugs in the targeted mainly can-
cer tissues to provide a sustained release of drug activity over weeks to months 
[ 21 ]. For this, the choice of polymers should contain the required functional group 
for the covalent linkage of the drug. Apart from that, the drug carriers for the par-
enteral administration should have the property of biodegradability, hydrophilicity, 
and the ability to carry the required payload of the drug for an effective therapeutic 
application [ 22 ].  

12.2.2     The Polymer–Drug Linker 

 In the preparation of the polymer–drug conjugates a biodegradable spacer/linker is 
inserted to ensure stability in the circulation and subsequently facilitate specifi c 
enzymatic or hydrolytic intratumoral drug release. The polymer–drug linker also 
plays an important role in keeping inactive prodrug until released from the back-
bone polymer by a disease-specifi c trigger to help in enhancing the circulatory half- 
life and biodistribution of the drug [ 23 ,  24 ]. This characteristic feature of 
disease-specifi c release from the polymer conjugate has been coined as Tissue 
Activated Drug Delivery (TADD). Theoretically, the disease specifi c trigger alters 
the biodistribution of the active agent, releasing it near the site of pathology. The 
hydrolytic or enzymatic cleavage of the linker in drug–polymer conjugate is also 
helpful in the release of the drug, for example presence of the esterases breaks the 
ester linkage of the conjugation, while amide linkage gives stability in the blood 
circulation. In some cases the systemic delivery of the drug can be achieved by 
designing sensitive linkers effective at pH 7.2. Therefore, the choosing desirable 
option of the linker will be such that it should be stable in the circulation and protect 
the drug against premature metabolism but amenable to specifi c enzymatic or 
hydrolytic cleavage intratumorally.  

12.2.3     Ligands 

 The ligands are used to increase the receptor mediated binding and internalisation 
of the therapeutic agent into the cells of target tissues. Tumor cells specifi cally over-
express particular cell surface marker as compared to normal cells, which helps in 
active targeting and increased cellular uptake. These molecular markers specifi cally 
help in active targeting and increased cellular uptake in tumor tissues. Looking at 
the specifi city of the overexpressed markers, the conjugating ligand can be anti-
body, antibody fragment, peptides, saccharides, or other small molecules. Other 
targeting moieties such as peptides, sugars, and hormones can generally be readily 
synthesized at low cost, but they typically have reduced binding affi nity and speci-
fi city as compared to antibodies and antibody fragments. Ray and coworkers 
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developed the HPMA copolymers containing cyclic Arg-Gly-Asp (RGD) peptides 
that target αvβ3 integrins expressed on angiogenic tumor cells and found that the 
HPMA copolymer–aminohexylgeldanamycin–cyclic RGD had more effi cacy via 
active targeting as compared to conjugates relying solely on “passive” targeting via 
the EPR effect [ 25 ]. Tang et al. used epitope containing HPMA copolymer–doxoru-
bicin conjugates to target the CD21+ Raji B-cells and CD21− HSB-2T-cells. The 
results showed that, epitope-HPMA copolymer–doxorubicin conjugate have more 
biorecognition activity towards the Raji cells which demonstrated enhanced cyto-
toxicity than the free doxorubicin [ 26 ].   

12.3     Polymer–Drug Conjugates as Drug Delivery Systems 

 In polymer–drug conjugates the drug is covalently attached to the polymeric back-
bone. The structure and architecture of the polymer gives scope for designing novel 
polymer–drug conjugates for drug delivery. Over the past few years, a number of 
polymer–drug conjugates have entered clinical studies (Table  12.1 ). In this regard 
potential therapeutic application of different polymer–drug conjugates are discussed 
with special emphasis on HPMA, PG and PEG (Fig.  12.3 ).

12.3.1         N -(2-Hydroxypropyl)methacrylamide (HPMA) 
Copolymers 

  N -(2-Hydroxypropyl)methacrylamide (HPMA) copolymer belongs to homopoly-
mer group. It has the characteristic features of highly water solubility, non- 
immunogenic, nontoxic, non-binding activity to blood proteins with long biological 
half-life. Thus, it can be used as macromolecular carrier for the low molecular 
weight anticancer chemotherapeutic to amplify the circulation time of the therapeu-
tic agent in blood and limit the side effects. The HPMA copolymer is generally 
synthesised by free radical polymerization using HPMA and methacrylated (MA)-
peptidyl-nitrophenylester (ONp) as co-monomers in a ratio of 95:5 % w/w. The 
synthesis of narrow molecular weight HPMA copolymer (Mw/Mn = 1.2–1.5 kDa) is 
possible by careful control of the co-monomers and reaction conditions for polym-
erization kinetics. The HPMA copolymer backbone has the disadvantage that it is 
not inherently biodegradable. So there is risk of cellular accumulation due to 
sequestration in the lysosomal compartment, however the conjugates with molecu-
lar weight of <40,000 g/mol could ensure elimination by glomerular fi ltration after 
parenteral administration. To overcome these problems the back bone of the HPMA 
copolymer can be grafted by various functionalized co-monomers, allowing control 
over the composition of these conjugate systems and reduce the immunogenicity. 
Kopecek et al. investigated the biocompatibility properties of the HPMA polymer 
by substituting the α-carbon and the presence of an amide linkage in the side chain 
to ensure hydrolytic stability [ 20 ,  27 ]. 
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12.3.1.1     HPMA Copolymer–Doxorubicin 

 Doxorubicin is an anthracycline antibiotics used in cancer chemotherapy and works 
by intercalating with DNA along, with the most adverse effect of cardiac toxicity. It 
is commonly used in the treatment of hematological malignancies, carcinoma, and 
soft tissue sarcomas. To reduce the toxicity of the doxorubicin, it conjugated with 
water soluble HPMA copolymer. Malugin and coworkers has developed HPMA- 
copolymer–doxorubicin conjugate and evaluated the mechanism of apoptosis on the 
A2780 human ovarian carcinoma cells. The HPMA copolymer–doxorubicin conju-
gate acts both by the caspase-dependent and caspase-independent pathways of DNA 
damage and illustrated the enhanced level of apoptosis as compared to free doxoru-
bicin [ 28 ]. The promising results of the in vitro study gave scope for the researchers 
to work further on the HPMA copolymer–doxorubicin conjugate. Seymour et al. 
reported that, the melanoma tumor bearing mice treated with HPMA copolymer–
doxorubicin conjugate (PK1) accumulated ~65-fold of the increased doxorubicin as 
compared to free doxorubicin [ 9 ]. Again the stability of the PK1 was increased by 
the biodegradable tetrapeptide sequence GFLG (glycylphenylalanylleucylglycine) 
linkage. The GFLG linkage was designed for cleavage by lysosomal cathepsins, and 
also helpful in intravenous administration of the drug, which minimizes cardiotox-
icity and bone marrow toxicity. Further, phase I clinical trials showed that, the effect 
of PK1 was marginal with 2 partial and 2 minor responses out of 36 chemotherapy-
refractory patients. And in phase II study with patients having breast ( n  = 17), non-
small-cell lung ( n  = 29), and colorectal ( n  = 16) cancer. Up to eight courses of PK1 

  Fig. 12.3    Chemical structures of ( a )  N -(2-hydroxypropyl) methacrylamide (HPMA) copolymers, 
( b ) poly(α, L -glutamic acid) polymers, ( c ) poly(ethylene glycol) polymers       
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(280 mg/m 2  doxorubicin-equivalent) were given by i.v. administration. Toxicities 
were tolerable, with grade 3 neutropenia more prominent in patients with breast 
cancer. Out of 14 anthracycline-naive patients with breast cancer 3 had partial 
responses. In 26 evaluated patients with non-small-cell lung cancer, 3 chemother-
apy-naive patients had partial responses. In contrast, none of the 16 evaluated 
patients with colorectal cancer responded well [ 29 ]. These results supported the 
concept that polymer–drug conjugates improved anticancer activities of the native 
drugs.  

12.3.1.2     HPMA Copolymer–Doxorubicin–Galactosamine 

 The galactosamine, a hexosamine derived from galactose is used as promising tar-
geting agent for the hepatocyte asialoglycoprotein receptor. Galactosamine was 
bound to the HPMA copolymer backbone via a Gly-( D ,  L )Phe-Leu-Gly linker, which 
provides hydrophobicity to the HPMA copolymer chain due to the increased con-
tent of relative hydrophobic side chains. Seymour and coworkers developed HPMA 
copolymer–doxorubicin conjugate with the ligand ~27 kDa, doxorubicin content of 
~5 wt% and galactosamine content of 1.5–2.5 mol%. For the distribution study they 
use I123 labelled HPMA copolymer–doxorubicin–galactosamine and used gamma 
camera imaging analogue to follow distribution. The phase I clinical trial conducted 
in 31 patients, where 23 patients have hepatocellular carcinoma showed a measur-
able partial response. Again the SPECT gamma camera imaging study indicated 
that the HPMA copolymer–doxorubicin–galactosamine concentration in liver was 
of 15–20 % of administered dose at 24 h with lower accumulation in hepatic tumor 
(3.2 %).With the progress of hepatoma the target asialoglycoprotein receptor is shed 
out. But still the doxorubicin concentration in hepatoma was 12–50 folds higher 
than that of free doxorubicin [ 30 ].  

12.3.1.3     HPMA Copolymer–Paclitaxel 

 Paclitaxel is one of the most effective anticancer agents known for the treatment of 
ovarian cancer, breast cancer, and lung cancer. For the effective delivery of the 
paclitaxel, HPMA copolymers are covalently conjugated which helps in solubiliza-
tion of the drug. In the conjugation system paclitaxel was linked through tetrapeptide 
linker to the HPMA backbone copolymer chain. Meerum Terwogt et al. carried out 
the phase I study, where HPMA copolymer–paclitaxel conjugates illustrated anti-
tumor activity in 12 patients having refractory breast cancer and skin metastases. 
The plasma pharmacokinetics was measured over 48 h which was linear with dose 
both for HPMA copolymer–paclitaxel conjugates and the native paclitaxel [ 31 ]. 
In another study, in vitro cytotoxicity study was carried using HPMA copolymer–
gemcitabine–paclitaxel conjugate in human ovarian cancer cells (A2780) where the 
polymer–combined drug conjugate demonstrated synergistic effect, as compared to 
physical mixture of single polymer–drug conjugate [ 32 ].  
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12.3.1.4     HPMA Copolymer–Camptothecin 

 Camptothecin is an important class of potent antineoplastic drug having strong 
cytotoxicity against a wide range of tumors. The topoisomerase I enzyme was the 
cellular target of camptothecin and that the lactone function is essential for the anti-
tumor activity [ 33 ,  34 ]. The lactone ring preferentially bind to the carboxylate pres-
ent in serum albumin, camptothecin becomes unstable in the biological systems. 
This problem was overcome by conjugating camptothecin to HPMA copolymer, 
which helped in the improvement of the stability of the lactone ring. The C-20 
hydroxyl group of camptothecin was attached to HPMA copolymer by ester link-
age. The biological half-life of HPMA copolymer–camptothecin was increased up 
to more than 6 days, depicting its controlled release activity from conjugate system. 
To seek evidence of tumor targeting, a pilot clinical study was conducted involving 
ten patients with localized colorectal cancer. They were given HPMA copolymer–
camptothecin before surgical removal of the primary tumor. After specifi ed time 
intervals, the plasma, tumor, and adjacent normal tissue samples were analysed for 
free and polymer-bound drug. At 24 h after dosing no signifi cant tumor targeting 
was observed. Further very negligible amount of free camptothecin levels were 
observed. However, these data’s were not consistent with the clinical gamma cam-
era imaging reported. Based on the phase I clinical results and the lack of evidence 
for tumor targeting, the clinical development of this polymer conjugate were 
abandoned.  

12.3.1.5     Other HPMA Copolymer–Drug Conjugates 

 HPMA copolymer–aminoglutethimide–doxorubicin was used for metastatic breast 
cancer. Metastatic breast cancer is incurable but often responsive to treatment. 
Patients with estrogen-receptor-positive breast cancer may benefi t more from 
endocrine- chemotherapy. Aminoglutethimide is a steroid derived from the cho-
lesterol, which acts as anti steroid drug against metastatic breast cancer. The com-
bination of the steroid with doxorubicin can be used as combinatorial 
endocrine-chemotherapy. With the use of the HPMA copolymer both the drugs 
were conjugated and can be simultaneously delivered. Vicent et al. and Greco et al. 
illustrated in vitro study of the HPMA copolymer–aminoglutethimide–doxorubicin 
conjugates illustrating enhanced cytotoxicity as compared to HPMA copolymer–
doxorubicin in MCF-7 and aromatase-transfected MCF-7Ca cell lines [ 35 – 37 ]. 
Another polymer conjugate, HPMA copolymer–aminopropyl geldanamycin was 
used for an antibiotic having anticancer property. Geldanamycin belongs to ben-
zoquinone ansamycin antibiotic having anticancer activity. It binds to heat shock 
proteins 90 [ 38 ] and GRP94 [ 39 ], inhibiting their capacity to form complexes with 
biological oncoproteins, such as p53 protein. The aminopropyl derivative of the 
geldanamycin, 17-allylamino-17-demethoxygeldanamycin was selected for phase I 

12 Polymer–Drug Conjugates for Targeted Drug Delivery



398

clinical trial. Conjugating with HPMA copolymer, it showed modifi ed mechanism 
of action and decreased nonspecifi c side effects as compared to the free geldanamy-
cin. Kasuya et al. showed the conjugation of the OV-TL16 monoclonal antibody to 
HPMA- geldanamycin have more specifi c and targeted action on the A2780 and 
OVCAR-3 human ovarian carcinoma cells [ 40 ]. Similarly, Greish et al. and Borgman 
et al. synthesised the HPMA copolymer–aminohexyl geldanamycin conjugates 
along with antibody conjugation and illustrated more antiproliferative properties 
towards prostate cancer [ 41 ,  42 ]. Angiogenesis is crucial for tumor growth. Inhibitors 
of angiogenesis are used as anticancer drugs for the cancer therapy. Folkman and 
coworkers synthesized and developed polymer conjugate such as HPMA copoly-
mer–O-(chloracetyl-carbamoyl) fumagillol to target and inhibit angiogenesis. This 
conjugate showed enhanced accumulation due to EPR effect in in vivo tumor and 
hepatectomy models [ 43 ].   

12.3.2     Poly(α, L -glutamic acid)–Drug Conjugates 

 Poly(α, L -glutamic acid) (PG) composed of  L -glutamic acid linked together through 
amide bonds. The pendent free γ-carboxyl group in each repeating unit of 
 L - glutamic acid is negatively charged at neutral pH, which makes the polymer water 
soluble. PG was found to be more susceptible to lysosomal degradation than 
poly( L -  aspartic acid) and poly( D -glutamic acid). When PG copolymers are suffi -
ciently hydrophilic, they are eliminated primarily through the renal route with lim-
ited deposition in the cells of the reticuloendothelial system. Considering these 
advantageous factors, researchers have given attention towards the development of 
different PG–drug conjugates. The Poly(α, L -glutamic acid) is non immunogenic 
and nontoxic, hence Poly(α, L -glutamic acid)–drug conjugates are more deeply 
investigated in clinical trials. 

12.3.2.1     Poly( L -glutamic acid)–Paclitaxel (PG-TXL) 

 To increase the water solubility and biodistribution, paclitaxel was conjugated with 
poly( L -glutamic acid), which demonstrated signifi cantly reduced systemic toxicity 
and remarkable antitumor effi cacy, including complete regression of well- 
established solid tumors in vivo. The antitumor and antimetastatic activities of 
PG-TXL were studied in four syngeneic murine tumors (breast MCa-4, breast 
MCa-35, hepatocarcinoma HCa-1, and sarcoma FSa-II) and all tumor models 
showed signifi cantly better antitumor activities than that of free paclitaxel. The half- 
life of the PG-TXL was also prolonged ( t  1/2  = 317 min) as compared to free pacli-
taxel ( t  1/2  = 29 min). Todd et al. carried out the clinical study of PG-TXL, which was 
detectable in the plasma of all patients having a long plasma half-life of up to 185 h 
[ 44 ,  45 ]. Based on these results, PG-TXL was subsequently studied in phase I/II 
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trials. From the clinical fi ndings, it was concluded that the PG-TXL can be delivered 
through parenteral route in lesser time than that of native paclitaxel (Taxol ® ) with 
good patient compliance.  

12.3.2.2     Poly( L -glutamic acid)–Camptothecin 

 poly( L -glutamic acid) (PG) was conjugated at the C20(S) position of camptothecin 
through ester bonds. PG-camptothecin illustrated delayed growth in H322 human 
tumor xenograft models which showed fourfold increase in survival rate, as PG pro-
tects the lactone structure in camptothecin from the rapid ring-opening process [ 46 ]. 
Another group of researchers demonstrated that, by using the glycine linker between 
camptothecin and PG, the payload of the drug was increased up to 50 % by weight. 
There was an improved antitumor effect in B16 murine melanoma tumor model [ 47 ].  

12.3.2.3    Poly( L -glutamic acid)–Anthracyclines 

 Anthracyclines (i.e., Doxorubicin, Daunorubicin) compounds are used to treat many 
cancers. The non-selective reactions with a variety of biomolecules, such as pro-
teins and phospholipids inside the body during its course of action, limits their fur-
ther clinical applications [ 48 ,  49 ]. Doxorubicin was conjugated to poly( L -glutamic 
acid) (PG) with an assumption that the conjugates can have greater selectivity and 
degrade to release Doxorubicin after they are endocytosed by tumor cells. Thus, 
Doxorubicin was conjugated to PG either directly or through oligopeptide spacers 
(Gly-Gly-Lec or Gly-Gly-Gly-Leu) via amide bonds. Anticancer activity increased 
with increasing oligopeptide length and degradation rate of the conjugate. The other 
potent drug, Daunorubicin inhibits the progression of the enzyme topoisomerase II 
by breaking the DNA chain replication and thereby stopping the process of cell 
replication. Daunorubicin have been attached to PG via hydrolytically labile ester 
bonds and hydrazone bonds. The hydrazone linkage formed by condensing the 
methylketone in Daunorubicin with hydrazide derivatized PG. It was found that the 
conjugate was active but less potent then free drug as determined by a [3H]uridine 
incorporation assay in Yac lymphoma bearing mice model [ 50 ].  

12.3.2.4    Other Poly( L -glutamic acid) Polymer–Drug Conjugates 

 Poly ( L -glutamic acid) (PG)–1-b- D -arabinofuranosylcytosine polymer conjugate 
for leukemia, therapy. 1-b- D -Arabinofuranosylcytosine (Ara-C) get conjugated 
with PG via amide bonds, where N-4 of Ara-C directly combined with the carboxyl 
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groups of PG and a conjugate in which Ara-C is linked via the aminoalkylphospho-
ryl side-chain introduced at C-5′ of Ara-C. Studies conducted in murine leukemia 
L1210 cells where the drug–polymer conjugate illustrated greater antitumor activ-
ity than that of the free Ara-C, due to the slow cleavage of free Ara-C from the 
conjugates and protection of Ara-C from deactivation by cytidine deaminase [ 51 ]. 
Poly( L -glutamic acid) (PG)–Mitomycin C conjugate was developed for leukemia 
therapy. Mitomycin isolated from  Streptomyces caespitosus  or  Streptomyces laven-
dulae , which is also used as a chemotherapeutic agent by acting as a potent DNA 
cross linker. The Mitomycin C was also conjugated to PG through its aziridine 
amine using carbodiimide. The in vitro cytotoxicity, and in vivo studies of 
PG-Mitomycin C conjugates showed higher antitumor activity as compared to 
native Mitomycin C [ 52 ].   

12.3.3     Poly(ethylene glycol)–Drug Conjugate 

 The poly (ethylene glycol) (PEG) was widely used commercial polymer approved 
by FDA. The specifi ed molecular weight PEG has been developed in large scale. 
Further, the conjugation was possible by the different structural modifi cations to 
PEG backbone. The most important feature of PEG modifi cation is that it greatly 
extends the half-life ( t  1/2 ) of most proteins or drugs, and results in increased plasma 
presence. The PEG–protein conjugates, i.e., PEG–asparaginase (Oncaspar ® ) [ 53 ], 
PEG–adenosine deaminase (Adagen ® ) [ 54 ], PEG–interferon α-2a (Pegasys ® ) [ 55 ], 
PEG–interferon α-2b (PEG-Intron ® ) [ 56 ], and PEG growth hormone receptor 
antagonist (Somavert ® ) [ 57 ] have gained importance due to the reduced uptake by 
the reticuloendothelial system (RES). Like that the PEG-drug conjugates were 
exploited to modify the pharmacodynamic and pharmacokinetic properties of the 
anticancer drugs. The multiarm-PEG is used for the pegylation of the drugs, which 
ultimately increases the drug payload per PEG molecule as well as the biodegrada-
tion of the polymers [ 58 ,  59 ]. 

12.3.3.1    PEG-camptothecin 

 As described earlier, camptothecin acts as Topoisomerase I inhibitor in cancer che-
motherapy. The PEG was conjugated with camptothecin by alaninate ester linkage 
at C-20-OH position, which favors the desired lactone ring confi guration. Prothecan ®  
(PEG40–Camptothecin conjugate) is now at phase II clinical trials. Enzon 
Pharmaceuticals, Inc. developed EZN-2208 ® , which has dendron like structure at 
the PEGs end chain and used to conjugate SN38 (active metabolite of camptothe-
cin), now has entered to phase I clinical trial [ 60 ,  61 ]. The main limitation of PEG 
as drug carrier is the presence of only two reactive groups per polymer chain, which 
led to an intrinsically low drug payload. To overcome this limitation, the 
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construction of a dendron structure at the PEGs end chain has been proposed. Enzon 
is currently developing a conjugate of SN38, an active metabolite of camptothecin, 
with a 40-kDa PEG containing, which provide good results then the Prothecan ® .  

12.3.3.2    PEG-paclitaxel 

 PEG-paclitaxel, non-ionic paclitaxel prodrug is highly water soluble (>20 mg equiv. 
paclitaxel/ml) [ 62 ]. PEG-paclitaxel conjugate has difference in antitumor activity 
related to the changes of PEG molecular size [ 63 ]. According to the results of many 
researchers, the high molecular weight PEG prodrug conjugated with PEG 
(Mw = 20,000) produce an improved therapeutic effect. Li and coworkers suggested 
that, in MCA-4 mammary tumor-bearing mice, a single dose of PEG-paclitaxel 
(40 mg equiv. paclitaxel/kg body weight) signifi cantly delayed tumor growth. In 
vivo results showed that PEG-paclitaxel inhibited the growth of B16 melanoma 
cells to an extent similar to that of paclitaxel, where the tumor growth rate was 
delayed by 0.9 days in case of PEG- paclitaxel conjugated animal as compared to 
free paclitaxel treated animals [ 64 ].  

12.3.3.3    PEG–Gemcitabine 

 Gemcitabine is generally used in lung cancer, pancreatic cancer and breast cancer. 
However, it shows good results in patients with pancreatic cancer who have success-
ful tumor resections. But the effi cacy of the gemcitabine was lowered due to short 
half-life in blood circulation and rapid metabolism. The conjugation of gemcitabine 
to PEG demonstrated increased water solubility of the drug which in turn led to 
higher biodistribution and cytotoxicity. The recent studies on the PEG–gemcitabine 
conjugate showed a marked improvement in the cytotoxicity and apoptosis- inducing 
activity in MIA PaCa 2 and PANC 1 pancreatic cancer cell lines [ 65 ].  

12.3.3.4    Other PEG Polymer–Drug Conjugates 

 Oridonin has potent antitumor activity, but it possesses rapid plasma clearance and 
high hydrophobicity. To make it substantially useful for chemotherapy it was con-
jugated with the PEG polymer. Shen et al. synthesized the PEG–oridonin conju-
gate by using the succinic acid as spacer moiety. The in vitro results illustrated 
satisfactory aqueous solubility which further increases with decreased molecular 
weight of PEG, while more signifi cant sustained-release effect was shown with 
high molecular weight PEG. In vivo pharmacokinetic studies demonstrated that the 
elimination half-life was prolonged in comparison with oridonin solution [ 66 ]. The 
other anticancer drug prednisolone, belongs to glucocorticoid class, when inhaled 
for asthma, bronchitis treatments it is absorbed to blood and decreases its residence 
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time in lungs. The limitations can be overcome by ester conjugation of predniso-
lone to PEG. Bayard et al. synthesized PEG–prednisolone conjugate and showed 
that these conjugates are stable in buffers with a hydrolysis half-lives ranging from 
1 to 70 h, depending on the pH and level of substitution. Whereas, the PEG2000 
and mPEG2000 conjugates have reduced the maximum prednisolone concentra-
tion in the perfusate (Cmax) by 3.0- and 2.2-fold, respectively. The blood retention 
time was increased to 40 min as compared to free drug, where it is 20 min. This 
study demonstrated that hydrolysable PEG drug ester conjugates can be a promis-
ing approach for optimising the pharmacokinetic profi le of small drugs delivered 
by inhalation [ 67 ].   

12.3.4     Other Polymer–Drug Conjugates 

 There are other polymers which are used in conjugation with various anticancer 
drugs to enhance its therapeutic activity. Cyclodextrin-based polymer (CDP) has 
been developed for the improved biodistribution towards tumor tissue. The compo-
nents of CDP are β-cyclodextrin and polyethylene glycol. Camptothecin is cova-
lently attached to CDP through a glycine linker, which preserves its active form and 
increases its water solubility. For example, IT-101 is a camptothecin–polymer 
conjugate. After i.v administration this cyclodextrin based polymer–camptothecin 
conjugate illustrated prolonged plasma half-life and enhanced distribution in tumor 
tissues when compared to camptothecin alone. The polymer conjugate also demon-
strated 160 fold higher accumulation of active camptothecin released as compared 
to camptothecin alone [ 68 ,  69 ]. Using mucoadhesive polymers, polymer–drug con-
jugates are designed for its absorption and prolonged residence time. Soepenberg 
et al. [ 70 ] used DE-310, DX-8951 (exatecan mesylate, a camptothecin analogue) is 
linked to carboxymethyl dextran (Mw = 340 kDa) via glycyl-glycyl-phenylalanyl- 
glycyl-peptidyl spacer. The spacer used provides sustained release activity of the 
active moiety DX-8951 within the tumor as a result of enzymatic cleavage of the 
peptide by cathepsin B and cathepsin L. Ma et al. developed a multifunctional poly-
meric carrier for co-delivery of gene and drug. A new cyclodextrin derivative con-
taining poly( L -lysine) dendrons was prepared by the click conjugation of 
per-6-azido-β-cyclodextrin with propargyl focal point poly( L -lysine) dendron. This 
conjugate formed a stable nanocomplex with plasmid DNA and exhibit high gene 
transfection effi ciency. To this methotrexate drug was loaded effi ciently with sus-
tained release activity. The cyclodextrin derivative may be used directly for the 
combinatorial delivery of nucleic acid and lipophilic anticancer drugs without a 
complicated micellization process [ 71 ]. Han and Davis, developed a mucic acid 
polymer (MAP) conjugated camptothecin (MAP-CPT) and herceptin conjugated 
MAP-CPT nanoparticles and evaluated the effi cacy in mice bearing BT-474 human 
breast tumors. The mice treated with non-targeted MAP-CPT nanoparticles showed 
signifi cant tumor growth inhibition as compared to camptothecin alone. However, 
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mice receiving antibody conjugated MAP-CPT illustrated complete tumor regres-
sion demonstrating higher effi cacy [ 72 ].   

12.4     Conclusions and Future Prospects 

 These nanosized multicomponent polymer–drug conjugates has proved potentiali-
ties by reaching market and some of them are currently in clinical studies. Their 
application in cancer treatment is a promising fi eld with growing opportunities to 
achieve effective medical treatments. However many challenges still exists, which 
could provide space for further improvement of this technology. Future generation 
of the polymer–drug conjugates will have to meet number of challenges, such as 
development of novel polymers, versatile conjugation chemistry which will allow 
site-specifi c attachment of targeting molecules and polymerization method as well 
as improved pharmacokinetic properties to allow accurate control of advance drug 
therapy. Thus, the polymer–drug conjugate approach is expected to show its greater 
therapeutic outcome in near future.   
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    Chapter 13   
 Functionalized Lipid Particulates 
in Targeted Drug Delivery 

             Mangal     S.     Nagarsenker     ,     Ankitkumar     S.     Jain    , and     Sanket     M.     Shah   

13.1              Introduction   

 Lipids have been of major interest and importance in fi eld of drug delivery systems. 
Their application in formulation science has been diverse and promising in different 
ways. The number of reports published each year on lipid based formulations and 
lipid based formulations in market establish critical role of lipids in drug delivery. 
Of considerable importance is the application of lipids in design of particulate 
systems which are amenable to surface modifi cations for improved drug/gene deliv-
ery. In the past few years, reports on different lipid based particulate systems have 
increased tremendously with major focus on liposomes and solid lipid nanoparticles 
(SLNs) [ 1 – 7 ]. Other lipid based particulate systems that are evaluated include nano-
structured lipid carriers (NLCs) [ 6 ,  8 – 11 ], emulsions [ 12 – 17 ], lipid–drug conjugates 
(LDCs) and recently reported lipid nano-particulates in the form of LeciPlex [ 18 , 
 19 ], and polymer-lipid hybrid nanoparticles (PLN) [ 20 – 22 ]. One of the various rea-
sons responsible for success of lipids in formulation of particulate systems is their 
bio-compatible and biodegradable nature [ 2 ,  19 ,  23 ]. Thus, lipid based particulate 
systems can suitably be employed for delivery through not only noninvasive routes, 
such as oral and topical, but also through parenteral routes which are very demand-
ing with reference to delivery system design. 

 Lipid particulate systems, over the years, have undergone stupendous modifi ca-
tions. Initially lipid particulate system of micron size were reported which were 
followed by lipid particulates in nanosize range. The nanosize range of particles 
made them capable of targeting tumors better, primarily because of enhanced 
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permeation and retention (EPR) effect [ 24 – 31 ]. Subsequently the use of pH and/or 
temperature sensitive lipids to suit drug release in tumor environment made them 
more pronounced tool for tumor drug delivery [ 32 ,  33 ]. Another worthwhile modi-
fi cation was to render surface of lipid nanosystems more hydrophilic using different 
agents such as polyethylene glycols (PEGs) [ 33 – 35 ], which increased the systemic 
circulation time, resulting in prolonged drug release in plasma. Another signifi cant 
achievement in lipid based particulate systems is conjugation of surface lipids to 
ligands that conferred ability to selectively target certain organs/tissue mass, and 
has been of great use in treatment of various infectious diseases and cancer in par-
ticular as depicted in Fig.  13.1  [ 3 ,  23 ,  25 ,  33 ,  36 – 45 ].  

 The chapter throws light on some key functional lipids employed in drug deliv-
ery and their fi nal fate in human body. The chapter also focuses upon various lipid 
based particulate systems, their feasibility to functionalization and consequently 
their role in drug delivery.  

13.2     Lipids as  Excipients   

 The classifi cation of lipids is very diverse. Lipids can be classifi ed on the basis of 
their HLB values; their chemical structure such as glycerides, fatty acids, and so on; 
on the basis of their fatty acid chain length; depending on the charge they possess or 
even on the basis of their uses. The lipids discussed here are the ones predominantly 
employed in pharmaceutical formulations. 

  Fig. 13.1    Representation of one of the functionalized liposomal delivery systems [ 36 ]       
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13.2.1      Phospholipid   

 Phospholipids comprise a huge family of lipids that have been instrumental in 
giving birth to a very important class of novel formulations known today, the vesic-
ular drug delivery systems, better known as liposomes. Phospholipids are biocom-
patible as they are the key component of human cell membrane [ 46 – 51 ]. They are 
known to permeate skin as well as other cell membranes very effectively owing to 
structural similarity to cell membrane components [ 52 – 54 ]. Most phospholipids 
generally consist of a diglyceride, a phosphate group and a polar head group such as 
ethanolamine or choline, attached to phosphate moiety. This imparts them, both 
hydrophilic and hydrophobic regions in same molecule enabling them to act as 
effi cient stabilizers at liquid–solid or liquid–immiscible liquid interface. 
Phospholipids have been extensively used as emulsifi ers and stabilizers for a pleth-
ora of particulate systems such as nano-emulsions, micro-emulsions, polymeric and 
lipidic nanoparticles, and so on.  

13.2.2     Liquid and Solid  Lipids   

 Lipids comprise fatty acids, their monoglycerides, diglycerides, or triglycerides 
with C-chain length of 10 and more; waxes; sterols (cholesterol); and partial glyc-
erides. Generally, short and medium chain glycerides fall in category of liquid lipids 
while long chain glycerides constitute most of solid lipids. Various solid lipids 
reported widely in recent literature reports include glyceryl behenate, glyceryl 
monostearate, glyceryl distearate, glyceryl dilaurate, glyceryl palmitostearate, cetyl 
palmitate, tristearin, tripalmitin, trimyristin, trilaurin, SOFTISAN ®  142, long chain 
fatty acids like stearic acid, palmitic acid, decanoic acid, behenic acid, to name a 
few [ 1 ,  55 – 59 ]. Lipids help in better permeation of drug with poor permeability. 
Lipids also aid in improving solubilization of drug in gastrointestinal tract (GIT) by 
increase in micellization of drug by fatty acids liberated upon lipid digestion by 
pancreatic lipase and other enzymes [ 60 – 64 ]. Lipids also offer improvement in sta-
bility of photo- or pH dependent unstable drug [ 6 ,  19 ]. Importantly, both solid as 
well as liquid lipids, are amenable to chemical modifi cations imparting target speci-
fi city to them [ 23 ]. Some of these can be directly conjugated to active drug mole-
cules to render a lipidic prodrug with better physicochemical properties which 
releases active molecule on reaching the desired site of action [ 65 – 67 ].  

13.2.3     Lipids for  Functionalization   

 Numerous reports are available on capability of functionalized lipids to improve 
drug delivery. Functionalization makes them either more target specifi c, or renders 
them a charge, or makes them capable of yielding pH/temperature-sensitive 
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nanoparticles or nanoparticles with greater plasma circulation half-life or a combi-
nation of all above mentioned attributes [ 68 – 74 ]. Attempts have been directed to 
conjugate hydrophilic molecules such as PEGs to lipids thus rendering stealth prop-
erties to the surface of nanoparticles fabricated from them. Conjugation of lipids to 
molecules possessing charge (+ve/−ve) renders them either a cationic or anionic 
charge, for instance dipalmitoyl phosphoglycerol (DPPG) imparts negative [ 75 ] and 
didodecyldimethylammonium bromide (DDAB) imparts positive charge [ 76 ] 
respectively. Various ligands based on immunoglobulins, carbohydrates, proteins, 
vitamins, and so on have been conjugated to lipids mentioned in greater detail later, 
to make them target specifi c. Another example of functionalizing lipids is of choles-
teryl hemisuccinate molecule which is cholesterol ester of hemisuccinic acid which 
upon incorporation has been reported to impart pH sensitivity to the fabricated lipo-
somes [ 77 ]. Functionalization of lipids has revolutionized the area of drug delivery, 
as elucidated, in the next sections of the chapter.   

13.3     Fate of Lipid Particulate  Systems   

 The major route of administration for a functionalized lipid based particulate 
system is the intravenous route, though a few functionalized lipid systems improve 
oral and transdermal absorption of actives. As is well known for metabolism of 
ingested lipids, and as is true for any lipid systems, whether functionalized or not, 
after oral delivery, lipids are acted upon by enzymes, especially pancreatic lipases, 
and the triglycerides are broken down to glycerol and free fatty acids or monoglyc-
erides. After absorption in GIT, these free fatty acids are again reformed to triglyc-
erides that are instrumental in formation of chylomicrons and lipoproteins. The 
lipoproteins are again responsible for utilization and excretion of cholesterol and 
also in formation of bile salts. The excess fatty acids is utilized for energy produc-
tion inside the mitochondria of cells after their uptake as they enter TCA cycle. 

 Final fate of lipids even when administered intravenously as functionalized 
nanoparticles remains the same with a few differences. The functionalized lipid 
owing to target specifi city reaches the target cells, helps in internalization of parti-
cles via receptor mediated endocytosis or carrier mediated uptake. However, once 
inside the cell, the biochemical pathway for the lipids remains the same as for lipids 
ingested by any other route, except that the targeted lipid is initially acted upon by 
enzymes to break the bond between the targeting ligand and lipid. 

 In addition to conferring targeting ability, lipid ligand employed for functional-
ization in lipid particulate system may infl uence in vivo course. It can render the 
surface of lipid nanosystems hydrophilic or charged depending on the property of 
ligand associated with lipid. This is benefi cial with respect to reduced opsonization 
and RES uptake thus resulting in slower clearance and improved circulation times. 
PEGylation of lipids signifi cantly improves circulation half-life of lipid nanosystems. 
The complex process of opsonization determines the eventual fate of the lipid 
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particulate system like its rate of clearance from the blood stream, volume distribution, 
organ distribution and its elimination from the body. PEGylation is an obligatory 
requirement to prolong circulation for delivery systems functionalized via antibod-
ies, due to their known interaction with reticuloendothelial system leading to 
faster clearance of antibody functionalized delivery system from the circulation. 
Functionalization can change the pharmacokinetic and pharmacodynamics of the 
lipid based delivery system having a negative or positive effect on the therapeutic 
effi cacy of the system [ 78 ].  

13.4     Formulation Considerations for Functionalized 
Lipid  Nanosystems   

 As in case of any formulation, the major concern for functionalized lipid nanosystem 
from point of view of formulation scientist is its ease to scalability and commercial-
ization. Till the early 1990s, there were no high hopes about the viability of nanopar-
ticulate based delivery systems in market, though the scenario started to change 
from late 1995, after introduction of Doxorubicin and Amphotericin B loaded lipo-
somes (Doxil ® , Caelyx ® ; and Ambisome ® ). Since then, various nanoparticulate systems, 
and predominantly lipid based nanosystems, have been introduced in market. 

 Today, functionalized lipid nanoparticles fi nd themselves in similar situation as 
nanoparticles did two decades ago. But their future will depend on the ease of func-
tionalization provided if those techniques can be scaled up without compromising 
the yield. 

 Tremendous efforts have been observed recently to effect functionalization of 
lipids to render delivery systems target specifi c. Ligands specifi c to receptors (tar-
gets) have been conjugated to lipids by either strong covalent bonds or weak van der 
Waal forces or hydrogen bonding. Covalent linkages generally employ esterifi ca-
tion, amidation or sulfonation reactions between lipids and the ligand. Lipids used 
possess an acid, amine, sulfate, or alcohol functional group which is accordingly 
conjugated to its counterpart functional group/s on ligands. One important consid-
eration during functionalization is that the ligand after being coupled to lipid should 
not show reduction in its affi nity for target site. The alternative method of coupling 
ligands to fabricated lipid nanosystem as reported by many scientists is incubation 
or lyophilization of ligand together with the nanosystem. In such cases, the associa-
tion of ligand to surface of lipid nanocarriers has been confi rmed by various tech-
niques, but predominantly by measurement of surface charge (zeta potential). 

 Literature also mentions use of linkers to couple ligand and lipid together. 
Linkers which are reported include pyridylditiopropionoylamino-PEG, hydrazide- 
PEG, maleimide-PEG,  p -nitrophenylcarbonyl-PEG-PE, pyridylthiopropionoyl-
amino- PEG-distearoylphosphatidylethanolamine (PDP-PEG- DSPE) to name a few 
[ 79 ,  80 ]. It is hypothesized that the linker allows the ligand to be extended from the 
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surface for better interaction with receptors; however, ligand–lipid conjugates with-
out linkers have also been observed to be equally effective in targeting [ 81 ]. 

 Once the lipid–ligand conjugate is prepared, it is then incorporated in suitable 
amounts in the formula to ensure target specifi c lipid nanosystem is designed. 
Different percentages of conjugate are used in preparation of system and based on 
further in vitro experimentation; the right combination could be selected for further 
in vivo studies. 

 The various ligands which have been coupled to lipids as reported in literature 
are mentioned in Table  13.1  [ 25 ,  33 ,  82 ]

13.5        Route of  Administration   

 The major concern with functionalized lipid particulates is toxicity. They should be 
safe at doses to be administered and for the route that they will be employed for. 
Most functionalized lipid particulates are designed to be administered by parenteral 
route (mainly intravenous delivery) in order to utilize their target specifi city. Lipid 
particulates wherein surface is rendered more hydrophilic (by association with 
PEGs or gangliosides) or cationic (use of cationic lipids) are employed for intrave-
nous delivery to improve plasma circulation time by minimizing opsonization and 
RES uptake. Positively charged lipid based delivery system are also known to 
improve oral absorption. 

 Functionalized lipid particulates have been employed for improving drug deliv-
ery through other routes including transdermal, pulmonary, vaginal, rectal, nasal, 
and ocular as reported in scientifi c literature (Table  13.2 ).

13.6        Applications in Drug  Delivery   

13.6.1      Liposomes   

 Liposomes are the most researched and preferred vesicular drug delivery system 
due to its versatility, safety, and in vivo advantage. Functionalization of liposomes 
is achieved via many techniques. The primary and the simplest technique is adsorp-
tion. In this technique, the preformed liposomal dispersion is incubated with the 
solution of targeting ligand. This approach of functionalization is not preferred as it 
is nonspecifi c and in most of the cases the rate of desorption is fast during storage 
as well as in vivo. Other technique of functionalization employs covalent link for-
mation between targeting ligand and appropriate component of liposomes. This is 
usually achieved via chemical attachment of long carbon chain to functional groups 
like hydroxyl, carboxyl present on the targeting ligand. An important consideration 
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for chemical modifi cation is that the groups chosen for chemical modifi cation do 
not alter the receptor ligand interaction signifi cantly. Another technique for func-
tionalization involves chemical modifi cation of preformed liposomes. In this tech-
nique, the preformed liposomes are incubated with linkers that covalently bind to 
the phospholipid head groups present on the surface of liposomes. These linker 
tagged liposomes after separation are treated with a solution of targeting ligand 
wherein the free end of the linker covalently attaches itself to the functional group 
present on targeting ligand, imparting targeting ability to liposomes. 

 Vodovozova et al. showed improvement in effi cacy of a synthetic drug octadecy-
lmerphalan after its incorporation in a liposomal delivery system functionalized by 
use of lectin specifi c carbohydrate ligand Sialyl Lewis X using its 3-aminopropyl 
glycoside derivative [ 65 ]. In vivo results confi rmed superior therapeutic effi cacy of 
Lectin functionalized liposomes as compared to liposomes devoid of it. Tsuruta 
et al. successfully loaded doxorubicin in an actively targeted liposomal delivery 
system using Sialyl Lewis X for preventing stenosis after angioplasty [ 100 ]. Study 
established superior activity of doxorubicin liposomes functionalized with Sialyl 
Lewis X as rats treated with functionalized liposomes had larger lumen area as 
compared to those treated with Doxorubicin liposomes. Kawakami et al. investi-
gated the effect of glycosylation using galactose, mannose, and fucose on the clear-
ance of liposomes. They concluded that galactose coated liposomes were taken up 
by the asialoglycoprotein receptor of the parenchymal cells of liver, mannose coated 

   Table 13.2    Different routes of administration for functionalized lipid based nanoparticles   

 Type 
 Reported route/possible route 
of administration 

  Liposomes  
 Stealth, galactosylated, mannosylated 
immunoliposomes, arabinogalactan associated 
liposomes, haloperidol anchored liposomes, 
folate conjugated liposomes 

 For improved intravenous and 
pulmonary delivery 

  Solid lipid nanoparticles  
 Biotinylated  Improved delivery through oral 

and ocular epithelium 
 Galactosylated  Targeting via intravenous route 
  Nanostructured lipid carriers  
 Squalene associated NLCs  Application to skin to achieve better 

percutaneous absorption 
 Transferrin associated NLCs  Targeting via intravenous delivery 
 Cholesterol rich NLCs  Intravenous delivery to target brain 
  Lipid drug conjugates   Oral/Parenteral route 
  Nano- and micro-emulsions   Oral/Intravenous route 
  Mucoadhesive nano-emulsions   Intranasal delivery for brain targeting 
  LeciPlex, Invasomes, Ethosomes, Transfersomes   Mainly evaluated for topical delivery 
  Polymer–lipid hybrid nanoparticles   For intravenous delivery 
 e.g., Lecithmer, Lipomer 
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liposomes were taken up by the mannose receptor on the non-parenchymal cells of 
the liver and fucose coated liposomes were taken up by the fucose receptor on the 
non-parenchymal cells of the liver. A higher molar concentration of galactose coated 
liposomes were also taken up by the non-parenchymal cells of the liver [ 91 ]. Shah 
et al. successfully fabricated actively targeted liposomal delivery system using 
asialoglycoprotein receptor specifi c arabinogalactan as the targeting ligand using 
covalent link to lipid component [ 36 ]. For further reading on use of carbohydrate 
mediated liposomal targeting, readers are referred to an excellent review by Malcolm 
N. Jones [ 101 ]. 

 Wolff and Gregoriadis successfully fabricated monoclonal anti-Thy1IgG1 coated 
immunoliposomes for targeting to AKR-A cells [ 90 ]. Debs et al. successfully fabri-
cated anti-Thy 1.1 monoclonal antibody MRCOX7 conjugated liposomes which 
demonstrated enhanced uptake in lymph nodes that express high levels of target 
antigen [ 84 ]. Koning et al. showed high intracellular delivery of cytotoxic agent by 
developing immunoliposomes using monoclonal antibody against rat colon carci-
noma containing 5-fl uorodeoxyuridine as the cytotoxic agent [ 86 ]. Suzuki et al. 
developed long circulating immunoliposome containing doxorubicin using murine 
monoclonal antibody HBJ127 that recognizes a peptide epitope of gp125 which is 
expressed on almost all human cancer cells [ 88 ,  89 ]. Mercadal et al. fabricated 
My-10 monoclonal antibody coated immunoliposome against CD34 antigen using 
carboxyfl uorescein as marker compound [ 102 ]. Yang et al. formulated PEGylated 
immunoliposome loaded with paclitaxel using Herceptin as targeting ligand for cells 
overexpressing human epidermal growth factor receptor 2 [ 103 ]. Lukyanov et al. 
modifi ed commercially available doxorubicin loaded long circulating liposomes 
Doxil ®  with monoclonal nucleosome specifi c 2C5 antibody that identifi es tumors via 
surface bound nucleosomes [ 85 ,  87 ]. Biswas et al. reported enhanced suppression of 
tumor in vivo by surface functionalization of doxorubicin loaded long circulating 
liposome Doxil ®  using a cell penetrating peptide Octa-arginine [ 97 ]. 

 Kitagawa and Kasamaki improved the intradermal delivery of retinoic acid using 
positively charged liposomes functionalized with 1,2-dioleoyl-3- trimethylammonium 
propane as cationic surfactant [ 104 ]. Knudsen et al. demonstrated improved deliv-
ery of calcipotriol by formulating and altering the fl uid state of liposomes composed 
of dipalmitoyl phosphocholine and dilauroyl phosphocholine [ 105 ]. Geusens et al. 
developed ultradeformable cationic liposomes composed of cationic lipid 1,2-dio-
leoyl-3-trimethylammonium propane and the edge activator sodium cholate for 
delivery if siRNA into human primary melanocytes [ 106 ].  

13.6.2     Solid Lipid Nanoparticles (SLNs) and Nanostructured 
Lipid Carriers (NLCs)    

 SLNs and NLCs have been reported to a good extent for functionalization and tar-
geting. Modifi cations are reported either by functionalizing the lipid that is employed 
for SLN/NLC preparation or the surfactant that is employed in its colloidal 
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stabilization. Xu et al. designed hepatoma targeted SLN for effective delivery of 
docetaxel wherein galactosylated-DOPE was utilized for site-specifi c delivery [ 23 ]. 
The authors report the potential of galactosylated SLNs in effective treatment of 
locally advanced as well as metastatic hepatocellular carcinoma. In comparison to 
non galactosylated SLNs, galactosylated-SLNs demonstrated no signifi cant differ-
ence in mean particle size, zeta potential, drug loading, and entrapment effi ciency. 
However, remarkable difference was noted in in vitro cytotoxicity and bio- 
distribution of docetaxel when loaded in targeted SLN as compared to normal 
SLN. Galactosylated SLNs were superior to nongalactosylated SLN as well as mar-
keted Taxotere formulation for improved delivery of Docetaxel. 

 Alukda et al. fabricated functionalized SLNs with coats of PLL (polylysine) and 
heparin, as a delivery template, loaded with vaginal microbicide (tenofovir) for pre-
vention of HIV transmission [ 39 ]. The authors reported improved therapeutic effi -
cacy of functionalized SLN as compared to nonfunctionalized SLN with no 
cytotoxicity to vaginal epithelium. 

 Yet another interesting example is of Kashanian et al. who functionalized SLN 
with  N -glutaryl phosphatidylethanolamine and employed in the design of SLN to 
render the SLN pH sensitive, for enhancement in drug release in acidic pH of tumor 
[ 40 ]. When studied under different pH conditions, pH sensitive SLNs exhibited 
higher in vitro drug release at acidic pH. 

 NLCs were designed as a modifi cation of SLN to improve their drug loading 
capacity, improve their colloidal stability, and decrease drug leakage during shelf 
life of product. They comprise both liquid and solid lipids unlike their SLN coun-
terparts that make them comparatively more versatile as a drug delivery vehicle. 
NLCs have also been reported to be amenable to functionalization. Yang et al. pre-
pared hyaluronic acid coated NLCs for targeted delivery of Paclitaxel to CD44 
overexpressed on tumor cells. The study reports that functionalized NLCs were 
superior to Taxol in vitro as well as in vivo. Earlier Chen et al. had also published 
their work for targeted delivery of Paclitaxel. They conjugated Stearyl-2-amino-2-
deoxyglucose (2-DG), a glucosamine derivative serving as a broad tumor targeting 
ligand, to glyceryl monostearate and oleic acid NLCs, for improved delivery of 
Paclitaxel to tumor cells. 

 Folate and transferrin have also been anchored to lipid nanoparticles for estab-
lishing tumor specifi c delivery of etoposide [ 94 ]. As mentioned earlier, choice of 
excipients can also render delivery system like SLN/NLCs target specifi c. Goppert 
and Muller discovered that SLN stabilized by Tween 80 adsorbs such plasma pro-
teins as may be required for effi cient targeting to brain, whereas Poloxamer 188 
stabilized SLN adsorb proteins which imparted ability to prolong plasma circulation 
time [ 107 ]. Several reports have been published about binding of Tween 80 to apo-
lipoproteins in plasma and thus capable of targeting and traversing blood–brain bar-
rier. Incorporation of such functional surfactants confers target specifi city to delivery 
system. Similarly, Rezazadeh and coworkers designed tumor targeted NLCs com-
posed of cholesterol, known for targeting LDL receptors overexpressed on tumor 
cells [ 108 ,  109 ].  
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13.6.3     Nano- and Micro- emulsions   

 Not many reports are available with respect to functionalization of emulsions 
involving chemical reactions. However, use of specifi c surfactants possessing 
charge, negative or positive, in fabrication of charged nanoglobules of emulsions 
has been examined for improving bioavailability of actives as well as in gene 
delivery.  

13.6.4     Miscellaneous Functionalized Lipid Based  Systems   

 PLNs are a class of lipid nanocarriers that have surfaced up about a decade ago and 
have demonstrated capabilities to functionalization. PLN was viewed as an attempt 
to combine advantages and avoid disadvantages of polymeric nanoparticles and 
liposomes. Though dependent on method of preparation, general PLN description 
mentions presence of a polymer core coated with lecithin (or other lipid) which in 
turn can be conjugated/anchored to a ligand. Liu Y. et al. demonstrated that PLN 
composed of PLGA as polymer and mix of lipids, including PEGylated as well as 
folate conjugated PEGylated phospholipid [ 110 ]. The folate and PEG functional-
ized PLN when loaded with Docetaxel released ~18 % which was at surface of tar-
geted PLN within fi rst 12 h as would be required to exert immediate action on 
cancer cells. Thereafter, however, release was considerably slow, with only ~60 % 
Docetaxel released at the end of 72 h and sustained release continued for 168 h. The 
in vitro release study results correlated well with results of in vitro cytotoxicity 
study as well as cell uptake study, demonstrating ability of functionalized PLN to 
improve drug uptake possibly due to receptor mediated endocytosis. 

 Selection of polymer also in its own way contributes to functionalization of 
PLNs. Wu and coworkers demonstrated that use of soybean oil based anionic poly-
mer provided adequate loading of cationic drugs such as Doxorubicin HCl due to 
ionic complexation in PLN in comparison to their SLN counterparts which lack in 
polymer content [ 22 ]. 

 However, one of the interesting studies on PLN was reported by Clawson et al. 
who reported fabrication of PLN with pH triggered erosion of PEG shell covering 
PLN coat. The group designed PLN system for effective treatment of cancer with 
ability to erode the coat of PEG in response to low pH at tumor site. The targeting 
lipid (succinate ester based PEGylated lipid) used in design of PLN was synthesized 
by reacting 1,2-dipalmitoyl- sn -glycero-3-phospho(ethylene glycol) with methoxy 
polyethylene glycol. At neutral pH (physiological pH), the PEG surface coat will be 
more stable to hydrolysis whereas, in acidic tumor environment, due to erosion of 
PEG coat, the system will destabilize and show better fusion with cells at tumor site. 
However, it was worth noting that more the amount of synthesized functional lipid 
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used in fabricating the PLN system, more stable was the developed PLN system to 
aggregation and destabilization, possibly due to greater number of ester bonds 
which need to be hydrolysed. Thus, PLN with 15 mol% functional lipid were not 
stable at pH below 6.0, with 20 mol %, stability was lost at pH 5.0, with 30 mol %, 
particles retained stability until pH dropped to 4.0, with 40 mol %, PLN do not 
destabilize until pH drops to 3.0 and with 50 mol %, PLN system was stable over 
entire pH ranges evaluated (pH 7.4–3.0). 

 A great emphasis has been placed on lipid based nanosystems which are ame-
nable to surface functionalization that aids in rendering them target/site specifi c. 
However, several novel lipid based nanosystems can be considered functionally dis-
tinct from the others owing to their potential in improving delivery of actives. These 
include various deformable/fl exible vesicular systems like LeciPlex, transfersomes, 
invasomes, and ethosomes. Though all of these are vesicular in nature, the systems 
do possess notable differences imparting them certain specifi c characteristics. 

 LeciPlex is a novel vesicular system that combines advantages of cationic 
nanoparticles with those of vesicular systems (Fig.  13.2 ). The distinct advantage of 
LeciPlex system is ease of formulation and its amenability to scale-up. It employs 
a single step fabrication involving addition of aqueous phase to solution of phos-
pholipid and cationic agent in a biocompatible solvent leading to formation of 
vesicular system under simple agitation [ 18 ,  19 ]. LeciPlex are cationic vesicles, and 

  Fig. 13.2    CryoTEM images of LeciPlex system comprising cetyl trimethyl ammonium bromide 
( a ) and didodecyl dimethyl ammonium bromide ( b ) as charged lipids. These are multivesicular 
( black arrow ) multilamellar ( white arrow ) vesicles having a unique structure. They are unlike the 
classical multilamellar vesicles as each lamella is well differentiated giving an appearance of 
concentric rings       
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therefore capable of loading both hydrophilic as well as lipophilic drugs, and their 
cationic nature confers better colloidal stability to the system. Besides, the cationic 
charge allows them capability to target cancer cells overexpressing negatively 
charged molecules at their surface [ 111 ]. Also, the agents that impart positive 
charge to the vesicles possess selective cytotoxicity to various cancer cell lines. 
This makes LeciPlex a useful addition to drug delivery systems for cancer treat-
ment. LeciPlex has been implicated in improving oral bioavailability of actives with 
different polarities, such as Repaglinide and Quercetin. We have established the 
utility of LeciPlex in condensing DNA for gene delivery. Besides oral delivery, 
LeciPlex holds a lot of potential for effective topical delivery, the experimentation 
for which are under way.  

 Deformable liposomes, ultradeformable liposomes, ethosomes, and invasomes 
are all, another important sect of functionalized vesicular carriers that have been 
mainly explored for dermal/transdermal delivery. Transferosomes consist of fl exi-
ble bilayers and are the fi rst generation of elastic liposomes [ 112 ,  113 ]. These are 
reported to enhance skin permeation of loaded actives through intact skin under 
infl uence of transdermal hydration and osmotic gradients, when applied under 
non- occluded conditions [ 113 ,  114 ]. The innovative addition in engineering 
Transferosomes as a different vesicular carrier than conventional liposomes has 
been addition of an edge activator. The edge activator is a molecule that provides 
desired fl exibility and deformability to the lipid bilayers to improve its skin perme-
ation wherein the vesicle is able to move into skin layers in intact form, thus 
improving fl ux of loaded actives [ 115 ]. Examples of edge activators include mole-
cules such as sodium cholate, Span 80, Tween 80, and dipotassium glycyrrhizinate 
[ 116 – 118 ]. The second generation of deformable liposomes, named as proultrafl ex-
ible liposomes, was reported by Jain et al., following the proliposomal approach 
known to enhance stability of vesicles. The formulation demonstrated better perme-
ation of loaded active, levonorgestrel and better stability than proliposomal formu-
lation [ 119 ]. Numerous reports are available that enlighten ability of deformable 
liposomes or their likes, such as ultradeformable liposomes or cationic ultradeform-
able liposome employing a cationic lipid [ 120 ] to improve not only skin permeation 
of actives, such as diclofenac, bleomycin [ 121 ], diclofenac [ 112 ], 5-FU [ 122 ], but 
also delivery of vaccines and genetic material like siRNA [ 106 ,  123 ]. 

 Ethosomes, comprising phospholipids, a high ethanol content and water, are 
another specialized vesicular systems that are able to permeate into deeper layers 
of skin, as has been reported by few confocal laser scanning microscopy studies, 
due to their high malleability have improved systemic delivery of few actives. 
Ethosomes have reportedly improved skin permeation of various loaded agents 
including ketotifen, 5-aminolevulinic acid, and rhodamine red, to name a few 
[ 113 ,  124 – 129 ]. 

 Yet another interesting vesicular carrier class comprises invasomes reported by 
Fahr A. et al. which in addition to phospholipids consists of mixture of terpenes that 
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act as permeation enhancers. The group reported fabrication of phospholipid based 
invasomes comprising 3.3 % ethanol and 1 % mixture of terpenes with size less than 
150 nm, signifi cantly improved Temoporfi n deposition in stratum corneum as com-
pared to conventional liposomes [ 130 ].   

13.7     Marketed/Potential Lipid  Particulates   

 There are many lipid particulates which have either entered clinical trials or have 
been successfully launched commercially [ 131 ]. In case of liposomal products, cur-
rently, there are 53 under therapeutic investigation and 8 liposomal products avail-
able commercially, most in comparison to any other lipid based system. There are 
19 and 9 emulsion based products being available for therapeutic investigation and 
commercial use, respectively [ 132 ]. Table  13.3  mentions list of few of such func-
tionalized lipid nanoparticulates which are successful or have promise to reach the 
market.

13.8        Summary and  Conclusion   

 Functionalization of lipid particulates make them more promising for their intended 
use, such as enhanced permeation, increased target specifi city, improved lipophilic-
ity, and so on. A number of reports have been available recently on importance of 
functionalization of lipid nanosystems, as described earlier in the chapter. Task of 
functionalizing particulates renders excellent opportunity for formulation scientists 
and chemists to work together and lay foundation of successful novel drug delivery 
systems. Functionalized lipid nanoparticulates are expected to face the same chal-
lenge that was faced by lipid nanoparticulates a few years back with respect to their 
commercial feasibility. The efforts of multiple formulation scientists made the lipid 
based nanosystems a commercial success and it can be expected that functionalized 
lipid nanoparticles also reach market in increasing number and probability in near 
future.     
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    Chapter 14   
 Nanoemulsion in Drug Targeting 

             Sushama     Talegaonkar      and     Lalit     Mohan     Negi   

14.1             Introduction 

 Nanoemulsions are non-equilibrium emulsions with a signifi cantly small droplet 
size in the range of 20–200 nm    [ 1 ]. Nanoemulsions are transparent or translucent 
systems (with blue hue) kinetically stable in contrast to the thermodynamically 
stable microemulsions. Nanoemulsions cannot be formed spontaneously and there-
fore requires energy input. The emulsions prepared by methods such as phase inver-
sion temperature/composition and self-emulsifying, although having an extremely 
small droplet size (in nano-metric range), should not be considered as nanoemul-
sions, owing to the effect of the method of preparation on the droplet size, stability, 
and other emulsion properties [ 2 ]. Furthermore, these two systems are basically 
different in terms of thermodynamic stability. They remarkably differ in their behav-
ior towards dilution and/or temperature fl uctuations, i.e., the morphology and size 
of microemulsions are strongly affected and even destroyed by temperature changes 
and/or dilutions, whereas nanoemulsion droplets will remain notably stable in such 
conditions of stress [ 2 ]. Nanoemulsions and microemulsions are conceptually dif-
ferent and we are using the term nanoemulsion to the nanosize range emulsion 
throughout this chapter to avoid the confusion. 

 Nanoemulsions have been intensively exploited for their wide range of applica-
tions in drug delivery and pharmaceutics. Their versatile characteristics including 
enhanced drug loading capabilities, protection to the drug payload in the biological 
environment, increased oral bioavailability and sustain drug release makes them the 
suitable candidate in variety of formulation requirements. The commercial success 
of nanoemulsions is evident by the presence of several marketed formulations and 
patents for drugs of different pharmacological categories Table  14.1 .
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   Table 14.1    Commercial impact of nanoemulsions [ 3 ,  4 ]   

 Nanoemulsion based marketed formulations 

 Therapeutic agent  Indication  Marketed brand  Manufacturer 

 Dexamethasone  Steroid  Limethason  Mitsubishi 
Pharmaceuticals 

 Propofol  Anesthetic  Diprivan  Astra Zeneca 
 Palmitate alprostadil  Vasodilator platelet 

inhibitor 
 Liple  Mitsubishi 

Pharmaceuticals 
 Flurbiprofen axetil  NSAID  Ropion  Kaken Pharmaceuticals 
 Vitamin A, D, E, K  Parenteral nutrition  Vitalipid  Fresenius Kabi, Europe 
  Commercial patents on nanoemulsion formulations  
  Company    Patent number    Patent title  
 L’Oreal (Paris, FR)  US Patent number: 

5,753,241 
 Transparent nanoemulsion less than 
100 nm based on fl uid non-ionic 
amphiphilic lipids and use in cosmetics or 
in dermo pharmaceuticals 

 US Patent number: 
6,689,371 

 Nanoemulsions based on sugar fatty ethers 
and its uses in cosmetics, dermatological, 
and/ophthalmological fi elds 

 Patent number: 
6,464,990 

 Nanoemulsion based on ethylene oxide 
and propylene oxide block copolymers and 
its use in cosmetics, dermatological and 
ophthalmological fi elds 

 Patent number: 
6,541,018 

 Nanoemulsion based on glycerol fatty 
esters and its uses in cosmetics, 
dermatological, and ophthalmological 
fi elds 

 Patent number: 
6,335,022 

 Nanoemulsions based on oxyethylenated 
or non-oxyethylenated sorbitan fatty esters 
and its uses in cosmetics, dermatological, 
and ophthalmological fi elds 

 Patent number: 
6,274,150 

 Nanoemulsions based on phosphoric acid 
fatty acid esters and its uses in cosmetics, 
dermatological, and ophthalmological fi elds 

 NanoBio 
Corporation US 

 Patent number: 
6,559.189 and 
6,635,676 

 Nontoxic antimicrobial compositions and 
methods of use 

 Patent number: 
6,506,803 

 Method of preventing and treating 
microbial infections 

 ASAT AG 
Applied Science 
and Technology 
(Zug, CH) 

 PCT/EP99/08711  Nanoemulsion of 5-aminolevulinic acid 

   For a drug to exert its desired pharmacological effect, it should come in contact 
with the desired receptor or cell organelle. However, most of the drugs from conven-
tional immediate as well as controlled release formulations biodistribute throughout 
the body before reaching the actual site of action. Such an ambiguous distribution 
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of the drugs warrants a lot of side effects and lack of specifi city. Nano drug delivery 
systems can provide a suitable answer to these problems by precise and specifi c 
drug targeting to the site of action [ 5 ,  6 ]. Since, nanoemulsions are the nanosized 
particles with marked potential in drug delivery, they can provide better opportunity 
to target drug effi ciently. The surface structure as well as lipophilic characteristics 
of the nanoemulsion formulations can be effectively exploited to achieve local as 
well as systemic targeting of the drug molecules. This topic provides the basic struc-
ture, formulation of nanoemulsion systems, and current status of nanoemulsions in 
targeted drug delivery systems by using different approaches.  

14.2     Structure of Nanoemulsion 

 Structurally, nanoemulsions are generally divided into oil-in-water (o/w), water-in- 
oil (w/o), and bicontinuous nanoemulsions. In w/o nanoemulsion, water droplets 
are dispersed in the continuous oil phase, whereas o/w nanoemulsion is formed 
when oil droplets are dispersed in the continuous aqueous phase. In systems where 
the amounts of water and oil are similar, a bicontinuous nanoemulsion may result. 
In all three types of nanoemulsions, the interface is stabilized by an appropriate 
combination of surfactants and/or cosurfactants. These structures are infl uenced 
both by the water to oil ratio and by the “preferred curvature” of the surfactant, 
which results from the interactions of the surfactant layer with the oil and water 
phases [ 7 ]. 

14.2.1     Formulation Components 

 A wide variety of natural and synthetic ingredients have been employed in nano-
emulsion formulations. The lack of all-inclusive, non-empirical approach to nano-
emulsion formulation to date is a refl ection of the chemical and physicochemical 
diversity of the components [ 8 ]. A large number of oils and surfactants are available 
and can be used as components of nanoemulsion systems, but their use is limited 
due to toxicity, irritation potential, and unclear mechanism of action. One must 
choose materials that are biocompatible, non-toxic, clinically acceptable, and acts 
as an emulsifi ers in an appropriate concentration range resulting into mild and non- 
aggressive nanoemulsion formulation [ 8 ]. The emphasis is, therefore given on the 
use of generally regarded as safe (GRAS) excipients. 

14.2.1.1     Oil 

    Oils represent one of the most important excipients in the nanoemulsion formula-
tion. The criterion standard for selecting the oil phase is that the drug should have 
high solubility in it (Table  14.2 ). High solubility of the drug in the oil phase will 
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minimize the volume of the formulation to deliver the therapeutic dose of the drug. 
Lipophilic drugs have high solubility in the oil phase and hence formulated into o/w 
nanoemulsions [ 9 ]. Edible oils could offer more logical choice for the preparation 
of nanoemulsions, but they usually suffer with the issue of low solubility of the drug 
substances. Modifi ed or hydrolyzed vegetable oils are distinctively used for this 
purpose as they lead to the good emulsifi cation system with a large number of sur-
factants approved for oral administration and exhibit better drug solubility proper-
ties [ 9 ]. Novel semisynthetic medium chain derivatives which can be defi ned as 
amphiphilic compounds with surfactant properties, are progressively and effectively 
replacing the regular medium chain triglyceride oils [ 10 ,  11 ]. Selection of oil phase 
is a rational balance between its ability to solubilize the drugs and its capability to 
develop a nanoemulsion of desired characteristics. Mixture of oils can also be used 
to meet both of these requirements [ 12 ]. Long chains as well as medium chain 
triglyceride oils with different degrees of saturation have been used in the devel-
opment of self-nanoemulsion formulations. Triglycerides are highly lipophilic 
and their solvent capacity for drugs is commonly a function of the effective 

    Table 14.2    Commonly used nanoemulsion components   

  Oils  
 Vegetable oils  Partial glycerides  Polyoxylglycerides  Polyalcohol esters 
 Soybean oil  Glyceryl 

monocaprylocaprate 
 Oleyl 
polyoxylglycerides 

 Propylene glycol 
monocaprylate 

 Castor oil  Glyceryl monostearate  Linoleyl 
polyoxylglycerides 

 Propylene glycol 
monolaurate 

 Cottonseed oil  Glyceryl distearate  Caprylocaproyl 
polyoxylglycerides 

 PEG-8 stearate 

 Palm oil  Glyceryl monooleate  Lauroyl 
polyoxylglycerides 

 Propylene glycol 
dicaprylic ester 

 Coconut oil  Glyceryl monolinoleate  Stearoyl 
polyoxylglycerides 

  Surfactants  
 Anionic  Prominent alkyl sulfates, sodium lauryl sulfate, sodium myreth sulfate, 

dioctyl sodium sulfosuccinate, perfl uorobutanesulfonate, 
perfl uorononanoate, perfl uorooctanoate 

 Cationic  Octenidine dihydrochloride, cetyl trimethylammonium bromide, 
cetylpyridinium chloride, benzethonium chloride, benzalkonium chloride, 
dioctadecyldimethylammonium bromide 

 Zwitterionic  Phospholipids, cocamidopropyl hydroxysultaine, (3-[(3-cholamidopropyl)
dimethylammonio]-1-propanesulfonate), cocamidopropyl betaine 

 Non-ionic  Polyethoxylated tallow amine, poloxamers, polyoxyethylene glycol alkyl 
ethers, polyoxypropylene glycol alkyl ethers, polyoxyethylene glycol 
octylphenol ethers, glyceryl laurate, polyoxyethylene glycol sorbitan alkyl 
esters, sorbitan alkyl esters 

  Cosurfactants  
 Sorbitan monooleate, sorbitan monostearate, propylene glycol, propylene glycol 
monocaprylate (Capryol 90), 2-(2-ethoxyethoxy) ethanol (Transcutol), short chain alcohols, 
e.g., ethanol, propanol, butanol 

S. Talegaonkar and L.M. Negi



437

concentration of ester groups, thus on weight basis medium chain triglycerides have 
higher solvent capacity and resistance to oxidation compare to long chain triglycer-
ides [ 13 ]. Other suitable oil phases are modifi ed vegetable oils, digestible or non-
digestible oils and fats such as soybean oil, hydrogenated soybean oil, olive oil, 
palm oil, oleic acid, sesame oil, peanut oil, and beeswax [ 13 ].

14.2.1.2        Surfactants 

 The surfactants constitute the essential part of the nanoemulsions and they reduce 
the interfacial tension between two liquids, i.e., lipid and aqueous phases [ 14 ]. They 
should also provide a fl exible fi lm that can readily deform around droplets and be of 
the appropriate lipophilic character to provide the correct curvature at the interfacial 
region for the desired nanoemulsion type, i.e., for o/w, w/o, or bicontinuous [ 15 ]. 

 Depending on the nature of the polar group, surfactants can be categorized into 
four different groups: cationic, anionic, zwitterionic, and non-ionic. Cationic sur-
factants bear positive charge on their polar head group while anionic surfactants 
have a negative charge on their polar head group [ 16 ]. Zwitterionic surfactants have 
the ability to have both positive and negative charges, depending on the milieu in 
which they are placed. Non-ionic surfactants have no charge on their head group. 
Some of the commonly used surfactants are shown in the Table  14.2 . 

 Combination of anionic or cationic surfactants of high HLB with a cosurfactant 
of lower HLB, a doubled chained surfactant of the appropriate molecular composi-
tion or a single chained nonionic surfactant of the polyethylene glycol alkyl ether 
type at appropriate temperature are generally used for the formulation of nanoemul-
sion and are effective in increasing the extent of nanoemulsion region. Employing 
surfactants from native origin such as phospholipids, the natural bio-friendly mol-
ecules, or alkyl polyglycosides seems to generate mild and nonaggressive nano-
emulsion systems [ 8 ,  17 ]. Besides, polymeric surfactants such as poloxamers appear 
to be useful as well. Phospholipids are notable example of zwitterionic surfactants 
and exhibit excellent biocompatibility. The mixture of two surfactants which have 
the same alkyl chain length but a quite opposite solubilizing ability toward oil and 
water may enhance the mutual solubilization of oil and water. 

 Attempts have been made to rationalize surfactant behavior in terms of the 
hydrophilic–lipophilic balance (HLB), as well as the critical packing parameter 
(CPP). The HLB takes into account the relative contribution of hydrophilic and 
hydrophobic fragments of the surfactant molecule. It is generally accepted that low 
HLB (3–6) surfactants are favored for the formation of w/o nanoemulsions whereas 
surfactants with high HLB (8–18) are preferred for the formation of o/w 
 nanoemulsion systems. Ionic surfactants such as sodium dodecyl sulphate that have 
HLB greater than 20, often require the presence of a cosurfactant to reduce their 
effective HLB to a value within the range required for nanoemulsion formation. 
Approximations of HLB for those surfactants not described by Griffi n can be made 
either from the characterization of their water dispersibility or from an experimental 
estimation of their HLBs [ 18 ]. 
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 In contrast, the CPP relates to the ability of surfactants to form particular aggre-
gates to the geometry of the molecule itself [ 15 ,  19 ]. The CPP can be calculated 
using the following equation:

  CPP lc= ×u / a    

   υ  = partial molar volume of the hydrophobic portion of surfactant. 
  a  = optimal head group area. 
 lc = length of surfactant tail (critical length of the hydrophobic chain) generally 

assumed to be 70–80 % of its full extended length [ 15 ]. 
 The CPP is the measure of the preferred geometry adopted by the surfactant and 

consequently is predictive of the type of aggregate that is likely to form. If CPP is 
equal to 1/3, it represents globular structure of surfactant. If it is equal to 1/2 then it 
represents cylindrical structure of surfactant and a value of 1 represents planer 
structure. Changes in nanoemulsion composition will modify the microenvironment 
of the surfactant, which will lead to changes in the apparent CPP of the surfactant. 
For example in a nanoemulsion system, penetration of small oil molecules between 
the hydrocarbon tails would be expected to increase the effective surfactant hydro-
phobe volume, whereas molecular volume oils would not be expected to exert much 
effect on the CPP [ 20 ]. 

 Safety is a major determining factor in choosing a surfactant. Emulsifi ers of nat-
ural origin are preferred since they are considered to be safer than the synthetic 
surfactants. However, these excipients have a limited nanoemulsifi cation capacity. 
As a general guideline, nonionic and zwitterionic surfactants are less toxic than 
ionic ones. Usually the surfactant concentration ranges between 30 and 60 % v/v in 
order to form stable nanoemulsion. It is very important to determine the surfactant 
concentration properly as large amounts of surfactants may cause skin and GI irrita-
tion [ 11 ,  21 ,  22 ].  

14.2.1.3     Cosurfactant 

 An essential requirement for the formation and stability of nanoemulsion is the 
attainment of a very low interfacial tension ( γ ). Since nanoemulsions have a very 
large interface between oil and water because of the small droplet size, they can 
only be thermodynamically stable if the interfacial tension is so low that the positive 
interfacial energy (given by  γA , where A is the interfacial area) can be compensated 
by the negative free energy of mixing (Gm). 

 Transient negative interfacial tension is rarely achieved by the use of single 
 surfactant, usually necessitating the addition of a co-surfactant [ 23 – 25 ]. Fluid inter-
facial fi lm is again achieved by the addition of a co-surfactant. In the absence of 
co-surfactant, a highly rigid fi lm is formed by the surfactant and thus a nanoemulsion 
is produced over only a very limited range of concentration. The presence of 
co-surfactants allows the interfacial fi lm suffi cient fl exibility to take up different 
curvatures required to form nanoemulsion over a wide range of composition [ 15 ,  19 ]. 
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 The cosurfactant together with the surfactant reduce the interfacial tension down 
to a very small even transient negative value at which the interface would expand to 
form ultra small dispersed droplets, and consequently adsorb more surfactant and 
surfactant/cosurfactant until their bulk condition is depleted enough to give interfa-
cial tension positive again. This process which is known as “spontaneous emulsifi -
cation” forms the nanoemulsion. Thus, based on ability of the cosurfactant to affect 
the solvent properties of oil and/or water and to penetrate the surfactant interfacial 
monolayer, it can:

•    Reduce further the interfacial tension. Increase the fl uidity of interfaces.  
•   Destroy liquid crystalline and/or gel structures which prevent the nanoemulsion 

formation.  
•   Adjust HLB value and spontaneous curvature of the interface by changing sur-

factant partitioning characteristics.  
•   Decrease the sensitivity to structure fl uctuations and brings formulation to its 

optimum state.    

 Medium chain length alcohols, which are commonly added as cosurfactants, 
have the effect of further reducing the interfacial tension, whilst increasing the fl uid-
ity of the interface thereby increasing the entropy of the system [ 23 – 25 ]. Medium 
chain length alcohols also increase the mobility of the hydrocarbon tail and also 
allow greater penetration of the oil into this region. It has also been suggested that 
some oils like ethyl esters of fatty acids, also act as cosurfactants by penetrating the 
hydrophobic chain region of the surfactant monolayer [ 20 ]. All of the aforemen-
tioned mechanisms are considered to facilitate nanoemulsion formation. In the case 
of nanoemulsions stabilized by ionic surfactants, the addition of alkanols also serves 
to reduce repulsive interactions between the charged head groups. Lamellar liquid 
crystalline phases rather than nanoemulsion phase often form with longer chain 
length cosurfactant or in the absence of cosurfactant due to the rigidity of the inter-
facial fi lm. A wide variety of substances belonging to chemically different catego-
ries can function as cosurfactants including non-ionic surfactants [ 26 ], alcohols 
[ 27 ], alkanoic acids, alkanediols, and alkyl amines [ 28 ].    

14.3     Method of Preparation 

 Nanoemulsions are prepared by different methods depending on the instrument and 
the mechanism involved. Some of the methods require no external forces and which 
depend upon their self emulsifi cation potential which acts inherently or on applica-
tion of stimuli like temperature while the other require use of brute forces to break 
the oil droplets suffi ciently into the nano-range. The most popular machines which 
were developed over the period of time to prepare nano range oil emulsions are: 
high pressure homogenizer and microfl uidizer. 
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14.3.1     Kinetic Methods 

 Kinetic methods of nanoemulsion fabrication require application of brute force. 
Such formulations are not thermodynamically favorable and are stabilized by the 
kinetic properties of colloids. 

14.3.1.1     High Pressure Homogenization Technique 

 This technique employ, high-pressure homogenize to produce nanoemulsions of 
extremely low particle size. This process involves different forces, such as hydrau-
lic shear, intense turbulence, and cavitation that act together to yield nano-sized 
lipid emulsions (Fig.  14.1 ). The ensuing nanoemulsion can be again subjected to 
the high-pressure homogenization until nanoemulsion with desired droplet size 
and polydispersity index (PDI) is obtained. The emulsion is preferably manufac-
tured at high volume faction of the disperse lipid phase and can be diluted after-
wards. However, very high phase volume ratios may result in instability by 
coalescence during emulsifi cation or storage. If possible, the surfactant can be 
dissolved in the disperse phase instead of continuous phase; this often leads to 
smaller droplets. The process variable such as number of homogenization cycles as 
well as intensity of homogenization should be optimized carefully to achieve the 
desired size and PDI [ 29 ,  30 ].   

  Fig. 14.1    High pressure homogenization method for the manufacture of nanoemulsions       
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14.3.1.2    Microfl uidization Technique 

 Microfl uidization is a patented mixing technology which uses microfl uidizer device 
to produce extremely small size fl uid particles. The microfl uidizer employs high- 
pressure positive displacement pump (500–20,000 psi), which forces the fl uid 
through specially designed interaction chamber, consisting of very small “micro-
channels”. The fl uid fl ows through these microchannels on to an impingement area 
to form very fi ne particles of submicron range (Fig.  14.2 ). For the manufacture of 
the nanoemulsion the previously prepared coarse emulsion is introduced into a 
microfl uidizer where it is further processed to obtain the nanoemulsion of desired 
specifi city [ 3 ]. The process can be repeated many times to achieve the desired char-
acteristics. The bulk emulsion can be further processed by fi ltration through a fi lter 
under nitrogen to remove large droplets resulting in a uniform nanoemulsion. High-
pressure homogenization and microfl uidization can be used for manufacture of 
nanoemulsions at laboratory as well as scaled up to industrial scale.   

14.3.1.3    The Solvent Displacement Method 

 This technique is based on the nano-precipitation method used for polymeric 
nanoparticles. The oil phase is dissolved in water-miscible organic solvents fol-
lowed by the addition of organic phase into an aqueous media containing surfactant 

  Fig. 14.2    Microfl uidization method for the manufacture of nanoemulsions       
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to yield spontaneous nanoemulsion by rapid diffusion of organic solvent. 
The organic solvent is removed from the nanoemulsion by a suitable means, such 
as vacuum evaporation. However, no real brute force is required for the preparation 
of nanoemulsion by this method; still a continuous nanoemulsion    is required along 
with the facilitation of nanonization by solvent diffusion [ 31 ]. The major limitation 
of this method is the use of organic solvents, such as acetone, which require addi-
tional inputs for their removal from nanoemulsion. Furthermore, a relatively dilute 
nanoemulsion is formed by this method which is highly undesirable [ 3 ].   

14.3.2    Thermodynamic Methods 

 These methods lead to the formation of nanoemulsions spontaneously and are 
favored by thermodynamic forces. They do not require application of external force 
for the preparation nanoemulsions and hence are generally more stable. These sys-
tems are generally referred as microemulsion rather than nanoemulsion. However, 
the oil droplet size is suffi ciently in nano-range and they could be considered as 
nanoscale emulsion. 

14.3.2.1    Phase Inversion Temperature (PIT) Technique 

 Phase inversion temperature (PIT) technique for preparation of nanoemulsion 
depends upon the temperature induced HLB changes of the nonionic surfactants, 
such as polyethoxylated surfactants, to modify their affi nities for water and oil [ 32 ]. 
It has been observed that polyethoxylated surfactants tend to turn lipophilic on heat-
ing due to dehydration of polyoxyethylene groups. In this method, oil, water, and 
nonionic surfactants are mixed together at room temperature. This mixture at room 
temperature forms a typical o/w microemulsion coexisting with oil, and the surfac-
tant monolayer exhibiting positive curvature. On gradual rise in temperature macro-
emulsion, the polyethoxylated surfactant becomes lipophilic and at higher 
temperatures, the surfactant gets completely solubilized in the oily phase (Fig.  14.3 ). 
The initial o/w emulsion undergoes phase inversion to w/o emulsion through this 
temperature change. Electrolytes are often used in aqueous phase to lower the phase 
transition temperature. Multiple cycles of temperature changes results in suffi cient 
reduction in oil droplet size and formation of nanoemulsion [ 3 ].   

14.3.2.2    Self-Nanoemulsifi cation Technique 

 Self-nanoemulsifi cation method is the best known and the most preferred method as 
it generates nanoemulsions at room temperature without use of any organic solvent, 
high shear, or heat. Kinetically stable nanoemulsions with small droplet size 
(~50 nm) can be manufactured by the gradual addition of water into the phase 

S. Talegaonkar and L.M. Negi



443

containing surfactant mix (Smix) and oil, and the nanosized emulsion is produced 
on gentle at constant temperature (Fig.  14.4 ). The spontaneous nanoemulsifi cation 
has been related to the phase transitions during the emulsifi cation process and 
involves lamellar liquid crystalline phases or D-type bicontinuous microemulsion 
during the process. The ideal mixture of oil, water and Smix are obtained from ter-
nary phase diagram which is carefully prepared by phase titration [ 33 ]. 
Nanoemulsions obtained from the spontaneous nanoemulsifi cation process are not 
thermodynamically stable; however, they have high kinetic energy, which accounts 
for their long-term colloidal stability.   

  Fig. 14.3    Phase inversion temperature method for the manufacture of nanoemulsions       

  Fig. 14.4    Self-emulsifi cation method for the manufacture of nanoemulsions       
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14.3.2.3    Phase Inversion Composition Method 

 Phase inversion composition method is a useful technique to prepare kinetically 
stable nanoemulsions with small droplet size (~50 nm). The spontaneous nano-
emulsifi cation is associated with phase transitions during the emulsifi cation process 
and involves lamellar liquid crystalline phases or D-type bicontinuous microemul-
sion during the process. Nanoemulsions attained from the spontaneous nanoemulsi-
fi cation process are not thermodynamically stable, even though they might have 
high kinetic energy and long-term colloidal stability [ 3 ].    

14.4     Nanoemulsion for Targeted Drug Delivery 

 Nanoemulsions are the unique liquid based formulations which can be effectively 
used for local as well systemic targeting. The lipophilic nature of the O/W nano-
emulsion supports its deposition in lipid rich areas such as skin and hence it can be 
used for local targeting. Very small size (20–80 nm) can be easily achieved with a 
well-optimized nanoemulsion [ 8 ]. Such an invariably small size can help to achieve 
targeting by enhanced permeation retention (EPR) effect. The surface of the nano-
emulsion droplet can be modifi ed suitably to attach ligands for specifi c receptors 
overexpressed in different conditions such as cancer. Lipophilic nature of the nano-
emulsions also aid to exploit different anatomical pathways such as trigeminal neu-
ral and lymphatic pathways. Furthermore, the physical modifi cations such as 
incorporation of magnetite or use of surfactants responsive to sound waves can help 
to develop physical stimuli responsive targeted systems. 

14.4.1     Local Targeting 

 Nanoemulsions can be exploited to target local pathologic conditions due to its 
exclusive physicochemical properties and distinctive interaction with body systems. 
The lipophilicity of nanoemulsions supports its interaction with skin milieu, and 
helps cross stratum corneum barrier and reside at skin site for a longer duration. The 
oil based components of the nanoemulsion promotes its lymphatic uptake and sub-
sequent targeting of lymphatic system. Besides the lipophilic nature, nanoemulsion 
bears very small size which helps it to locally target some of the diffi cult sites such 
as lungs. 

14.4.1.1    Local Targeting of Skin 

 Nanoemulsions are good carrier systems for the local targeting specifi cally skin or 
dermal sites. Due to high lipophilic nature the nanoemulsions can be modifi ed to get 
accumulated at the cutaneous site and delivery the drug for prolonged duration. 

S. Talegaonkar and L.M. Negi



445

Therefore, this system can be utilized for the localized delivery of the drug in the 
number of conditions such as psoriasis, infections, as cosmetics and cancers [ 34 , 
 35 ]. Nanoemulsion systems cross the ardent stratum corneum with a number of 
mechanisms and remained there by careful optimization of components which 
could evaluated by skin permeation studies. The various mechanisms that facilitate 
corneum permeation include the following:

•    The surfactant and cosurfactant components of the nanoemulsions may reduce 
the diffusional obstruction of the stratum corneum by inherent penetration 
enhancer’s activity [ 36 ].  

•   Good contact with the skin surface due to small size and low surface tension [ 37 ].  
•   The permeation rate of the drug from nanoemulsion may be increased, as the 

affi nity of a drug to the internal phase in nanoemulsion can be easily customized 
to favor partitioning into stratum corneum [ 38 ].  

•   A high concentration of the drug can be achieved in the nanoemulsion due to the 
high solubilizing capacity that might increase thermodynamic activity toward the 
skin [ 39 ].    

 Transdermal delivery of methotrexate, as an antipsoriatic drug was studied by 
   [ 40 ] using nanoemulsion. It was observed that the nanoemulsion formulation can 
increase the transdermal permeation up to tenfold from a lecithin–water–PG–deca-
nol–benzyl alcohol microemulsion compared to that from the water–PG solution 
alone, and threefold compared to an oil suspension. Also, mean lag time was con-
siderably decreased with the nanoemulsion vehicle. A safe and non-irritating local 
topical delivery of clobetasol propionate was also achieved using nanoemulsion 
[ 34 ]. Clobetasol propionate affects the activity of the ATP in skin tissues and reduces 
the cell proliferation in the conditions like psoriasis. Although clobetasol propio-
nate containing nanoemulsion contains more surfactant but it was more effective 
and safer than creams. 8-Methoxsalen, cyclosporine A, rice bran oil, and betameth-
asone dipropionate were also delivered topically by using nanoemulsion [ 41 – 44 ]. 
Better stratum corneum permeation and higher local concentrations were achieved 
by these formulations. 

 Infections localized to the skin area can be best treated by a delivery system 
which maintains the minimum inhibitory concentration of the antimicrobial agent at 
the target site, without overexposing the body. Peira and coworkers developed posi-
tively charged nanoscale emulsion of Miconazole nitrate (a broad spectrum antifun-
gal agent) comprising water, 1-decanol/dodecanol (2:1, wt/wt), lecithin and/or decyl 
polyglucoside at different weight ratios, propylene glycol, 1,2-hexanediol and a 
cationic charge-inducing agent selected from stearylamine, and L-alanine benzyl 
ester (ALAB) and cetyltrimethylammonium bromide (CTAB). Skin accumulation 
of the drug from positively charged nanoemulsion was found to be nearly twofold 
higher than from their negatively charged equivalents [ 45 ]. The authors attributed 
increased accumulation due to the interaction between positive nanoemulsion systems 
and negatively charged skin cells. The results suggested that positively charged 
nanoemulsion can be used to achieve drug targeting without an associated increase 
in systemic absorption. Ciclopirox olamine containing nanoemulsions (nanoemulgel) 
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was developed for subungual onychomycosis and was found to have good perme-
ation to the site. Furthermore, it was observed by confocal microscopy that the 
developed formulation enforced the persistent high concentration of the delivered 
moiety to the site of action when compared to simple oil or gel suspension [ 35 ]. 

 Chemotherapeutic agents are associated with marked toxicity to other systems 
when enters systemic circulation. In this situation the better for treating the skin 
associated cancers is to deliver the drugs locally with lower systemic absorption. 
The hydrogels containing genistein-loaded nanoemulsions were used for similar 
purpose. A higher accumulation of genistein was detected into the skin from the 
formulation composed by medium chain triglycerides as oily core. For similar attri-
butes, Severino and associates also developed the nanoemulsion formulations for 
the treatment of non-melanoma skin cancer [ 46 ]. Ligand based nanoemulsions can 
also be utilized for the longer retention of the topically applied formulations. 
Recently, Atrux-Tallau and team had used the concept of skin cell targeting with 
self-assembled ligand addressed nanoemulsion droplets to deliver a wide range of 
cosmetically active agents to the skin [ 47 ]. They utilized palmitoyl-KTTKS and 
asiaticoside to target skin cells (i.e., keratinocytes, fi broblasts). The concept can be 
executed to deliver anticancer agents in variety of skin associated cancers.  

14.4.1.2    Lymphatic Targeting 

 The majority of orally administered drugs enter systemic circulation via absorption 
through the portal blood. However, the highly lipophilic compounds gain access to 
the systemic circulation by lymphatic transport and avoid hepatic fi rst-pass metabo-
lism. The anatomy of the intestinal mesenteric lymphatics is exclusive in its struc-
ture and function [ 48 ]. Lymphatic capillaries are slightly larger in diameter than 
blood capillaries and have a distinctive arrangement that permits interstitial fl uid to 
fl ow into them but prevent it to escape back. The gut villi in the small intestine are 
supplied with specialized capillaries known as lacteals that drain fl uid containing 
dietary lipids into lymphatic capillaries to the mesenteric lymph duct [ 48 ]. The pres-
ence of lipids causes the lymph to appear creamy white and this kind of lymph is 
referred as “chyle.” At another places lymph is clear, pale-yellow fl uid. Lymph 
fl ows through this duct to the cysterni chyli and subsequently into the thoracic duct. 
The thoracic duct is about 38–45 cm long and is the central duct for return of lymph 
to blood [ 49 ]. The lymph is fi nally brought back together with the blood at the junc-
tion of the left jugular and the left subclavian veins [ 48 ,  49 ]. Due to these anatomi-
cal features, drugs successfully transported in the lymph and avoid hepatic fi rst pass 
metabolism. The long chain fatty acid and monoglyceride lipids are fi rst absorbed 
by enterocytes and moves to endoplasmic reticulum. The lipid undergoes reesterifi -
cation and assembles into lipoprotein prior to the transport into mesenteric lymphs 
[ 50 ]. Hence, the in vivo conversions of lipid carriers provide a useful tool to avoid 
hepatic degradation and hence enhanced oral absorption of the host drugs (Fig.  14.5 ).  
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 The use of oil based nanoemulsion carriers is not only useful in increasing the 
oral bioavailability of the poorly absorbed drug but also holds prospective to design 
promising passive lymph-targeting drug delivery systems. A comprehensive study 
was conducted by Wu et al. [ 51 ] to evaluate the contribution of the lymphatic route 
to the intestinal absorption and transport of puerarin into the systemic circulation. 
The lymph duct-cannulated in unconscious rats were studied to estimate the intesti-
nal lymphatic transport of puerarin microemulsion. The lymphatic fluid was 
collected at different time interval and the data was correlated with plasma concen-
tration of puerarin. The study indicated that the lymphatic transport process contrib-
utes signifi cantly to intestinal absorption of puerarin and hence to its systemic 
bioavailability. The results also suggested that the pharmaceutical scientist might 
use microemulsion formulations to optimize lymph-targeting drug delivery systems 
in various diseases. 

 Along with the nature of lipid used, the surfactants present in the nanoscale 
emulsion also affect the lymphatic uptake of the carriers [ 52 ]. The drug was deter-
mined into both lymph and plasma subsequent to the administration of micelles and 
microemuslion formulations containing saquinavir. The oleic acid microemulsion 
formulation produced higher lymph concentrations of saquinavir compared to 
micellar systems. The study also inferred that the nature of the surfactant used (i.e., 
cremophor versus D-alfa-tocopheryl polyethylene glycol 1000 succinate) appeared 
to alter the distribution of saquinavir between lymph and portal uptake. Earlier work 
with the oil based system further corroborated this fact that oil droplets can be used 
to target the lymphatic sites and hence the diseases with known lymphatic resi-
dence. The gelatin nanoparticles incorporated in oil emulsion were used to deliver 
antifi larial drugs (sodium stibogluconate). The colloidal system found to hold great 
potential for the purpose due to the lymphotrophicity imparted by emulsion system [ 53 ]. 

  Fig. 14.5    Lymphatic absorption of lipids       
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Marketed formulations Pirarubicin, and Lipiodol ®  based on emulsion carriers were 
also developed to target the gastric cancer and metastatic lymph nodes [ 54 ]. Hence, 
the natural process of lipid absorption by lymphatic site can provide an excellent 
opportunity to target this site by the use of nanoemulsions and treatment of various 
diseases originating in lymph as well as lymph nodes.  

14.4.1.3    Lungs Targeting 

 With the increased success of nanoemulsion via nasal route in brain targeting, they 
were also evaluated for the targeting lungs in recent studies. Amphotericin B (AmB) 
nanoemulsion was developed for the delivery through Pari Sprint jet nebulizer [ 55 ] 
for lungs targeting. The simplicity of preparation of the AmB lipid nanoemulsions, 
along with their nebulization performance suggested that lipid nanoemulsion has 
great potential as nanocarriers for delivery of AmB to the peripheral respiratory 
airways. Carbamazepine nanoemulsion mist delivered by nebulizer further substan-
tiates the utility of nanoemulsion for active targeting of poorly water- soluble com-
pounds into the lungs [ 56 ]. 

 Along with the drug delivery, the nanoemulsion formulations can also be used as 
a diagnostic agent. The folate-PFC/rhodamine nanoemulsion, with a bimodal imag-
ing contrast agent was developed for both MRI and fl uorescence imaging of naso-
pharyngeal carcinoma [ 57 ]. More work on the formulation and delivery device 
perspectives may open the interesting fi eld of lung targeting by nanoemulsions.   

14.4.2     Systemic Targeting 

 Systemic targeting is another mode to target wide range of organ and or organ sys-
tems. The carriers for systemic targeting often require active or passive targeting 
mechanism to carry the payload to the intended site. Enhanced permeation retention 
or EPR facilitates systemic targeting by passive mechanism while active targeting 
may be enforced using specifi c ligands or physical stimuli based release of the drug. 

14.4.2.1    EPR Based Targeting 

 Targeted drug delivery has always been an area of fascination and possibilities along 
with challenges and hurdles for formulation scientists. However, despite of various 
method purposed to achieve this objective, EPR remained the gold standard as far 
the tumor targeting is concerned. It has been demonstrated previously that most 
solid tumors have elevated levels of vascular permeability factors such as bradyki-
nin [ 58 ], nitric oxide [ 59 ], peroxynitrite, proteinaceous vascular permeability factor 
(VPF) which is equivalent to vascular endothelial growth factor [ 60 ,  61 ]. 
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 EPR phenomenon involves administration of long circulating nanoparticles in 
the systemic circulation which eventually gain access to the tumor site due to leaky 
vasculature. Nanoemulsion formulations were also found to have potential for the 
EPR mediated targeting to the tumor site. However, a careful selection is necessary 
for achieving the EPR targeting with such formulations. Ichikawa et al. studied the 
effects of the formulation components on the biodistribution of the gadolinium 
(Gd)-containing lipid NE (Gd-nanoLE) after its intravenous (IV) injection in 
D1-179 melanoma-bearing hamsters [ 62 ]. Biodistribution data revealed that Brij 
700 and HCO-60 extended the retention of Gd in the blood and enhanced its accu-
mulation in tumors. Furthermore, it was observed that soybean oil as core material 
yielded the highest Gd concentration in the blood and tumor, and the lowest in the 
liver and spleen. 10-Methoxy-9-nitrocamptothecin (MONCPT) containing nano-
emulsions were prepared by using lipoid E80 and cremophor EL as main emulsifi -
ers by microfl uidization technique [ 63 ]. The developed formulation was not only 
found more effective against the in vitro A549 and S180 cells but also found to have 
greater accumulation at tumor site in the in vivo A549 cells and S180-bearing mice 
owing to EPR effect.  

14.4.2.2    Brain Targeting 

 The disorders associated with the central nervous system (CNS) account for around 
11 % of the global burden of disease, and these fi gures are likely to rise to 14 % in 
2020 [ 4 ,  64 ]. However, a large number of newly discovered therapeutic agents have 
limited or no access into the CNS after administration [ 64 ,  65 ]. The reason for such 
low brain bioavailability of a number of drugs lies in the complexity of barrier sys-
tem protecting it. The blood–brain barrier (BBB) is a system of vascular cellular 
structures, majorly constituted by tight junctions between endothelial cells, and an 
array of enzymes, receptors, transporters, and effl ux pumps [ 66 – 68 ] that limit or 
abolish the access of chemicals of wide spectrum to the brain. These protection 
systems employ either the paracellular or transcellular pathways for restricting the 
access of molecules into the brain. A few highly lipid-soluble molecules are able to 
pass the BBB freely by passive diffusion from the blood to the interstitium of the 
brain. Chemical modifi cations of drug molecules with an intension to enhance their 
lipophilicity may result in an increased distribution in the brain. However, such 
modifi cations are arduous and often the modifi ed molecule is treated as a new 
chemical entity, necessitating the comprehensive evaluation of the toxicity and effi -
cacy testing. A nanocarrier system may, however, provide a logical and less cumber-
some solution for this problem. 

 Nanoemulsion is one such carrier system, which can be utilized to achieve the 
therapeutic concentration of the drugs across the BBB. It can be administered 
directly into the systemic circulation [ 69 ,  70 ] or can be administered by using nose 
to brain pathway [ 71 – 73 ]. However some studies also, suggested that such nano-
emulsion also be administered orally to enhance bioavailability as well as brain 
accumulation [ 74 ]. The nanoemulsion formulation developed from fl ax-seed oil 
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carrying saquinavir (an anti-HIV protease inhibitor) was studied by administering 
through oral as well as intravenous route [ 74 ]. A fi vefold enhancement in Cmax and 
threefold increase in overall AUC of the drug in brain was observed in comparison 
to drug suspension. A drug with a potential indication in the pathological condition 
located in the brain and probable toxic outcomes when present in systemic circula-
tion can possibly be rendered less toxic and more potent by altering the normal 
pharmacokinetic distribution. An enhanced allocation of such drugs in brain may 
reduce their toxic potential. A nanoemulsion formulation containing docetaxel 
(DNE) was compared for its relative safety as well as activity against the marketed 
formulation, Taxotere ® . The outcomes of the study revealed that the anti- proliferation 
activity of the DNE was equivalent to the Taxotere ®  in both U87 and bEnd.3 glioma 
cells, but a remarkable reduction in in vivo toxicity was observed in case of DNE. 

 Intranasal administration of nanoemulsion is an alternate strategy to target the 
brain. A number of pathways including transcellular, paracellular, olfactory, and 
trigeminal neural pathways are responsible for the transport of a range of chemical 
entities to the brain by this route [ 71 ]. Several studies in rodents have demonstrated 
that the direct nose-to-brain transport of small molecular weight drugs is 
enhanced by using simple as well as surface modifi ed nanoemulsion formulation. 
An added advantage of surface modifi cation of these carriers provides mucoadhe-
sion and enhances the effectiveness of nanoemulsions for nose to brain delivery. 
Risperidone and olanzapine were found to have greater accumulation in brain when 
delivered by nose to brain route [ 73 ,  75 ]. Similar observations were reported with 
tacrine, an anti-Alzheimer’s agent [ 76 ]. The brain bioavailability of tacrine after 
intranasal administration of mucoadhesive was found to be twofold higher when 
compared with plain intravenous tacrine solution indicating larger extent of distri-
bution of the drug to brain with intranasal mucoadhesive microemulsion. The results 
were further corroborated by the scintigraphy studies of the rabbit brain. Surface 
modifi cation was benefi cial in enhancing the safety of the nanoemulsion system. 
The histopathology investigation with amiloride loaded mucoadhesive nanoemul-
sion formulation on nasal mucosa showed lack of toxicity and integrity of granular 
cellular structure [ 77 ].  

14.4.2.3    Ligand Based Targeting 

 An active targeting of cells or tissues chiefl y includes ligand based targeting. 
Ligands include any chemical entity that identify and binds to target site antigen 
(mostly receptors) overexpressed or selectively expressed by particular cells or tis-
sue sections. An ideal ligand for targeted drug delivery should have high specifi city 
and affi nity for binding to the cell surface receptors and should stimulate subsequent 
internalization of payload that need internalization for its intracellular action [ 78 , 
 79 ]. They should be compatible as well as have tendency for chemical conjugation 
[ 80 ,  81 ]. Nano drug delivery systems provide excellent opportunity to modify their 
surfaces to develop ligand decorated delivery systems and hence can also be actively 
targeted to the tumor site using ligand based strategy. Some of the receptors that 
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have attracted the signifi cant attention in recent time for the ligand based targeting 
are summarized in Table  14.3 .

   Aclacinomycin A is an anthracycline antitumor drug. The folate-PEG linked 
nanoemulsion of the aclacinomycin A was developed to target KB nasopharyngeal 
cells in mice xenograft [ 95 ]. A better effi cacy was observed by the use of folate- 
PEG linked nanoemulsion in tumor regression studies as compared to the 
 non- liganded counterpart. Talekar and associates evaluated the ceramide containing 
nanoemulsions with folate and EGFR receptor targeting capabilities [ 96 ]. The study 
showed that the targeted system improved cytotoxicity of PIK75 compared to the 
non-targeted system in SKOV cancer cell lines. Similarly lycorine loaded manno-
sylated nanoemulsion (M-LYC-OA-LNEs) was also developed and evaluated for 
tumor targeting. (M-LYC-OA-LNEs) was found to have potential for both drug 
delivery and diagnostics. Such, systems provides great value as theranostic tools. 
Previously Tiwari, Tan, and Amiji also developed nanoemulsion with theranostic 
potential [ 97 ]. This nanoemulsion system was developed for drug delivery as well 
as MR imaging. Thus, nanoemulsion can be used for ligand based drug targeting 
like other nanoparticulate systems. However, unlike other systems nanoemulsions 
provide greater encapsulation capacity for water insoluble drugs, are easy to 
develop, and form stable systems.  

14.4.2.4    Physical Targeting of Nanoemulsions 

 In over a decade’s time biocompatible magnetic fl uids emerged as the interesting 
material in biological application [ 98 ]. Magnetic fl uids comprise of magnetic 
nanoparticles, dispersed as stable colloids in physiological medium. This material can 

   Table 14.3    Various receptors for ligand based drug targeting   

 Receptor  Targeting therapy  Reference 

 HER-2  Monoclonal antibodies like Trastuzumab, 
Pertuzumab 

 [ 82 ] 

 EGFR  EGFR inhibitors like Geftinib, Erlotinib, 
Cetuximab 

 [ 83 ] 

 HER1/HER2  Dual inhibitors like Lepatinib, Neratinib  [ 84 ] 
 mTOR Protein kinase  Inhibitors like Everolimus, Temsirolimus  [ 85 ] 
 VEGF  Monoclonal antibody like Bevacizumab  [ 86 ] 
 IGF-1  Monoclonal antibody like CP-751871  [ 82 ] 
 CD44  Hyaluronan bioconjugates  [ 87 ] 
 PSMA receptor  Quantum dots  [ 88 ] 
 Transferrin receptor  siRNA  [ 89 ] 
 epCAM  siRNA  [ 90 ] 
 αvβ3/5Integrin  Pt (IV) prodrug  [ 91 ] 
 Collagen IV  Anti-infl ammatory peptide  [ 92 ] 
 Fibronectin  Peptide  [ 93 ] 
 Folic acid  Paclitaxel and yittrium-90  [ 94 ] 
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be engineered for a variety of purposes including external magnetic fi eld guided 
targeting [ 99 ] as well as induction of local hyperthermia of biological tissues when 
exposed to an AC magnetic fi eld [ 100 ]. Hyperthermia was assumed to have cytotoxic 
effects on cancer cells and hence can be used as a suitable alternative for the 
chemotherapy. 

 Formulations based on nanoemulsion have several appealing characteristics such 
as, enhanced drug solubilization, biocompatibility, stability and ease in scale up. 
Collaborated properties of nanoemulsions and magnetic nanoparticles can help in 
development of an ideal nanocarrier system with versatile properties for drug 
delivery, hyperthermia induced self-cytotoxicity, targeting, and diagnosis. 
Researchers are working on the association of these two systems to develop delivery 
systems with ideal characteristics. Bakandritsos et al. proposed a simple method to 
prepare magnetically guided lipid based nanoemulsion by self-emulsifi cation 
method [ 101 ]. Magnetic nanoparticles were synthesized separately and added to the 
oil-surfactant self-nanoemulsifying mixture, which on self-emulsifi cation in water 
delivers magnetic nanoemulsions. Such methods can simplify the preparation of 
stable nanoemulsions which are magnetically active. Magnetic nanoemulsions have 
also found their application in photodynamic therapy (PDT) of skin cancer. Foscan ® , 
a new generation photosensitizer was incorporated into magnetic nanoemulsion and 
studied for its activity in skin cancer [ 102 ]. Due to the use of nanoemulsion as the 
carrier, the developed system accumulated in the deeper layers of the skin and 
focused the activity of magnetically induced hyperthermia and/or Foscan induced 
light photosensitization to the site where it was needed. Though the methods for 
assimilation of magnetic nanoparticles into nanoemulsion have been studied, the 
in vivo potentials for the magnetic fi eld induced controlled movement of magnetic 
nanoparticles are still to be studied comprehensively. 

 Sound is another physical stimulus which can be used in targeted drug delivery. 
The ultrasonic stimulus of specifi c frequency may leads to control the release of the 
drug from the nanocarrier system to achieve the higher concentrations at desired 
site. Camptothecin based perfl uorocarbon nanoemulsions were developed using liq-
uid perfl uorocarbons and coconut oil as the cores of the inner phase and phospho-
lipids and/or Pluronic F68 as stablizers. The nanoemulsions were prepared with 
high drug loading (approximately 100 %) with a mean droplet diameter of 220–
420 nm [ 103 ]. An excellent uptake was observed in melanomas and ovarian cancer 
cells by confocal microscopy. One of the interesting fi ndings of this work includes 
that there was an enhanced release of camptothecin from the developed system on 
application of 1 MHz ultrasound. Such characteristics of the acoustically stimulated 
nanoemulsions can be utilized to control the release of the host moiety at target site. 
Rapoport and co-workers also developed a novel ultrasound-mediated chemothera-
peutic modality derived from systemic injections of drug-loaded nanoemulsions get 
converted to microbubbles in situ on application of therapeutic ultrasound. This 
modality proved very effective in inducing dramatic tumor regression in ovarian and 
pancreatic cancer models [ 104 ].    
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14.5     Diagnostic Applications of Nanoemulsion 

 An early and accurate diagnosis is a hallmark of any good treatment strategy. The 
diagnosis of various disease conditions in their early phase of pathology may war-
rant greater chances of cure and recovery. Computer tomography or CT scan is one 
such diagnostic tool which helps in numerous conditions to diagnose the anatomical 
anomaly. CT scan employs computer-processed X-rays to produce tomographic 
images (virtual “slices”) of specifi c areas of the scanned portion without surgical 
intervention [ 105 ]. However, soft living tissues are of very close densities, which 
make it diffi cult to distinguish clearly between them. Hence, it is necessary to use 
a contrast media (generally the heavy elements, like iodine or barium) which allow 
signifi cant augmentation of the differences in contrast between anatomic sections 
[ 106 ]. One of the problems with the advanced diagnostic methods like MicroCT 
lies in the fact that requires more than 10 min for full scan. On the other hand most 
of the contrast medium get cleared very rapidly providing insignifi cant time for a 
complete scan [ 107 ]. Therefore, a contrast medium with long circulation proper-
ties is an utmost requirement for such procedures. The nanoemulsion containing 
iodinated oil and with PEGylated surface can provide distinct solution for this 
problem [ 108 ]. After intravenous injection, the homogeneous biodistribution of 
Fenestra ®  (An iodinated nanoemulsion) in the blood is achieved within 10 min 
[ 109 ]. In mice, the contrast effect it in the blood pool remaining after injection is 
of around 1 h for normal nanoemulsions, which can be exceeded to 2 h for 
PEGylated form [ 109 ,  110 ]. In rabbits, PEGylated nanoemulsions still circulate 
in the blood pool for up to 3 h [ 111 ]. However, there might be many formulation 
related aspects which may infl uence the performance of nanoemulsion as contrast 
carrier. Hallouard et al. showed that the free surfactant material signifi cantly affect 
the pharmacokinetics of the nanoemulsion contrast media [ 112 ]. Similarly toxicity 
of such carriers could be a reason of concern in use of such contrast carriers. Much 
safer nanoemulsion contrast carriers are under exploration for abolishing such 
toxicological apprehensions [ 113 ].  

14.6     Conclusion 

 Nanoemulsion drug delivery system is a multipurpose formulation to deliver a wide 
variety of payloads in a variety of conditions. Due to the choice of huge number of 
core materials as well as emulsifying surface components offered by nanoemulsions 
they can be customized to cater different needs. Targeting is one of the desired in a 
variety of conditions to achieve the necessary effect at the required location and 
avoid the toxicity at other sites. Nanoemulsion drug delivery systems can be tailored 
to achieve both active ligand based as well as passive EPR dependant targeting. 
They can also utilize to deliver the drug at local sites (skin) or can be used to 
attain organ specifi c targeting such as brain and lungs. Apart from cells and organs 
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nanoemulsions can also achieve organ system targeting (lymphatic system) due to 
their inherent chemical properties and biological disposition. Furthermore, the 
localization as well as release of drug from the new generation target based nano-
emulsions can be controlled external physical stimuli. Therefore, nanoemulsion 
drug delivery system is truly a versatile tool for achieving desired drug targeting in 
a variety of conditions.     
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  ADPA    Anthracene-9, 10-dipropionic acid, disodium salt   
  ASGP    Asialoglycoprotein   
  BBB    Blood–brain barrier   
  BMP    Bone morphogenetic protein   
  CDs    Cyclodextrins   
  CH    Chitosan   
  CLSM    Confocal laser scanning microscopy   
  CNS    Central nervous system   
  COX    Cyclo oxygenase   
  DNA    Deoxy nucleic acid   
  DOX    Doxorubicin   
  EC    Ethyl cellulose   
  ECMs    Extracellular matrices   
  EGF    Epidermal growth factor   
  EGFP    Expressing green fl uorescent protein   
  EGFR    Epidermal growth factor receptor   
  EPR    Enhanced permeability and retention effect   
  FA    Folic acid   
  FDA    Food and Drug Administration   
  FGF    Fibroblast growth factor   
  FTIC    Fluorescein isothiocyanate   
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  GA    Glycyrrhizinic acid   
  GL    Glycyrrhizin   
  HA    Hyaluronan   
  HBV    Hepatitis B virus   
  HCV    Hepatitis C virus   
  HER2    Human epidermal growth factor receptor 2   
  HPMC    Hydroxypropylmethylcellulose   
  mAb    Monoclonal antibodies   
  MC    Methyl cellulose   
  MDR    Multidrug resistance   
  MEND    Multifunctional envelope-type nano-device   
  MMPNs    multifunctional magneto-polymeric nanohybrids   
  MPAP    Myristoylated polyarginine peptides   
  MRI    Magnetic Resonance Imaging   
  mRNA    messenger RNA   
  NiMOS    Nanoparticles-in-microsphere oral system   
  NIRF    Near-infrared fl uorescent dye   
  NPs    Nanoparticles   
  PAA    Polyacrylic cid   
  PBLA    Poly (β-benzyl  L -aspartate)   
  PCL    Polycaprolactone   
  pDNA    Plasmid deoxyribonucleic acid   
  PEG    Polyethylene glycol   
  PEI    Polyethylenimine   
  P-gp    P-glycoprotein   
  PLA    Poly lactic acid   
  PLGA    (poly(lactic-co-glycolic) acid)   
  PLL    Poly ( l -lysine)   
  PS    Polystyrene   
  PSS    Poly(styrenesulfonate)   
  PTX    Paclitaxel   
  QD    Quantum dots   
  RBITC    Rhodamine B isothiocyanate   
  RES    Reticuloendothelial system   
  RGD    Arginine–glycine–aspartic acid   
  RNA    Ribo nucleic acid   
  scAbPSCA    Single chain prostate stem cell antigen antibodies   
  scFv    Single-chain fragment variables   
  siRNAs    Small interfering RNA   
  SPECT    Single-photon emission computed tomography   
  SPIONs    Superparamagnetic iron oxide nanoparticles   
  TfRs    Transferrin receptors   
  TPGS     D- α-tocopheryl polyethylene glycol succinate   
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  VEGF    Vascular endothelial growth factor   
  WGA    Wheat germ agglutinin   
  γ-PGA    γ-polyglutamic acid   

15.1           Introduction 

 “Going small to achieve big wonders” is the motto of nanotechnology. Recent 
advances in nanotechnology based drug delivery are opening wide horizons for the 
targeted delivery of therapeutics. For targeted delivery, it is of immense importance 
to fabricate delivery vehicles which can deliver the drug exclusively at the targeted 
site with minimal effect on the healthy tissues [ 1 ]. Moreover, there is a strong need 
to develop disease specifi c delivery vehicles which not only deliver the drug at the 
disease site but can also serve additional functions such as tissue imaging. This 
beacons for the designing of multifunctional nanoparticles (NPs) which can per-
form in a smarter way by providing targeting, therapy and imaging “all in one” 
system (Fig.  15.1 ). This “all in one” strategy represents a multimodal approach for 
the battle against grave diseases like cancer, autoimmune disorders, diabetes, etc.  

 With the advent of era of nanotechnology in drug delivery, numerous nano- carriers 
such as liposomes, micelles, dendrimers, polymeric NPs, solid lipid NPs and metallic 
NPs have been employed to fi nd solutions for incurable diseases [ 2 – 8 ]. Next genera-
tion of nanomedicine deals with the fabrication of multifunctional nano-scopic vec-
tors capable of ferrying combinations of drugs, targeting ligand and image contrast 
agents to the disease site in the same vehicle. Among the delivery platforms exploited 
for multifunctionality, polymeric NPs or self-assembled micelles from amphiphilic 
block copolymers are particularly of interest to the drug delivery scientists owing to 
the fl exibility of attaching numerous targeting ligands to achieve the site-specifi c 
delivery or modulation of polymeric backbone to alter the release rate of drugs. 

  Fig. 15.1    Evolution of multifunctionality: foundation to current scenario a. Stereotyped NPs with 
drug entrapped inside (    ) b. Polymeric NPs targeted with covalently bound antibody (    ) c. Stealth 
NPs surface modifi ed with PEG (    ) d. Polymeric NPs with both stealth and immunogenic nature 
by attaching PEG and antibody individually to surface of nanoparticle or attaching the antibody to 
PEG chain which is already attached with nanoparticle e. Advanced NPs with multifunctionality in 
terms of surface attachment of PEG or PEG combined with antibody for targeting and immunoge-
nicity; attachment of diagnostic tools (    ); attachment of cell penetrating peptide (    ); attachment of 

viral components (    ); attachment of stimuli sensitive materials (    ); entrapment of gold/silver 

materials (    ) or magnetic NPs (    ) for live imaging       
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 Polymeric NPs are primarily composed of natural or synthetic polymers 
which can be modulated in a variety of ways to achieve particles with desirable 
characteristics. Most commonly employed biodegradable polymers include poly 
( D,L -LACTIDE- CO -glycolide), poly(ε-caprolactone), poly(β-amino esters), chitosan, 
hyaluronic acid, dextran, etc. [ 9 ]. The primary advantages of using polymers in 
the formulation of nanoparticulate drug delivery vehicles are: (1) Wide range of 
polymers to choose polymer of interest which is biodegradable in nature (2) They 
offer lots of sites for further functionalization and attachment of targeting ligands 
to achieve site-specifi c drug delivery (3) These polymeric NPs offer fl exibility of 
incorporation of other metallic NPs decorating the composite particles with optical, 
magnetic or hyperthermic characteristics [ 10 ]. These variant properties strive to 
achieve true multifunctionality in the drug delivery vectors where drug targeting, 
delivery and tissue imaging can be accomplished all in one go. Although the 
concept of multifunctionality has shown tremendous application in the fi eld of 
drug delivery cum therapy, there are some major challenges which need to be 
overcome if successful translation from bench-top research to bedside is required 
to be achieved for these systems.  

15.2     Polymers 

 A variety of natural, semisynthetic, and synthetic polymers have been exploited in 
the fabrication of multifunctional polymeric nano-carriers (Fig.  15.2 ).  

 Advances in the polymer technology resulted in the emergence of wide range of 
polymers and among them; biodegradable polymers attracted the considerable attention 

  Fig. 15.2    Classifi cation of polymers       
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and extensively investigated in the fi eld of drug delivery. Moreover, inherent character 
of providing multiple attachment sites for further functionalization with targeting 
ligands to achieve site specifi c drug delivery further revolutionize the fi eld. As present 
chapter deals with the delivery application of multifunctional nano-carriers, only 
some extensively studied biodegradable polymers are covered in this section. 

15.2.1     Natural Polymers 

 Human being has been blessed by a number of gifts of Mother Nature and natural 
polymers with diverse characteristics are one of them. Although these polymers are 
equipped with lots of inherent characteristics, biodegradability and nontoxicity are two 
major factors which make these polymers best suitable for drug delivery purpose. 

15.2.1.1     Cellulose 

 Cellulose is a water insoluble polysaccharide with the formula C6H10O5 consists of 
 D -glucose units linked by β 1,4-glycosidic bond and constitute the major component 
of cell wall of many organism. Due to the insolubility, it has not been used fre-
quently in the fi eld of drug delivery [ 11 ].  

15.2.1.2     Alginates 

 Alginate is a naturally occurring, anionic, linear copolymer of (1→4) linked β-D - 
mannuronic acid (M) and α- L -guluronic acid (G) residues and the fi nal characteris-
tics of the polymer depends upon the G:M ratio in fi nal polymer. This is a low-cost 
polymer and its structural resemblance with living tissues make it suitable for dif-
ferent biomedical application [ 12 ].  

15.2.1.3     Dextran 

 It is a natural, colloidal, biocompatible, and nontoxic polymer which is highly resis-
tant to protein adsorption [ 13 ]. Dextran, alone or in combination, has been reported 
for the fabrication of delivery vehicles for targeted drug delivery.  

15.2.1.4     Albumin 

 Albumins are a family of globular proteins which broadly belongs to the class of 
polypeptides. Bovine serum albumin (BSA) and Human serum albumin (HSA) are 
the major albumins which are well reported as well established vehicle for the deliv-
ery of bio-actives [ 14 ].  
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15.2.1.5     Gelatin 

 Gelatin is derived from collagen, a natural protein, which occurs in the skins, bones, 
and connective tissues of animals and belongs to the class of polypeptides. Gelatin 
is translucent, colorless water insoluble polymer which is made soluble by hydroly-
sis and extensively studied in the fi eld of drug delivery [ 9 ].   

15.2.2     Semisynthetic Polymers 

15.2.2.1     Chitosan 

 Chitosan is a biocompatible, biodegradable, and nontoxic polymer which has stud-
ied extensively in the fi eld of drug delivery. Ease of surface modifi cation, mucoad-
hesion, penetration enhancement, are some of the positive attributes which make the 
chitosan the most favorable and extensively studied polymer for drug delivery. 
However, solubility in acidic media and poor stability in physiological conditions 
are the associated drawback. A variety of chitosan derivatives have been developed 
to overcome these limitations [ 15 ,  16 ].  

15.2.2.2     Cellulose Derivatives 

 Among the different semisynthetic polymers, cellulose derivatives like methyl 
cellulose (MC), ethyl cellulose (EC), hydroxyl propyl cellulose (HPC), and 
hydroxypropylmethylcellulose (HPMC) have been used extensively for different 
biomedical applications [ 17 ,  18 ].   

15.2.3     Synthetic Polymers 

15.2.3.1     Polyesters 

 Although a variety of hydrolytically labile polyesters have been evaluated for 
biomedical application, poly(glycolide), poly(lactide), copolymers of poly(lactide-
co- glycolide) and poly caprolactone are the universal choice due to their safety and 
fl exibility to be easily managed into a variety of delivery vehicles. 

    Polylactide (PLA) 

 It is biodegradable and thermoplastic aliphatic polyester obtained from various nat-
ural sources of starch, viz., corn and sugarcane. The lactide monomer possesses two 
chiral carbons, and hence the properties of the polymer depends upon the monomer 
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units, i.e.,  D -lactide (the  D -, D - cyclic dimer),  L -lactide (the  L -, L - cyclic dimer), or the 
meso-lactide (the  D -, L - cyclic dimer). However, PLA is most commonly synthesized 
by copolymerization of a racemic mixture of the  D - and  L -lactide monomers [ 19 ].  

    Polyglycolide (PGA) 

 It is a synthetic biodegradable and highly crystalline polymer which is insoluble in 
most of the organic solvents because of its high crystallinity. This polymer is very 
sensitive towards hydrolytic degradation and produces degradation products which 
are acidic in nature which limit this polymer in tissue engineering applications [ 20 ].  

   Poly (Lactide-co-Glycolide) (PLGA) 

 It is a biocompatible, biodegradable, FDA approved copolymer of polylactic acid 
and polyglycolic acid. PLGA is nontoxic as hydrolysis results in the production of 
lactic acid and glycolic acid which are the byproducts of several metabolic path-
ways. However, relatively higher cost is the drawback of this polymer [ 20 ].  

   Polycaprolactone 

 It is a biodegradable, FDA approved polymer for drug delivery device and suture 
formation. High production cost is the drawback; however, combination with other 
natural and biodegradable polymers makes it cost-effective and also enhances the 
fl exibility and biodegradability [ 21 ].   

15.2.3.2    Polyamides 

   γ-Polyglutamic Acid 

 It is a naturally occurring anionic polymer which is obtained from some of the 
Bacillus species and made of  L -glutamic acid residues connected by amide linkages. 
This is biodegradable, nontoxic, and water soluble polymer which has been investi-
gated extensively in fabricating nano-carriers for targeted drug delivery [ 22 ].     

15.3     Levels of Multifunctionality in Polymeric NPs 

 The levels of multifunctionality can be broadly categorized in the following two 
categories: 

15 Multifunctional Polymeric Nano-Carriers in Targeted Drug Delivery



468

15.3.1     First Level of Multifunctionality 

 This includes simple modifi cation of the surface of polymeric nano-carriers with the 
targeting ligands for active targeting or “PEGylation” of their surface so as to pro-
long the blood circulation time and avoidance of uptake by reticuloendothelial sys-
tem (RES). Multiple loading of drugs within the same vesicle to achieve combinative 
therapeutic effect particularly in case of cancer chemotherapy can also be consid-
ered under the fi rst level of multifunctionality.  

15.3.2     Second Level of Multifunctionality 

 This includes complex multifunctionality of the polymeric nanoparticles such as 
combining targeting, imaging, and therapy in one system. It involves the use of 
nanoparticles beyond its role as mere vectors to deliver the drug or imaging agent.   

15.4     Multifunctional Polymeric Nanoparticles 
for Targeted Cancer Therapy 

 For the last many decades chemotherapy and radiation therapy have been immerged 
as major options to treat a wide variety of cancers. Although lots of newer chemo-
therapeutic agents and advancement have come into picture, the cancer therapy is 
quite far from what is desired. The effi cacy of chemotherapy majorly depends on 
the ability of the therapeutics to selectively attack on the tumor site while minimally 
affecting the healthy cells. To achieve this objective, decades of research have been 
focused to develop such smart delivery vehicles which can preferentially localize 
the chemotherapeutic agents to the tumor site. As a result of extensive research 
nano-carriers based technologies came into the picture which further revolutionized 
the fi eld of cancer therapy. Rapid growth of solid tumors represent fenestrated vas-
culature and poor lymphatic drainage, resulting in enhanced permeability and reten-
tion (EPR) effect [ 23 ], which permits nano-carriers to accumulate preferentially at 
the tumor site (Fig.  15.3 ).  

 Hence, the preferential accumulation of the NPs at tumor site demonstrate 
improved effi cacy by simultaneously mitigating the nonspecifi c side effects of che-
motherapeutics due to undesired distribution to the normal tissues. Although chemo-
therapeutic agents entrapped within the NPs are protected from the metabolism and 
rapid clearance, PEGylation provides the stealth shielding and avoids rapid uptake 
by macrophages and mononuclear phagocytes of the reticuloendothelial system 
(RES) [ 24 ,  25 ]. Besides this inherent passive targeting property, the tumor localiza-
tion can further be improved by active targeting in which nano-carriers can be deco-
rated with number of small molecules like folic acid [ 26 ], thiamine [ 27 ] and even 
antibodies or lectins [ 28 ] which are preferentially recognized by tumor cells. This 

A.K. Agrawal et al.



469

platform could further be explored for imaging, diagnostics and guided therapy by 
combining the imaging/diagnostic agents within a system. Therefore, these nano-
carriers have been made smarter and multi-functional by combining the tumor target-
ing, tumor therapy and tumor imaging in a single system which presents an effective 
alternative against cancer. A variety of biocompatible and biodegradable polymers 
have also been used to prepare nano-carriers for tumor-targeted delivery viz. poly( D,L -
lactide-co-glycolide), poly(ε-caprolactone), and poly(β-amino esters) [ 29 – 32 ]. 

15.4.1     Multifunctionality by Targeting 

 In one of the approach to make the nano-carriers multifunctional, tumor specifi c 
targeting moieties are appended on the NPs surface which further directs the traf-
fi cking of NPs following administration without affecting the physical, chemical, 
and biological properties of the carrier system or chemotherapeutics entrapped 
within the delivery vehicle. This targeting strategy will provide the additional ben-
efi ts of targeting all types of solid tumors as well as metastatic cells and cancerous 
leukocytes. These targeting moieties can be broadly classifi ed as receptor ligands 
(peptides, vitamins, and carbohydrates), proteins (antibodies and their fragments), 
and nucleic acids (aptamers). Interaction of growth factor or vitamins with cancer 
cells represents a commonly used targeting strategy, as receptor for these moieties 
are overexpressed over the cancer cells to fulfi l the need of fast-growing metabo-
lism. Epidermal growth factor (EGF) has been shown to interact with EGF receptor, 
overexpressed in breast and tongue cancer [ 33 ]. Similarly, vitamin folic acid (folate) 
has also been reported to interact with folate receptors overexpressed in a variety of 

  Fig. 15.3    Mechanism of drug accumulation in cancerous tissue through multifunctional 
nanoparticles       

 

15 Multifunctional Polymeric Nano-Carriers in Targeted Drug Delivery



470

tumor cells such as ovarian, endometrial, and kidney cancer [ 34 ]. Transferrin recep-
tors (TfRs) have also been reported to be overexpressed over a variety of tumor cells 
including pancreatic, colon, lung, and bladder cancer) and conjugation of transferrin 
with NPs has been reported as effective strategy to target the cancer cells [ 35 ]. 
Table  15.1  summarizes the different receptors which are overexpressed on different 
type of tumors and can be a viable option for designing the delivery vehicle which 
selectively deliver the drug to the tumor site.

   Nano-carriers ornamented with targeting ligands have been resulted in improved 
outcome in different animal tumor models [ 45 – 47 ]. The expression of folate and Tf 
is correlated with the metabolic rate and these receptors are also overexpressed in 
fast growing healthy cells such as fi broblasts, epithelial and endothelial cells. 
Targeting with these moieties to cancer cells may lead to nonspecifi c targeting and 
enhanced toxicity [ 48 ]. Arginine–glycine–aspartic acid (RGD), ligand of the cell 
adhesion integrin αvβ3 on endothelial cells, has been reported to improve intracel-
lular drug delivery in different murine tumor models [ 49 ,  50 ]. However, nonspecifi c 
interaction of RGD with other integrins such as α5β1 and α4β1 may result in toxic-
ity to normal cells. In addition, heparin sulphate, chondroitin sulphate, and hyal-
uronic acid (HA), have also been recognized as effective targets for specifi c 
extracellular matrices (ECMs) receptors [ 51 ,  52 ]. Upadhyay et al. fabricated 

   Table 15.1    Different types of receptors which are overexpressed on different tumors   

 S. no  Ligand  Receptor  Type of tumor  Reference 

 1.  Transforming 
growth factor-α 
(TGF-α) 

 Epidermal growth 
factor receptor 
(EGFR) 

 Non-small-cell 
lung cancer 
(NSCLC) 

 [ 36 ] 

 2.  Epidermal growth 
factor (EGF) 

 EGFR  Human 
pancreatic cancer 

 [ 37 ] 

 3.  Platelet-derived 
growth factor 
(PDGF-A) 

 Platelet-derived 
growth factor 
receptor α 
(PDGFR-α) 

 Breast cancer  [ 38 ] 

 4.  Heregulin (HRG)  ErbB3 or ErbB4  Breast and 
ovarian cancer 

 [ 39 ] 

 5.  Folic acid  Folate receptors 
(FRs) 

 Ovarian, 
endometrial, 
and kidney cancer 

 [ 34 ] 

 6.  Transferrin (Tf)  Tf receptors 
(TfRs) 

 Pancreatic, colon, lung, 
and bladder cancer 

 [ 35 ] 

 7.  Thrombin  Protease-activated 
 receptors 1(PAR1) 

 Breast, colon, head and 
neck, prostate cancer 

 [ 40 ] 

 8.  Gastrin releasing 
peptide (GRP) 

 Gastrin-releasing 
peptide receptors 
(GRPR) 

 Small-cell lung and 
pancreatic cancer 

 [ 41 ,  42 ] 

 9.  Luteinizing 
hormone 

 Luteinizing 
hormone receptors 

 Testicular cancer  [ 43 ] 

 10.  Thyroid 
stimulating 
hormone 

 Thyroid stimulating 
hormone receptors 

 Thyroid cancer  [ 44 ] 
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biomimetic DOX loaded Polymersomes from Hyaluronan-block-Poly(γ-benzyl 
glutamate) copolymers (PolyDOX). The polymer were synthesized using click 
chemistry principles, yielding nano-vesicles with excellent colloidal stability, con-
trolled size, and capability to encapsulate both the hydrophilic as well as hydropho-
bic drugs [ 53 ]. Intracellular delivery PolyDOX in high (MCF-7) and low (U87) 
CD44 expressing cancer cell models was further extensively studied. DOX was 
successfully encapsulated via nanoprecipitation. PolyDOX exhibited enhanced 
uptake by MCF-7 than U87 cells, as analysed by fl ow cytometry. Microscopy imag-
ing revealed that in MCF-7 cells PolyDOX was more in cytoplasm and free DOX in 
nuclei, whereas in U87 cells free DOX was also found in the cytoplasm. Furthermore, 
PolyDOX showed greater suppression of breast tumor in female Sprague–Dawley 
(SD) rats as compared to phosphate buffer saline pH 7.4 (PBS) control group. 
Loading of DOX within polymersomes further reduced the cardiotoxicity of 
DOX. These results were conclusive to suggest that intracellular delivery of 
PolyDOX was dependent on the CD44 expression level in cells due to presence of 
hyaluronic acid on the surface of polymersomes [ 54 ]. In yet another study carried 
by Upadhyay et al., DOX-loaded poly(γ-benzyl  l -glutamate)-block-hyaluronan 
(PBLG23-b-HYA10)-based polymersomes (PolyDOX) were prepared and effi -
ciently labelled with technetium- 99m radionuclide for in vivo studies. PolyDOX 
exhibited enhanced blood circulation time. Bio-distribution studies revealed selec-
tive accumulation of DOX loaded polymersomes in the Ehrlich Ascites Tumor 
(EAT) as a result of passive accumulation and active targeting (CD44-mediated 
endocytosis) in EAT- bearing mice. The life span of PolyDOX treated mice group 
was increased nearly six times compared to DOX treated group and PolyDOX 
markedly controlled tumor growth. Toxicity studies conducted further established 
the safety of PolyDOX as no hemolysis was observed at equivalent dose of 200 μg/
ml of DOX [ 55 ,  56 ]. Pang et al. developed brain drug delivery system for glioma 
chemotherapy based on transferrin-conjugated biodegradable polymersomes, 
Tf-PO- DOX. Nanoprecipitation methodology was utilized to prepare DOX contain-
ing polymersomes, which were then conjugated to transferrin to form vesicles of 
107 nm size. On an average, 35 molecules of transferrin were found to be present on 
the surface of each polymersome. Pharmacokinetics and brain distribution studies 
further revealed the signifi cant accumulation of transferrin conjugated polymer-
somes in the brain. Pharmacodynamic studies revealed marked reduction in tumor 
volume and signifi cant increase in median survival time in the group treated with 
Tf-PO-DOX in comparison with control saline treated animals and animals treated 
with PO-DOX and free DOX solution [ 57 ]. 

 In yet another strategy of targeting, monoclonal antibodies (mAb) was fi rst 
described by Milstein in 1981 and afterwards this approach demonstrated clinical 
effi cacy and later different mAb were approved by US Food and Drug Administration 
(FDA) [ 58 ,  59 ]. mAb rituximab (Rituxan), Trastuzumab (Herceptin, an anti-HER2 
mAb), Bevacizumab (Avastin, an anti-VEGF mAb) were approved for non- 
Hodgkin’s lymphoma, breast cancer, and colorectal cancer, respectively [ 60 ,  61 ]. 
The approach was so successful that many of the delivery systems are in preclinical 
and clinical trials [ 62 ,  63 ]. Furthermore, advancement in the antibody engineering 
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resulted in the generation of antibodies of animal and human origin such as 
chimeric mAbs, humanized mAbs, and antibody fragments. Antibodies may be 
used in their innate state or as fragments; however, use of whole mAbs is advanta-
geous over the fragments as it proposes two binding sites which further results in 
higher binding effi ciency and long term storage. Although antibody fragments such 
as antigen- binding fragments (Fab), dimers of antigen-binding fragments (F(ab′)2), 
single-chain fragment variables (scFv) are less stable than whole antibodies, they 
are quite safer owing to reduced nonspecifi c binding [ 62 ,  63 ]. Furthermore, the 
effi cacy of antibodies can be improved by conjugating the mAb with therapeutic 
agents. Conjugation of anti-CD33 antibody with calicheamicin was the fi rst clini-
cally approved formulation for targeting cancerous cells. Although the effi cacy of 
immunoconjugates is clinically approved, lethal side effect due to nonspecifi c bind-
ing is still a challenge [ 64 ]. Although BR96-DOX immunoconjugate that targets and 
binds to the Lewis-Y antigen (overexpressed on breast cancers) demonstrated 
remarkably higher antitumor activity and lower toxicity, severe gastrointestinal 
toxicity due to binding of the conjugate to Lewis-Y-related antigens expressed by 
non- targeted gastrointestinal epithelial cells was also reported [ 65 ,  66 ]. Aptamers, 
which are short single-stranded DNA or RNA oligonucleotides and selectively, bind 
to a wide variety of targets (intracellular and transcellular proteins), have also been 
developed to selectively bind to specifi c receptors on cancer cells [ 67 ]. Docetaxel 
loaded and aptamer decorated NPs that specifi cally target the antigen on the surface 
of prostate cancer cells, revealed high selectivity and effi cacy [ 33 ]. In another 
approach to develop targeted delivery for the treatment of cancer, Debets et al. 
 utilized a single-domain antibody (A12) that specifi cally targets PlexinD1 (a trans-
membrane protein overexpressed in tumor vasculature) and grafted it on the surface 
BCN-functionalized polymersomes using a strain-promoted azide alkyne cycload-
dition. In vitro studies revealed the potential of these polymersomes to target 
tumor- vessel VHH A12 [ 68 ].  

15.4.2      Multi-Functionality by Combination 
of Multiple Therapeutics 

 In the early era of research, towards the cancer treatment, different delivery systems 
were designed to improve the effi cacy of already reported therapeutics by focusing 
on the solubility and permeability related issues related to individual chemothera-
peutic. Although this approach was quite effective in comparison to the conven-
tional delivery vehicles yet was not up to the mark due to the complexity of cancer 
biology. By considering the complex biology of different cancers, combination 
approaches came into picture in which multiple of therapeutics were co- encapsulated 
in a single delivery system to target the cancer at multiple levels. Multifunctional 
nano-carriers loaded with combination of therapeutics offer an effective platform 
for effective cancer therapy. 
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15.4.2.1    Antiangiogenic and Cytotoxic Drug Combination 

 Angiogenesis has been recognized as organizing principle of biology in which new 
blood vessels are generated for development, reproduction and repair of the biologi-
cal system. The rate of angiogenesis is certainly higher in certain cases like cancer, 
which is required to fulfi l the higher demands of nutrition for growth and metastasis 
of fast proliferating cancer cells and inhibiting vessel formation by antiangiogenic 
agents offers hope for effective treatment of cancer. A wide range of factors includ-
ing, but not limited to, fi broblast growth factor (FGF), insulin-like growth factor, 
G-CSF, platelet-derived growth factor (PDGF), vascular endothelial growth factor 
(VEGF), have been recognized for angiogenesis and targeting to these factors can 
be exploited as a potential target for cancer therapy [ 69 ,  70 ]. However, administra-
tion of antiangiogenic alone produced only modest response in clinical trials [ 71 ,  72 ] 
and did not found much effective for long-standing survival welfares [ 73 ]. Later it 
was found that combination of these antiangiogenic drugs with cytotoxic agents can 
fortify the response to a greater extent. This combinatorial concept was proved in 
many reports; paclitaxel and DOX in combination with JNJ17029259 (VEGF recep-
tor 2 inhibitor) [ 74 ]; cisplatin and gemcitabine in combination with bevacizumab 
(anti-VEGF) [ 75 ]; temozolomide in combination with COX-2 inhibitors, which 
indirectly inhibit VEGF function [ 76 ]. In clinical settings too, chemotherapeutics 
(irinotecan, fl uorouracil, and leucovorin) in combination with bevacizumab, an anti-
body targeted against the VEGF, produced an exceptional increase in survival (up to 
5 months) in colorectal cancer patients [ 77 – 79 ]. This combinatorial treatment strat-
egy can be made more effective by modulating the release pattern of both the co-
encapsulated bio-actives. On the similar line, a multifunctional nanoparticulate 
formulation was reported in which the release of both the agents was designed in 
such a way that after accumulating the NPs at tumor site, antiangiogenic drug (com-
bretastatin A4) fi rst releases which suppress the tumor vasculature and then exhibit 
sustained release of the cytotoxic agent DOX [ 80 ]. The positive fi ndings of the 
above report clearly suggest that, the multi-functional nano-carriers that work on 
multiple levels can be exploited as promising delivery vehicle for fortifi ed antitumor 
effi cacy.  

15.4.2.2    Multidrug Resistance Modulators with Chemotherapeutics 

 Multidrug resistance (MDR) can be defi ned as the resistance of cancer cells to a 
diverse range of structurally and functionally unrelated drugs and is considered as 
principal mechanism by which resistance to chemotherapeutics is developed by 
many cancers and considered as one of the major reason for chemotherapy failure. 
MDR can be classifi ed as intrinsic (inherent resistance of cancer cells against 
chemotherapy) and acquired (tumor reversions after treatment) [ 81 ]. To overcome 
this barrier of chemotherapy a variety of drugs were recognized which check 
the phenomena of cancer cells to become resistance against chemotherapy. Multiple 
mechanisms for MDR development have been recognized which include adaptation 
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of additional mechanism for DNA repair, enhanced production of drug metabolizing 
enzymes leading to the inactivation of chemotherapeutics, blockade of the apoptotic 
signalling cascade which leads to the enhanced survival of cancerous cells, and 
activation of effl ux pump such as P-glycoprotein (P-gp) for pumping the already 
absorbed drug out from the cell [ 82 – 87 ]. Among the different strategies, activation 
of effl ux pump has been recognized as the most prominent for developing the MDR 
resistance in cancer cells. To target this particular lacuna, different fi rst generation 
P-gp inhibitors like verapamil, cyclosporine A [ 88 ] came into picture; however, 
systemic administration of these agents to achieve the desired therapeutic effi cacy 
resulted in undesired toxic effects [ 89 ]. In the course of the research, dexverapamil 
or dexniguldipine, glibenclamide, tariquidar, PSC833, GF120918, XR9576, 
LY335979 were developed with more specifi city and high affi nity at nanomolar 
concentration and lesser side effects [ 90 ,  91 ]. Administration of these agents along 
with chemotherapeutics in nano-carriers demonstrated improved effi cacy and 
reduced toxicity which could be attributed to the inherent tendency of nano-carriers 
to be up taken by endocytosis or phagocytosis leading to the accumulation at the 
centre of the cell which is quite far from the effl ux pump [ 92 ]. Accumulation of 
these nano-carriers at the centre of the cell also provide the drug release at much 
higher rate in comparison with the effl ux rate which further overcome this barrier 
and maintain the therapeutic level of chemotherapeutics for a longer period of time. 
A variety of nanoparticulate systems, polyalkylcyanoacrylate NPs having the 
combination of DOX and cyclosporin A [ 93 ],    poly( D , L -lactide-co-glycolide) NPs 
for the delivery of paclitaxel and tariquidar [ 94 ] have been reported for successful 
delivery of these drugs. Positive outcomes of many of the clinical studies [ 95 ,  96 ] 
further support the suitability of this combination strategy for cancer therapy.   

15.4.3      Complex Multi-functionality 

 Although lots of newer formulation approaches have been developed for the deliv-
ery of chemotherapeutics more accurately and specifi cally to the tumor site, the 
therapy has not yet performed up to the mark which could be attributed to the lack 
of advanced diagnostic approaches. Usually, the cancer is detected at an advanced 
stage, when the primary tumor has been metastasized and invaded to other organs. 
Current approaches like chemotherapy and radiation therapy have relatively poor 
specifi city toward malignant tissues hence the disease is still not curable. Therefore, 
to fortify the cancer prevention and therapy novel probes for diagnosis and novel 
ferrying cargo must be fabricated which can diagnose the disease at early and cur-
able stage and deliver the drugs selectively and effectively to the cancerous cells/
tissues without causing collateral damage to the normal tissues. With the advent in 
the fi eld of chemotherapy, smarter multifunctional nano-carriers came into lime-
light in which core imaging agents such as iron oxide, gold, gadolinium and quantum 
dots were also incorporated along with chemotherapeutics to have the advantages 
of alternate anticancer therapies like hyperthermia, radiation and photodynamic 
therapy (Table  15.2 ). In line with the concept, many reports focused on 
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multifunctional nanomedicines for multimodal imaging [ 97 – 101 ] and simultaneous 
diagnosis and therapy [ 102 – 104 ] were published. Muthiah et al. reported surface 
tuneable polymersomes decorated with different polymers like positively charged 
polyethylenimine (PEI-P), neutrally charged polyethylene glycol (PEG-P), and 
negatively charged glycine (GLY-P) were attached to polymer backbone polysuc-
cinimide (P). These polymersomes were then loaded with super paramagnetic iron 
oxide nanoparticles and anticancer drug paclitaxel for image guide chemotherapy. 
PEG modifi ed polymersomes showed enhanced retention in liver and spleen in 
in vivo hemi-spleen mouse metastatic liver model. Pourtau et al. developed anti-
body grafted maghemite loaded polymersomes as novel MRI contrast agents for 
bone metastasis imaging. Bone tumor was developed in mice using human breast 
cancer cells since in 80 % cases, breast cancer preferentially metastasizes to the 
skeleton, e.g., femur, pelvis, vertebrae, and skull. In vivo MRI imaging demon-
strated targeting and enhanced retention of antibody labelled polymersomes at the 
tumor site in animal model [ 105 ].

   Nasongkla et al. developed the multifunctional polymeric micelles capable of 
simultaneous tumor imaging and delivery of anticancer agents. DOX and a cluster 
of superparamagnetic iron oxide NPs (SPIONs) were successfully embedded inside 
the micelle core and the targeting ligand cRGD was conjugated on the micellar 
surface. This enabled these multifunctional NPs to be targeted to avβ3-expressing 
cancer cells. In vitro MRI and cell cytotoxicity studies demonstrated ultrasensitive 
MRI imaging and avβ3-specifi c cytotoxic response of these multifunctional NPs. 
These systems served as a single platform which can be used to detect tumors, treat 
them, monitor treatment response and guide therapeutic regimens [ 104 ]. In line 
with the idea of multifunctionality, Yang et al. reported multifunctional magneto- 
polymeric nanohybrids (MMPNs) comprising magnetic nanocrystals as ultrasensi-
tive MR contrast agents, anticancer drugs as chemotherapeutic agents, anti-HER 
antibody as targeting ligand and biodegradable amphiphilic block copolymers as 
stabilizers. To obtain the required water solubility, the hydrophobic nanocrystals 
(MnFe2O4, Fe3O4) and anticancer drug (DOX) were simultaneously encapsulated 
with the amphiphilic block copolymer by a nanoemulsion method to give MMPNs. 
To make the system targetable against human epidermal growth factor receptor 2 
(HER2), NPs were conjugated with anti-HER antibody (HER, herceptin) by utiliz-
ing the carboxyl group on the surface of the MMPNs. In line with the author’s 
hypothesis, antibody-modifi ed MMPNs (HER-MMPNs) demonstrated ultrasensi-
tive targeted detection by MRI in in vitro and in vivo models and exhibited excellent 
synergistic effects for the inhibition of tumor growth [ 106 ]. In one of the interesting 
work multifunctional polymer nanomedical platform were reported for simultane-
ous cancer-targeted magnetic resonance (MR) or optical imaging and magnetically 
guided drug delivery by using biodegradable poly( D,L -lactic-co-glycolic acid) 
(PLGA) as a matrix forming polymer. In the current strategy DOX was used as 
chemotherapeutic agent along with superparamagnetic magnetite nanocrystals 
(nanocrystals of Fe3O4 or CdSe/ZnS) and semiconductor NPs (quantum dots) for 
magnetically guided delivery and T2 MRI contrast agent and optical imaging, 
respectively. Finally, PLGA NPs were also decorated with folate for targeting the 
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KB cancer cells. Following the treatment with the multifunctional polymer NPs 
cancer cells were detectable through MRI or confocal microscopy and magnetic 
guiding was reported to enhance the cancer-targeting effi ciency of the multifunc-
tional polymer nanomedicine [ 107 ]. In another set of study theragnostic multifunc-
tional tumor-homing NPs were developed by using chitosan as matrix forming base 
polymer, paclitaxel (PTX) as chemotherapeutics and Cy5.5, a near-infrared fl uores-
cent (NIRF) dye, for simultaneous execution of cancer diagnosis and therapy (can-
cer theragnosis). Cy5.5 labeled PTX loaded chitosan NPs exhibited signifi cantly 
increased tumor-homing ability with low nonspecifi c uptake by other tissues in 
SCC7 tumor-bearing mice [ 108 ]. Although multifunctional polymeric nano-carriers 
have shown exciting results in various in vitro and in vivo models, the effi cacy needs 
to be established in clinical settings. Table  15.2  summarizes the different simple and 
complex multifunctional strategies in nut shell for effi cient delivery of different 
therapeutics as described in Sects.  4.2  and  4.3 .   

15.5     Multifunctional Polymeric Nano-Carriers 
for Gene Delivery 

 Gene therapy has been evolved as a potential therapeutic strategy for various stub-
born human diseases like cancer, Parkinson’s, Alzheimer’s, etc. since the last few 
decades. Gene therapy refers to the administration of a strand of nucleic acid (DNA, 
RNA, or a chemical analogue) that specifi cally bind to the messenger RNA (mRNA) 
produced by a particular gene causative of a particular disease and turning that gene 
“off” [ 128 – 130 ]. Therapeutic effectiveness and safety of this therapy depends on 
the ability of ferrying cargo to deliver the gene construct to its target site while 
avoiding deleterious consequences to normal cells. Figure  15.4  represents the 
schematic delivery of genetic material to target site by using the concept of 
multifunctionality.  

 Safety risk and immunogenicity associated with the conventional viral vectors 
resulted in emergence of nonviral vectors as a potential alternative to them [ 131 –
 133 ]. Advantages, like ease of preparation, non-immunogenicity, ability to shield 
the genetic material against nucleases, high loading capacity, feasibility of attaching 
targeting ligand, and low cost associated with non-viral vectors [ 134 ,  135 ] shifted 
the focus of scientifi c community towards this germane area which introduced a 
number of nonviral vectors, viz., cationic polymers, cationic liposomes, and den-
drimers for gene delivery [ 136 ,  137 ]. These cationic vectors electrostatically inter-
act with negatively charged phosphate groups of DNA and condense DNA to 
submicron size particles facilitating its cellular uptake [ 138 ]. Additionally, non-viral 
vectors can be explored as a common platform in which concept of the genetic 
material can be combined with therapeutic moiety and/or imaging agents to further 
improve the performance of the therapy. On the line of combining genetic material 
with therapeutics HO Kin and coworkers encapsulated Bcl-xL siRNA and DOX 
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into designed methoxy-poly(ethylene glycol)-block-poly( D,L -lactic acid) (mPEG-b-
PLA) block copolymer polymersomes. Cytotoxic studies conducted in MKN-45 
and MKN-28 human gastric cancer cell lines demonstrated signifi cant cytotoxicity 
activity at low DOX dose in dual therapy compared to only gene and drug loaded 
ones. This study demonstrated effective dual therapeutic action of chemotherapy 
and apoptosis induction via selective gene silencing and activation [ 139 ]. Younghoon 
et al. synthesized non-ionic polymersomes for the delivery of siRNA and antisense 
oligonucleotides, AON. These degradable particles were passively taken up by cells 
and capable of escaping endosomes by conversion into micelles in the cellular envi-
ronment. siRNA was released into cytosol for mRNA breakdown while AON was 
delivered to the nucleus for exon skipping within pre-mRNA. This knockdown was 
as effective as cationic lipid transfection and half as effective as Lentivirus. 
Preliminary studies in mouse model of muscular dystrophy following intramuscular 
injection of AON loaded polymersomes lead to the expected protein expression 
along the entire length of muscle [ 140 ]. Nano-vector engineering offers great prom-
ise in the designing of such innovative approaches to achieve theranostic therapy 
[ 137 ]. In one the interesting study glutathione-responsive NPs were developed by 
assuming that the site specifi c and controlled release of pDNA would occur in 
response to the intracellular glutathione [ 141 ]. To make the NPs glutathione respon-
sive, thiolated gelatin was synthesized and two different types of gelatin NPs; cross- 
linked and non-cross-linked were developed and compared with normal gelatin 
NPs. The developed NPs revealed stimuli responsive release of encapsulated 

  Fig. 15.4    Schematic representation of targeted delivery of genetic material by using multifunc-
tional nano-carriers       
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FITC- dextran in response to the glutathione in release media. The plasmid DNA 
expressing green fl uorescent protein (EGFP-N1) was loaded into the NPs and the 
delivery potential of the developed NPs was further accessed in murine fi broblast 
cells. Fluorescence imaging of cells revealed transfection and protein expression 
after 6 h which was continued as long as 96 h. This concept was further extended 
and PEG modifi ed glutathione responsive thiolated gelatin NPs were developed by 
the same group of authors and this time plasmid DNA encoding the soluble form of 
the extracellular domain of vascular endothelial growth factor (VEGF) receptor-1 
(sFlt-1) was loaded in the system [ 142 ]. In line with the author’s concept PEG modi-
fi ed thiolated gelatin NPs exhibited superior in vitro transfection in human breast 
adenocarcinoma cells in comparison with plain counterparts. The developed NPs 
were further tested in nu/nu mice bearing orthotopic human breast adenocarcinoma 
(MDA-MB-435) xenografts and presented signifi cant suppression of tumor growth. 
Pangburn et al. reported peptide-functionalized polymersomes composed of 
poly(1,2-butadiene)-b-poly(ethylene oxide) for the encapsulation and delivery of 
siRNA. In this work, they utilized PR_b, a fi bronectin mimetic peptide targeting 
specifi cally the α(5)β(1) integrin. Orai3 gene was targeted for siRNA knockdown. 
PR_b functionalized polymersomes were capable of inducing cell death in T47D 
breast cancer cells to a certain extent, while preserving viability of noncancerous 
MCF10A breast cells. Co-localization studies revealed accumulation of functional-
ized polymersomes within cellular endosomes and lysosomes as assessed by organ-
elle staining. These functionalized vesicles were found to possess higher transfection 
effi ciency and better safety profi le compared to the current commercial siRNA 
transfection agent [ 143 ]. 

 In a different strategy NPs-in-microsphere oral system (NiMOS) consists of type 
B gelatin NPs encapsulated in PCL microspheres was reported for oral gene deliv-
ery [ 144 ]. PCL was used strategically to protect the particles from degradation in 
stomach and deliver the particles to intestine where the PCL is degraded by lipases. 
In bio-distribution studies, designed NPs revealed high accumulation in stomach 
after one hour which was shifted predominately to the large intestine after 2 h. The 
effi cacy of fabricated system was further tested with two different reporter plasmids 
expressing β-galactosidase (CMV-βgal) and EGFP-N1 in Wistar rats. Transgene 
expression was observed in the small and large intestines in both the plasmids 
although EGFP-N1 expression was more pronounced in case of NiMOS formula-
tion in comparison with controls. 

 Medarova et al. developed dual purpose probe for the simultaneous noninva-
sive imaging and delivery of siRNAs to tumors consisted of magnetic NPs (for 
MRI) labelled with Cy5.5 dye (for NIRF) and conjugated to a synthetic siRNA 
duplex. Additionally, the probe was modifi ed with myristoylated polyarginine 
peptides (MPAP) for targetable intracellular gene delivery. The results of in vivo 
tracking of these multifunctional MNPs demonstrated simultaneous delivery of 
siRNA to tumors and imaging of its accumulation by high-resolution magnetic 
resonance imaging (MRI) and near-infrared in vivo optical imaging (NIRF) [ 103 ]. 
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In a recent study by Hu et al. surfactant-free lipo-polymersomes (LPPs) were 
rationally designed for gene therapy. LPPs consist of cationic lipids and plasmid 
DNA inside the core encircled by polymeric layer loaded with iron oxide nanopar-
ticles and a neutral lipid shell, thus avoiding undesirable interactions with blood 
components during circulation. Under the infl uence of external magnetic fi eld and 
folate receptor mediated endocytosis, 30–40 times higher accumulation was 
observed in the cell uptake studies. This synergistic tumor targeting approach 
resulted in tenfold greater transfection effi ciency in the animal models with facili-
tation of endosomal escape of genetic material. 

 Cyclodextrins (CDs) have unique ability to form inclusion complexes with 
guests fi tting in their hydrophobic cavity and further chemical functionalization 
endow them excellent delivery vehicle. The excellency of CD, in the fi eld of gene 
delivery is refl ected by the number of successful reports in which CD was taken as 
key constituent in the designing of delivery vehicle. Zhang et al. reported novel 
core-shell structured nanoassemblies, as a new generation of multifunctional nano- 
carriers, for simultaneous drug delivery and gene therapy. The nanoassemblies 
were formed by synthesizing cyclodextrin-polyethyleneimine and Poly (β-benzyl 
 L -aspartate) (PBLA) as a host and guest polymers, respectively in which the hydro-
phobic core served as a nano-container to load and release the hydrophobic drugs 
(Dexamethasone), while plasmid DNA was condensed at the positively charged 
hydrophilic shell. In line with the author’s hypothesis, the developed  nano- assemblies 
exhibited excellent transfection and lower cytotoxicity in MC3T3-E1 osteoblast 
cells. Furthermore, presence of functionally active amine groups at the periphery 
supposed to provide additional functionalities to proposed system [ 145 ]. 
Cyclodextrin based systems, ornamented with different varieties of ligands, have 
also been reported for targeted gene delivery. Cyclodextrin based nanoparticle for-
mulation decorated with transferrin (Tf) was reported for targeted delivery of 
genetic material to cancer cells [ 146 ,  147 ]. Khalil et al. developed multifunctional 
envelope-type nano-device (MEND) that was supposed to mimic an envelope-type 
virus. Luciferase expression plasmid DNA was packaged in the core of these par-
ticles and further decorated with octaarginine peptide which mediates the internal-
ization of these particles via macropinocytosis simultaneously avoiding the 
lysosomal degradation. The MEND developed during the study exhibited equiva-
lent transfection and lower cytotoxicity in comparison with adenovirus. 
Furthermore, topical application of MEND particles containing constitutively 
active bone morphogenetic protein (BMP) type IA receptor (caBmpr1a) gene 
exhibited signifi cant impact on hair growth in ICR mice in vivo [ 148 ]. The concept 
of developing MEND [ 149 – 151 ], using octaarginine and/or other fusogenic pep-
tide was also successfully explored for gene delivery in different reports [ 152 – 156 ]. 
A summary of different delivery strategy using multifunctional nano-carriers has 
been presented in Table  15.3 .
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   Table 15.3    Different approaches of providing multifunctionality to polymeric nano-carriers for 
gene delivery   

 Entrapped 
moiety  Nanotechnology platform  Multifunctionality  References 

 Paclitaxel 
and DNA 

 (PCL-g-PDMAEMA) 
Poly(3 caprolactone)-graft- 
poly(2 (dimethylamino) 
ethyl methacrylate) 
based NPs 

 Dual delivery of drug and 
DNA for synergistic effect 
against tumors 

 [ 157 ] 

 Plasmid 
DNA 

 Poly( L -ornithine) NPs  Functionalization with 
galactose and fusigenic 
peptide (mHA2) to deliver 
DNA to hepatocytes through 
ASGP receptor recognition 

 [ 158 ] 

 Plasmid 
DNA 

 Nanocomplexes based 
on CyD 

 Surface modifi cation with 
PEG and transferrin for 
cancer targeting 

 [ 147 ] 

 siRNA  Nanocomplexes based 
on PEI 

 Surface engineering with 
PEG and RGD peptide to 
target VEGF R2 receptors 
overexpressed on cancer cells 

 [ 159 ] 

 Plasmid 
DNA 

 Nanocomplexes based 
on PEI 

 RGD/HIV-1 Tat peptides 
functionalization for 
endolysosomal escape 

 [ 160 ] 

 Plasmid 
DNA 

 Gelatine based NPs  Surface functionalization 
with epidermal growth 
factor receptor (EGFR)
-targeting peptide 
overexpressed in human 
pancreatic adenocarcinoma 
cells (Panc-1) 

 [ 161 ] 

 Plasmid 
DNA 

 NPs composed 
of PLGA- PEGMA 
block copolymers 

 Folate functionalization 
to target folate receptors 
overexpressed over tumor cells 

 [ 162 ] 

 Paclitaxel 
and siRNA 

 PLGA NPs  Dual delivery of drug and 
siRNA along with surface 
functionalization with biotin 
for effective silencing of the 
MDR1 gene that encodes 
for P-gp 

 [ 163 ] 

 DGKα  Nanocomplexes 
based on PEI 

 Surface functionalization with 
CD3 single chain antibody 
(scAbCD3) along with SPIO 
for MRI imaging 

 [ 164 ] 
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15.6        Multifunctional Polymeric Nanoparticles 
for Other Disorders 

 Apart from the cancer and gene delivery multifunctional nano-carriers have also 
been explored as a platform technology to a variety of diseases like brain disorders 
and liver diseases to improve the therapeutic performance. 

15.6.1     Multifunctional Polymeric Nanoparticles 
for Targeted Brain Delivery 

 Brain targeting is one of the most challenging and arduous area of research as the 
presence of blood–brain barrier, comprising cerebral endothelial cells with tight 
junctions, hinders the availability of bio-actives to the brain. In contemplation of 
treating CNS related disorders drug has to enter CNS by crossing the resilient 
blood–brain barrier. Generally drugs or any other molecules irrespective of their 
size cannot enter brain due to the effective prevention of entry of any kind of 
molecules into brain. Many strategies have been identifi ed and applied in delivering 
therapeutics across the BBB of which direct drug conjugation and encapsulation of 
therapeutic moieties in nano-carriers are prominently studied. Direct drug conjuga-
tion includes modifi cation of drug molecules so as to mimic the endogenous ligand 
while preserving its therapeutic activity or combining with other molecules via 
bond formation so as to achieve either carrier-mediated/receptor-mediated transport 
of respective therapeutic agents [ 165 ]. A variety of nano-carriers like polymeric 
NPs, liposomes, solid lipid nanoparticles, albumin NPs, dendrimers, nano-emulsions, 
and nano-suspensions have been explored for the effective delivery [ 166 ]. Improved 
drug transport through BBB by using nano-carriers have been hypothesized by a 
variety of mechanisms which includes [ 167 – 170 ]: (1) Adsorption and retention in 
the brain capillaries which maintains the concentration gradient and further facili-
tate the drug transport across the BBB, (2) Solubilization and fl uidization of mem-
brane lipids of brain endothelial cells by the surfactant nature of certain components 
of nano-carriers, (3) Opening of tight junctions between brain endothelial cells, (4) 
Transcytosis or endocytosis of nano-carriers. 

 Nanoparticulate system comprising Poly(n-butylcyanoacrylate) coated with 
polysorbate 80 was successfully tested for many types of drug molecules like hexa-
peptide dalargin, the dipeptide kytorphin, loperamide, tubocurarine, and DOX for 
treatment of different diseases/disorders like Alzheimer’s disease, multiple sclerosis, 
Parkinson’s disease, infl ammation, and brain cancer as well [ 168 ,  169 ,  171 – 178 ]. 
Kreuter et al. investigated the role of apolipoproteins (AII, B, CII, E, or J) in transport 
of drug molecules across the blood–brain barrier by using the same concept taking 
dalargin and loperamide as model drugs. Antinociceptive threshold measurements 
in mice by tail fl ick test following IV administration of different formulations demon-
strated signifi cantly higher effi cacy in vivo following the coating of polysorbate 80 
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and/or apolipoprotein E. After getting attached with the apolipoprotein B and/or E, 
NPs resemble with the lipoprotein particles of biological system and actively taken 
up by the lipoprotein receptors present on the capillary endothelial cells of blood–
brain barrier. The similar effect could be observed with different polysorbates too 
[ 167 ,  174 ,  179 ]. Similar formulation strategy was reported by Wilson et al. for the 
delivery of reversible cholinesterase inhibitor, rivastigmine and confi rmed the 
improved delivery potential of polysorbate 80 coated NPs [ 180 ]. Increased levels of 
different metals like iron, zinc, copper, mercury, and aluminium in different parts of 
brain is also observed in Alzheimer’s disease [ 181 ,  182 ]. These accumulated metals 
may produce signifi cant oxidative stress by producing free radicals ultimately 
leading to neurodegeneration. Neurons are especially prone to attacks by free radi-
cals because of the presence of low quantities of natural antioxidant glutathione and 
high quantities of polyunsaturated fatty acids [ 183 ]. Metal chelators are special type 
of molecules that can bind to excess quantities of metals and thus facilitating their 
removal by which oxidative stress of brain can be relieved. Many free radical scav-
engers like vitamin E (α-tocopherol), selegiline, and  Ginkgo biloba  extract EGb 
761(Tanakan) have been reported to be used as a targeting strategy with promising 
effi cacy [ 182 ]. 

 Brain tumor is another major research area of concern in which crossing the 
BBB is the major hurdle. After crossing the BBB, targeting of the delivery vehicle 
specifi cally to the tumor without causing systemic toxicity is next level challenge. 
The purpose of enhancing permeation with improved effi cacy and reduced cyto-
toxicity can be effectively achieved by encapsulating the bio-actives in functional-
ized nano-carriers. Functionalized nano-carriers can cross blood–brain barrier 
quite easily by aforementioned mechanisms and can get internalized especially in 
cancerous cells where they can exert an action. Besides the conventional therapy, 
photodynamic therapy has also been explored for the successful treatment of brain 
tumors. Photodynamic therapy actually involves delivering of a photosensitizing 
molecule into tumor cells followed by activation by specifi c wavelength of visible 
or near- infrared light. This activation makes the photosensitizing molecule to 
produce singlet reactive oxygen species (1O2) which is cytotoxic and can kill the 
tumor cells permanently by creating infl ammation and hypoxic conditions [ 184 , 
 185 ]. The effi ciency of photosensitizing molecule to produce reactive oxygen spe-
cies can be determined by anthracene-9, l0-dipropionic acid, disodium salt (ADPA) 
method. If the decrease in fl uorescence intensity is observed upon mixing of sample 
with ADPA followed by irradiation at 650 nm, it indicates the generation of free 
oxygen species which reacts with ADPA in an irreversible fashion. Tang et al. 
reported polyacrylamide based functionalized NPs for the photodynamic therapy to 
treat brain tumors by taking methylene blue as a photosensitizer. The developed 
NPs demonstrated high release of reactive oxygen species and thus higher cytotox-
icity to cancerous cells [ 185 ]. 

 Reddy et al. developed multifunctional polymeric NPs for the purpose of brain 
targeting along with imaging. The system is basically polyacrylamide NPs encapsu-
lated with photofrin for the therapeutic benefi t while the iron oxide was taken as a 
magnetic resonance contrasting agent. Furthermore, the NPs were functionalized 
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with F3 peptide, which is a 31 amino acid peptide with cell penetrating properties 
and high specifi city for tumor cells [ 186 ,  187 ]. Improved effi cacy was observed in 
MDA-435 cell lines while the greater accumulation of surface functionalized NPs 
was confi rmed by magnetic resonance imaging. Based on the positive fi ndings, 
these multifunctional NPs were found benefi cial in terms of providing more factual 
results [ 119 ]. A summary of different strategies of multifunctionality for brain 
targeting is shown in Table  15.4 .

15.6.2        Multifunctional Polymeric Nano-Carriers 
for Liver Targeting 

 Liver is the major organ involved in metabolism of drugs and liver cancer may trig-
gers many severe complications. Hepatitis B virus (HBV) is the major cause of liver 
cancer followed by Hepatitis C virus (HCV) and some environmental factors that 
includes afl atoxin B1, smoking, drinking and mycotoxins [ 194 – 196 ]. HBV acts 
directly and involves damage of hepatocytes and DNA inside these cells but unlike 

   Table 15.4    Different strategies of multifunctionality for brain targeting   

 Active ingredient 
 Nanotechnology 
platform  Multifunctionality  References 

 Dalargin, 
Loperamide, 
Rivastigmine, 
Kyotorphin, 
Tubocurarine, 
DOX, 
Temozolomide, 
Zidovudine & 
Lamivudine, 
clioquinol 

 Poly(n- butylcyano-
acrylate) NPs 

 Polysorbate 80 coating which 
make the apolipoprotein B 
and/or E to bind with NPs 
resembling native 
lipoprotein molecules 

 [ 167 ,  169 , 
 171 ,  177 , 
 180 , 
 188 – 190 ] 

  14 C 
radiolabelling 

 Polycyanoacrylate 
NPs 

 PEGylation for enhanced plasma 
circulation and brain diffusion 

 [ 191 ] 

 Methylene blue  Polyacrylamide 
NPs 

 Methylene blue is a 
photosensitizer simultaneously 
serving the purpose of imaging 

 [ 185 ] 

 Vasoactive intestinal 
peptide 

 Poly (ethylene 
glycol)-poly 
(lactic acid) NPs 

 Surface functionalization with 
wheat germ agglutinin (WGA) 

 [ 192 ] 

 Loperamide  Human serum 
albumin NPs 

 Surface functionalization with 
transferrin/transferring antibodies 
to promote the entry through BBB 

 [ 193 ] 

 Photofrin  Polyacrylamide 
NPs 

 Surface functionalization with 
F3 and co-encapsulation of iron 
oxide as MRI contrast agent 

 [ 119 ] 
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HBV, HCV acts indirectly by initiating cirrhosis. Current liver cancer therapy pre-
dominantly relies on chemotherapy; however, short circulation half-life and sys-
temic toxicity due to the non-selectivity are the major limitations. A variety of 
molecules like galactose, glycyrrhizin, sugars, folic acid, and antibodies have been 
found effective as targeting ligand for liver cancer. Asialoglycoprotein (ASGP) 
receptor, which is also known as galactose receptor, has been reported to be overex-
pressed specifi cally in hepatocytes of liver [ 197 ] which are capable of recognizing 
terminal β- D -galactose and  N -acetylgalactosamine residues and hence can be uti-
lized as potential targeting ligand to ensure precise drug delivery to liver [ 198 ]. 
These receptors allow the specifi c binding of galactose functionalized systems and 
readily get internalized via receptor mediated endocytosis [ 199 ]. Liang et al. devel-
oped galactosamine functionalized poly(g-glutamic acid)-poly(lactide) NPs for tar-
geted delivery of PTX to liver and found that modifi cation with galactosamine 
demonstrated signifi cantly higher cell growth inhibition potential in HepG2 cell 
lines. Moreover, bio-distribution studies in normal and hepatoma-tumor-bearing 
nude mice after rhodamine labelling, demonstrated higher accumulation in liver and 
tumor regions. Furthermore, galactosamine functionalized NPs were found much 
effective in tumor growth suppression and confi rmed the specifi c liver targeting 
potential of galactosamine functionalized nano-carriers via asialoglycoprotein 
receptor mediated endocytosis [ 200 ]. The concept of liver targeting by using galac-
tose/galactosamine has been supported in a variety of reports for the delivery of all 
trans-retinoic acid by poly( L -lactic acid) NPs [ 201 ], gene delivery to hepatocytes by 
poly(ethylene glycol)-chitosan-graft-polyethylenimine [ 202 ], fl uorescent labeled 
micelles as a liver targeting drug carrier [ 203 ]. Although this strategy was found 
quite effective in liver targeting, reduced density and activity of ASGP receptors in 
patients with liver disease due to reduced binding capability of ASGP receptors may 
limit its use. To overcome this limitation other targeting moieties, glycyrrhizin and/
or glycyrrhizinic acid, came into picture [ 204 ,  205 ]. Glycyrrhizin (GL) and/or glyc-
yrrhizinic acid (GA) are the main component in roots of liquorice having wide 
range of therapeutic applications such as anti-allergic, anti-infl ammatory, and anti- 
hepatotoxic effects and gelling agent in cosmetics [ 206 ]. It was recognized that rat 
hepatocytes contains the more specifi c binding receptors for GL and GA [ 207 – 209 ] 
and promote the internalization of GL/GA functionalized nano-carriers through 
receptor mediated endocytosis [ 210 ]. Lin et al. evaluated the hepatocyte targeting 
potential of glycyrrhizin functionalized chitosan NPs by using adriamycin as a 
model drug. Glycyrrhizin modifi ed and rhodamine B isothiocyanate (RBITC) 
loaded chitosan NPs demonstrated 4.9 times higher accumulation of GL-CH-NPs in 
hepatocytes than endothelial cells while unmodifi ed CS-NPs exhibited almost equal 
uptake in both hepatocytes and endothelial cells. CLSM studies revealed higher 
internalization of GL-CS-NPs into cytoplasm of hepatocytes and supported the 
strategy for effective liver or more specifi cally hepatocyte targeting [ 210 ]. Tian 
et al. developed Glycyrrhetinic acid-modifi ed chitosan/poly(ethylene glycol) NPs 
(GA-CS/PEG) and used single-photon emission computed tomography (SPECT) 
technique for noninvasive imaging and quantitative distribution of functionalized 
NPs. SPECT analysis demonstrated much higher localization of GA-CS/PEG in 
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liver immediately after administration of 99mTc labelled GA-CS/PEG NPs in com-
parison with other organs like kidney and bladder and other unmodifi ed formula-
tion. Cell uptake studies in human hepatocytes (QGY-7703 cells) demonstrated 
much higher fl uorescence in case of GA modifi cation in comparison with unmodi-
fi ed NPs. Furthermore, promising cytotoxicity and antitumor effi cacy of DOX 
loaded NPs established the potential of proposed strategy to achieve liver targeting 
[ 205 ]. Among the different targeting moieties folic acid has also been recognized as 
potential target as the folate receptors have been reported to be overexpressed over 
the cancerous cells [ 34 ,  211 ]. This targeting strategy was used by Zhang et al. to 
develop multifunctional polymeric micelles based on polyethylene glycol-block- 
poly(ε-caprolactone) (PEG-PCL) by taking sorafenib as a potential anticancer 
agent. The micelles were surface functionalized with folic acid to have the advan-
tage of folate receptor mediated uptake and simultaneously loaded with SPIO NPs 
as an MRI contrast agent. Prussian blue staining stipulated the uptake of folate tar-
geted micelles into human hepatic carcinoma (HepG2) cells. In addition it was per-
ceived that uptake of folate functionalized micelles got reduced upon inclusion of 
free folate to HepG2 cells which confi rmed the involvement of folate receptors in 
cellular uptake of developed micelles. Furthermore, targeted micelles were found to 
be effective in inhibiting the proliferation and enhancing the apoptosis of HepG2 
cells [ 212 ]. Table  15.5  summarizes the different strategies of multifunctionality 
which have been explored for the purpose of liver targeting.

15.7         Conclusion and Future Outlook 

 The solitary purpose of NPs is tremendously changing from simply ferrying cargo 
to smart carriers with all in one approach which is supposed to target any disease or 
any organ. These nanoparticulate platforms are the need of the hour to ensure the 
effective therapy along with live imaging without aggravating the unwanted side 
effects to the normal tissues. Despite the endless benefi ts offered by multifunctional 
polymeric nano-carriers, there are several challenges which need to be addressed to 
bring them from bench to bedside. Crowded nature of multifunctional polymeric 
nano-carriers may interfere with the selective recognition and uptake of these carri-
ers, which may ultimately lead to toxicity. Thus, there is a strong need to study the 
effect of multifunctionality on selectivity and uptake in more detail to eliminate all 
the possible side effect as much as possible. This can be improved by using surface 
engineering to develop polymeric nano-carriers which can simultaneously bind to 
the multiple target sites and preferentially localize the therapeutics and contrast 
agents to target site. This improved targeting approach can further reduce the unnec-
essary drug load by preferential accumulation of therapeutics to target site. Another 
area which needs to be worked upon is the development of biologically active poly-
mers as building blocks in nano-carriers fabrication. In this area, polymer drug or 
polymers with inherent fl uorescence can be developed to directly fabricate the NPs 
which will not only reduce the burden of multifunctionality but also open a new era 
of research.         
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Chapter 16
Polymeric Micelles in Targeted Drug Delivery

Rayasa S. Ramachandra Murthy

Abbreviations

AFM Atomic force microscopy

ATRA All-trans retinoic acid

AUC Area under the curve

CMC Critical micellar concentration

CMT Critical micellization temperature

CPT Camptothecin

CsA Cyclosporine A

DNA Deoxy ribonucleic acid

DOX Doxorubicin

DSPE Distearoyl phosphatidyl ethanolamine

EPR Enhanced permeability and retention

F-5-CADA Fluorescein-5-carbonyl azide diacetate

FA Folic acid

Gd Gadolinium

HEMAm N-(2-hydroxyethyl) methacrylamide

HLB Hydrophilic–lipophilic balance

LCST Low critical solution temperature

MHC Minimal hydrotrope concentration

MRI Magnetic resonance imaging

PAsp Poly(aspartic acid)
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PBLA Poly(benzyl-L-aspartate)

PCL Poly(e-caprolactone)

PDLLA PEG-b-poly(D,L-lactic acid)

PEG Poly(ethylene glycol)

PEO Polyethylene oxide

PET Positron emission tomography

P-gp P-glycoprotein

PICMs Polyion complex micelles

PM Polymeric micelle

PMMA Poly(methacrylate)

PPO Poly(propylene oxide)

PTX Paclitaxel

PVA Poly(vinyl alcohol)

RNA Ribonucleic acid

RT Room temperature

SEM Scanning electron microscopy

TEM Transmission electron microscopy

16.1  Introduction

Amphiphilic molecules or surfactant monomers that possess a polar head and a 

lipophilic tail could show changes in their physicochemical properties in solutions. 

These changes are associated with the orientation and association of amphiphilic 

molecules in solution resulting in the formation of structures called micelles. The 

micelles internally have a hydrophobic core and externally a hydrophilic surface. 

Micelles are generally made up of 50–200 monomers (an average number of mono-

mers forming micelle at any given time is termed as the aggregation number). The 

radius of a spherical micelle is 1–3 nm, and thus they lie in the colloidal range [1, 2]. 

The major driving force behind self-association of amphiphilic molecules is the 

decrease of free energy of the system. The decrease in free energy is a result of 

removal of hydrophobic fragments from the aqueous surroundings with the forma-

tion of a micelle core stabilized with hydrophilic fragments exposed into water. The 

factors affecting the process of micelle formation are the size of the hydrophobic 

domain in the amphiphilic molecule, concentration of amphiphiles, temperature, 

and solvent. The minimum concentration of amphiphilic molecules to form 

 assembly is called critical micelle concentration (CMC). At low concentrations in 

medium, these amphiphilic molecules exist separately, and are so small that they 

appear to be subcolloidal. Below the CMC, the amphiphile undergo adsorption at 

the air–water interface. As the total concentration of the amphiphile is increased up 

to CMC, the interface as well as the bulk phase is saturated with monomers. Any 

further amphiphile added in excess of CMC results in the aggregation of monomers 

in the bulk phase, such that the free energy of the system is reduced. The tempera-

ture below which amphiphilic molecules exist as unimers and above which as 

aggregates is the critical micellization temperature (CMT) [1, 3, 4].
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16.2  Polymeric Micelle

A polymeric micelle is a macromolecular assembly that forms from synthetic amphi-

philic block copolymers or graft copolymers. It has a spherical inner core and an 

outer shell [5]. As shown in Fig.16.1, which features an AB-type block copolymer, a 

micellar structure forms in an aqueous medium if one segment of the block copo-

lymer can provide interchain cohesive interactions sufficient for the micelle 

formation.

Here, Amphiphilic block or graft copolymers behave in the same manner as that 

of conventional amphiphiles and in aqueous solution, above CMC, these polymers 

form polymeric micelles. In contrast to the micelles of conventional surfactant 

monomers, in polymeric micelles there is a covalent linkage in individual surfac-

tant molecules within the hydrophobic core. This linkage prevents dynamic 

exchange of monomers between free solution and the micellar pseudo-phase which 

confers rigidity and stability to the polymeric micelles [6]. The aggregation num-

ber of polymeric micelles is of the magnitude of several hundreds and the diameter 

ranges from 10 to 100 nm. Factors controlling the size of the polymeric micelles 

include molecular weight of the amphiphilic block copolymer, aggregation number 

of the amphiphiles, relative proportion of hydrophilic and hydrophobic chains, and 

the preparation process [7]. In aqueous medium amphiphilic block copolymers can 

principally self-assemble into spherical micelles, worm-like or cylindrical micelles, 

and polymer vesicles or polymersomes. Main factor governing the morphology of 

micelles is the hydrophilic–hydrophobic balance of the block copolymer defined 

by the hydrophilic volume fraction, f. For amphiphilic block copolymers with 

value of nearly 35 %, polymer vesicles are formed, whereas, for f value more than 

45 %, spherical micelles are formed from self-assembly [8, 9]. By using amphiphi-

les of more complicated molecular design, e.g., miktoarm star copolymers, or by 

varying the experimental conditions for self-assembly more complex morpholo-

gies such as that of crew-cut micelles, multicompartment micelles, toroids, etc. 

may be obtained [10].

Fig. 16.1 Design of a polymeric micelle carrier system
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16.3  Types of Polymeric Micelles

On the basis of the type of intermolecular forces governing the segregation of the 

core segment from the aqueous environment, polymeric micelles can be classified 

in three main categories, i.e., micelles formed by hydrophobic interactions, those 

resulting from electrostatic interactions (polyion complex micelles), and micelles 

from metal complexation.

16.3.1  Conventional

These micelles are formed by hydrophobic interactions between the core segment 

and the corona region of amphiphilic block copolymer in the aqueous environment. 

One of the simplest example of this type is the micelle formed by hydrophobic inter-

actions in poly(ethylene oxide)-b-poly(propylene oxide)-bpoly(ethylene oxide) [11].

16.3.2  Polyion Complex Micelles

Polymeric micelles are also formed by electrostatic interactions between two 

 oppositely charged moieties, such as polyelectrolytes and these micelles are termed 

polyion complex micelles (PICMs). When oppositely charged polymers are added 

in the solution, they can penetrate in the corona of the micelle and give rise to poly-

ionic micelle. The electrostatic forces and the van der Waals force of interaction 

control the structure and size of the charged micelle coronas. PICMs have some 

peculiar features such as simple synthetic route, easy self-assembly in aqueous 

medium, structural stability, high drug loading capacity, and prolonged circulation 

in the blood. The preparation of micelles being carried out in aqueous medium with-

out involvement of any organic solvents, they overcome the associated side-effects 

produced by the residual organic solvents. The core of the PICMs can entrap many 

therapeutic agents such as hydrophobic compounds, hydrophilic compounds, metal 

complexes, and charged macromolecules through electrostatic, hydrophobic, hydro-

gen bonding interactions and release them after receiving a suitable trigger. Because 

of these reasons, the PICMs have a great potential for drug release, especially for the 

delivery of charged drugs, antisense oligonucleotides, DNA, and enzymes [12, 13]. 

Recently, Jung et al. prepared polymeric micelles of methoxypoly(ethylene glycol)-

grafted-chitosan encapsulating all trans retinoic acid through the formation of a 

polyion complex between the amine group of chitosan and the carboxylic acid 

group of all-trans retinoic acid. The PICMs were designed for drug delivery to the 

brain tumor. The sizes of PICMs were about 50–200 nm and the loading efficiency 

of micelle was higher than 80 % (w/w).
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16.3.3  Non-covalently Connected Polymeric Micelles

Polymeric micelles are also prepared by a novel “block-copolymer-free” technique. 

Here, polymeric micelles are obtained via self-assemblage of homopolymer, ran-

dom copolymer, graft copolymer or oligomer by inter polymer hydrogen bonding 

complexation. Core and shell are non-covalently connected at their homopolymer 

chain end by specific inter molecular interactions such as H-bonding or metal- 

ligand interactions in the resultant structures and hence these are termed as non- 

covalently connected micelles. Jiang et al. prepared the intermolecular complexes 

with poly(4-vinylpyridine) as the backbone and carboxyl terminated poly butadiene 

as the grafts due to hydrogen bonding using chloroform as a common solvent.

16.4  Polymers used in Polymeric Micelle

Amphiphilic copolymers, either block copolymers (di, tri, or tetra) or graft copolymers, 

can be used to form polymeric micelle. A graft copolymer is one which comprises a 

polymer chain as a backbone and another polymer chain as side “grafted” parts. These 

copolymers usually demonstrate properties of both the polymeric backbones as well as 

of the graft [14]. Table 16.1 shows different possible structures of amphiphilic copoly-

mers with representative example of each class.

Amphiphilic diblock AB-type or triblock ABA-type copolymers with the length 

of a hydrophilic block exceeding to some extent that of a hydrophobic one would 

self-assemblage to form spherical micelles in aqueous solutions. If the length of a 

hydrophilic block is too large, copolymers exist in water as individual molecules 

(unimers), and molecules with lengthy hydrophobic blocks develop various struc-

tures. Examples of different amphiphilic copolymers that have been investigated for 

producing micelles are given in Table 16.2.

Table 16.1 Type of amphiphilic copolymers and their possible structures

Type of 

copolymers Representation of structurea Example of polymers

Block copolymers di—block

AAAAAAABBBBBB

Poly(styrene)-b-

poly(ethylene oxide)

tri—block

AAAABBBBBAAAA

Poly(ethylene oxide)-b- 

poly (propylene oxide)- 

b-poly(ethylene oxide)

Graft copolymers AAAAAAAAAAAAA

B B

B B

B B

B

N-phthaloylchitosan- 

g-polycaprolactone

aA hydrophilic unit, B hydrophobic unit
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16.5  Preparation of Polymeric Micelle

Polymeric micelles are prepared by either of the two following methods.

 1. By direct dissolution: This method is used for block copolymers with low molec-

ular weight and short length of the insoluble block. Here, micelles are prepared 

by direct dissolution in a selective solvent for one of the blocks. To facilitate 

dissolution, stirring, thermal, or ultrasound treatments can be used. The micelle 

formed gets trapped in a solvent that is a strong nonsolvent for the core and thus 

become stable.

 2. By counter solvent method: molecularly dissolved chains of block copolymer in 

a selective solvent for one of the blocks is added with a non-solvent for the other 

block to form micelle. Alternatively, temperature or pH variations may be used 

for micelle formation [27].

16.6  Preparation of Drug-Loaded Micelles

Drug-loaded polymeric micelles can be prepared mainly by three common 

approaches: direct dissolution, solvent evaporation, and dialysis.

Direct dissolution method: In this method, the amphiphilic copolymer and drug 

in water is prepared at or above CMC. The copolymer and the drug self-assemble in 

water to form drug-loaded micelles. But this method usually is associated with low 

drug loading which can be enhanced by increase in temperature. Alternately a thin 

evaporated film of drug can be prepared before the addition of copolymer.

Table 16.2 Various polymers used to prepare polymeric micelle

S. No. Polymer Reference

1. N-phthaloylcarboxymethylchitosan [15]

2. Poly(2-ethylhexyl acrylate)-b-poly(acrylic acid) [16]

3. Poly(tert-butyl acrylate)-b-poly(2-vinylpyridine) [17]

4. Poly(ethylene oxide)-b-polycaprolactone [18]

5. Poly(e-caprolactone)-b-poly(ethylene 

glycol)-b-poly(e-caprolactone)

[19, 20]

6. Poly(e-caprolactone)-b-poly(methacrylic acid) [21]

7. Poly(ethyleneglycol)-b-poly(e-caprolactone-co- 

trimethylenecarbonate)

[22]

8. Poly(aspartic acid)-b-polylactide [23]

9. Poly(ethylene glycol)-block-poly(aspartate-hydrazide) [24]

10. Poly(N-isopropyl acrylamide-co-methacryl 

acid)-g-poly(D,L-lactide)

[25]

11. Stearic acid-grafted chitosan oligosaccharide [26]
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Solvent evaporation or solution-casting technique: In this technique, copolymer 

and the drug are dissolved in a volatile organic solvent and a thin film is formed by 

evaporating the solvent. Drug-loaded polymeric micelles are obtained by reconsti-

tution of film with water. When the core forming blocks are long and more hydro-

phobic, the two above-mentioned techniques are unsuitable.

Dialysis technique: Micelles from copolymers having long and more hydropho-

bic core forming blocks have the potential to solubilize large amounts of poorly 

water-soluble drugs. In these cases, the dialysis technique can be used to prepare 

drug-loaded micelles. Solutions of the drug and the polymer in organic solvent are 

placed in the dialysis bag, and the solvent is exchanged with water by immersing 

bag into water, inducing micelle assembly [28, 29]. However, emulsification involv-

ing use of chlorinated solvents is not safer and dialysis process often requires more 

than 36 h for efficient loading.

Lyophilization technique: The above mentioned limitations can be overcome by 

employing a simple and cost-effective method in which water/tert-butanol mixture 

is used for dissolving drug as well as polymer and then the solution is lyophilized. 

Drug-loaded polymeric micelles are then obtained by redispersing the lyophilized 

product in a suitable vehicle [30, 31].

16.6.1  Drug Loading Capacity of Polymer Micelles

Almost one-third of newly discovered drugs are highly insoluble in water, but there 

is no standard method to solubilize such drugs [32]. As a result of the capability to 

load lipophilic molecules into the hydrophobic core, polymer micelles have been 

widely used to solubilize and deliver poorly water-soluble drugs (Fig. 16.2).

16.6.2  Theories of Drug Solubilization by Polymeric Micelles

The first-generation polymer micelle were used to solubilize (or load) highly lipo-

philic drugs like paclitaxel using PEG-b-poly(D,L-lactic acid) (PDLLA or PLA) as 

polymer. As reported the loading capacity of paclitaxel is ~ 10–20 % (wt/wt) [17]. 

Fig. 16.2 Schematic of a 

hydrophobically assembled 

polymer micelle. The 

hydrophobic core loading 

lipophilic drugs is protected 

from the environment by  

the hydrophilic shell
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This enhancement of drug solubility in water, which is derived from hydrophobic 

interaction between hydrophobic polymer blocks and drugs [33]. The hydrophobic 

interaction, more exactly hydrophobic effect, is a phenomenon induced by the 

London dispersive force that exists between any kinds of molecule. The hydropho-

bic effect is induced when hydrophobic molecules are mixed with water, because 

the London dispersive force between lipophilic drugs and hydrophobic blocks is 

much stronger than that between the lipophilic drug and water.

Although the hydrophobic effect is a major driving force, drug loading capacity 

and efficiency also depend on the miscibility between polymers and drugs. The 

mechanism of drug loading into a polymer micelle is explained by the Hildebrand–

Scatchard solubility parameter (δ),

 
d D= ( )E Vvap /

.0 5

 

where ∆Evap is the energy of vaporization and V is the molar volume of the  

solvent [34].

The drug loading into a polymer micelle is in a way mixing of the polymer with 

drugs, the loading capacity can be described by the Flory–Huggins theory, 

expressed by

 
c d ddrug polymer drug drug polymer- = ( ) -( )V RT/

2

 

where χdrug-polymer is the Flory–Huggins interaction parameter between the drug and 

the polymer, V drug is the volume of the drug, R is the ideal gas constant, T is the 

temperature, and δdrug and δpolymer are the Hildebrand–Scatchard solubility parame-

ters of the drug and the polymer, respectively [35, 36].

The above equation describes the miscibility between polymers and drugs. 

Letchford and colleagues investigated the miscibility of PEG-b-PCL with five dif-

ferent drugs [37] and observed that etoposide, paclitaxel, plumbagin, curcumin, and 

indomethacin followed the ascending order of χdrug-polymer. As a lower value (<0.5) of 

the Flory–Huggins parameter means a better solubility, indomethacin is the drug 

best solubilized in PEG-b-PCL micelle among the five. It should be noted that the 

hydrophobicity of each drug does not follow the order of the Flory–Huggins param-

eter, indicating that a hydrophobic effect is not the only mechanism to explain the 

efficiency of drug loading into polymer micelles. Similarly, the heat of mixing is 

another parameter to describe the miscibility between polymers and drugs. The 

drug loading efficiency was found to be highly dependent on the heat of mixing and 

the order was poly(benzyl-L-aspartate) (PBLA) >PCL > PDLLA> PGA. It is there-

fore obvious that the drug loading in to a polymer micelle is not only forced by the 

hydrophobic effect, but also facilitated by other interactions between polymers and 

drugs to increase the miscibility.

In addition, another important parameter to govern the drug loading capacity of 

polymer micelles is the hydrophilic–lipophilic balance (HLB) of block copolymers. 

For example, block copolymers with longer hydrophobic block showed better drug 
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loading property, which was confirmed by determining the partition coefficient of 

drugs into PEG-b-PCL micelles [37].

The hydrotropy also significantly enhances the aqueous solubility of poorly 

 soluble compounds [38, 39]. The mechanism of hydrotropic solubilization has been 

explained in several ways, such as hydrophobic effect, hydrogen bonding and stack-

ing interaction [38]. The hydrotropes form non-covalent aggregates only above a 

certain concentration, which is called the minimal hydrotrope concentration (MHC) 

[40]. As hydrotropes are small molecules containing both hydrophobic and hydro-

philic moieties, the hydrophobic effect can be a driving force to generate aggregates 

such as surfactants. In addition, polar groups of the hydrophilic moieties can inter-

act with drugs by means of hydrogen bonding [41]. Hypothetically, hydrotropes 

may break the hydrogen bonding between drugs that is considered as one of the 

drug crystallization mechanisms.

Most hydrotropes have an aromatic ring substituted by heteroatoms. Depending on 

the substituted atom species, the benzene rings can interact with each other and be 

stacked (П– П stacking) [42, 43]. As most poorly soluble drugs consist of one or 

multiple benzene rings and polar groups, the self-aggregation property of hydrotropes 

can be expanded to complexation between hydrotropes and lipophilic drugs [44, 45].

The significance of multiple interaction parameters in describing the solubiliza-

tion phenomenon is indicated in the linear solvent free energy relationship (LSER) 

equation [43],

 
logSP x= + + + + +c rR s a a b vV2 2 2 2S Sb

 

where SP is the property of interest for a drug (i.e., partition coefficient), R2 is the 

excess molar refraction of the solution derived from the London dispersion force, p2 

is the drug dipolarity/polarizability, Σa2 is the hydrogen bonding acidity of the drug, 

Σβ2is the hydrogen bonding basicity of the drug, and Vx is the McGowan’s charac-

teristic volume calculated from molecular structure. The c, r, s, a, b, and v are 

regression coefficients.

Based on the LSER theory, drug partition in two immiscible phases of water and 

micelle core-forming polymer is explained by transferring the free energy of drugs in 

water to that in polymer. This free energy is proportional to the sum of multiple inde-

pendent interactions. Therefore, the LSER equation suggests that the important 

parameters to maximize the miscibility are hydrophobicity, electrostatic interaction, 

dipole–dipole interaction, hydrogen bonding, and size of the drug. When the miscibil-

ity between polymers and drugs is optimized, it is expected that much improved drug 

loading capacity of polymer micelles will be obtained. Introduction of the hydrotropy 

into polymer micelles is one solution to accomplish the optimized miscibility.

16.6.3  Stability Issues

It is known that polymeric micelles possess high structural stability provided by the 

entanglement of polymer chains in the inner core. This stability has two aspects: 

static and dynamic [46–49]. Static stability is described by a critical micelle 
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concentration (CMC). Generally, polymeric micelles show very low CMC values in 

a range from 1 mg/mL to 10 mg/mL. These values are much smaller than typical 

CMC values of micelles forming from low-molecular weight surfactants. The sec-

ond aspect, dynamic stability, is described by the low dissociation rates of micelles

Intravenous injections of polymeric micelles could get destabilized due to 

extreme dilutions they undergo in blood. This would lead to leakage and burst 

release of loaded drugs. Such problems could be overcome by improving the inter-

action between the drug and polymer in the shell via chemical conjugation or by 

cross-linking [50]. Other causes for decrease in stability of polymeric micelle are: 

Dis-balance in the HLB of the system due to over-loading of hydrophobic moiety 

(drug) into the core region; Hydrolytic cleavage of drugs or copolymers in aqueous 

systems. However, lyophilized polymeric micelle formulations have shown to pos-

sess improved long-term stability for intravenously administered preparations [51]. 

Other strategy used for stabilization is cross-linking of hydrophilic shell and/or 

hydrophobic core.

16.6.3.1  Cross-Linking the Shell

Cross-linking of hydrophilic shell leads to a stabilization of the micelle system and 

delays the degradation of the micelle. This strategy involves introduction of cross- 

linkable groups within the hydrophilic portion of the copolymer and then using 

polymer chemistry to cross-link the hydrophilic shell portion after the micellization 

of the polymer. Other approaches, such as conjugation of the core with the drug, can 

also be useful in preparing sustained-release micellar systems. For example, multi-

functional, multi-armed PEG can be copolymerized with some degradable hydro-

phobic polymers to form an amphiphilic block. PEG branching in this polymer can 

be used to create cross-linkable groups in the system to prepare a shell cross-linked 

micelle system. Thurmond et al. [52] prepared micelles from polyvinyl pyridine- 

b-poly styrene (Mn = 52,500 Da) block copolymer, which on self-assembly, forms 

shell cross-linked knedel-like micelles. Li et al. reported similar stabilization of the 

micelles by cross-linking the shell of the micelles made from a poly(styrene- 

b- butadiene-b-styrene) polymer [53] by first preparing micelles in aqueous medium 

and then cross-linking the hydrophobic portion of the micelles using chloromethyl-

ation and amination.

16.6.3.2  Cross-Linking the Core

Shell cross-linking strategies needs preparation at a high dilution to avoid inter 

micelle cross-link formation which decreases the efficiency of the process [54]. 

Hence, the strategy of core cross-linking was developed to form a core matrix that 

traps the drug inside it, thereby controlling the diffusion of the drug from the core. 

Many approaches have been tried to stabilize the core by cross-linking it with dif-

ferent functional groups. Thiol group can be introduced to cross-link the core with 
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a disulfide group and the cross-linked core polymer be used to prepare polyion 

complex micelles. In such a polyion complex, the electrostatic interaction between 

two polymer segments drives association. Kazikawa et al. synthesized micelles 

using PEG-5,000-b-poly(lysine) diblock copolymer [55]. The cross-linking of the 

poly(lysine) core was achieved using thiolation chemistry. A completely biodegrad-

able system was prepared by Hu et al. using the polymer PEG-b-PLA with a 

5-methyl-5-allyloxycarbonyl-1,3-dioxane-2–1 (Mn = 4,500 Da) group as the polym-

erizable group for cross-linking the core [56]. The cross-linking was achieved post 

micellization by reaction with 2,2-azoisobutyronitrile. These micelles (130 nm size) 

were shown to survive water dilution and temperature better than non-cross-linked 

micelles. Core cross-linked strategy can also be used to prepare drug-loaded 

micelles that offer a longer sustained release than non-modified regular micelles.

16.6.3.3  Use of a Low Critical Solution Temperature Hydrogel

Low critical solution temperature (LCST) hydrogel can be used to stabilize the 

micelles by polymerizing LCST gel along with the core of the micelle to stabilize 

the core. LCST gels remain in a swollen state at room temperature, allowing drug 

loading while at physiological temperatures, these gels collapse and lock the hydro-

phobic portion of the micelle forming a locked core that contains the drug. Such a 

locked interpenetrating network in the core prevents the breakdown of the core upon 

dilution and also the drug loaded in the core would remain in the micelles for pro-

longed release. Such a system with pluronic micelles and an LCST gel was reported 

by Rapoport [57] where he suggested three ways to stabilize pluronic micelles, 

namely, core cross-linking, introducing vegetable oil in the hydrophobic portion to 

stabilize the micelles and polymerizing an LCST gel with the hydrophobic portion 

of the micelle to stabilize the core. However, one major disadvantage of using an 

LCST gel in the core of the micelle is that it increases the micellar size by  severalfold. 

Rapoport reported a size increase from 12–15 nm to 30–400 nm [57].

16.7  Characterization of Polymeric Micelles

16.7.1  Critical Micelle Concentration (CMC)

Amphiphilic polymers exist in the form of micelles in aqueous media and when the 

delivery system gets diluted below CMC the micelles may collapse. Hence, CMC is  

the critical parameter for the formation and the static stability of polymeric micelles. 

Some of the methods used for determination of CMC in aqueous dispersions of micelles 

include surface tension measurements, chromatography, light scattering, small angle 

neutron scattering, small angle X-ray scattering, differential scanning calorimetry, 

 viscometry, and utilization of fluorescent probes. However, the simplest method is  

by plotting the surface tension as a function of the logarithm of the concentration.  
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The CMC is said to be attained when the surface tension stops decreasing and reaches 

a plateau value. Use of pyrene as a fluorescent probe for estimating CMC is also much 

reported [58].

16.7.2  Size and Shape Determination

Polydispersity index of the prepared micellar solutions are best studies by quasi-

elastic light scattering technique. Monodisperse micelles produce blue color from 

light scattering while the scattered light is white for aggregates [59]. Size of 

 polymeric micelles usually falls in the colloidal range and so scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) techniques have 

been widely used for the direct visualization, size and shape determination of par-

ticularly block copolymer micelles. Recently, cryo-TEM technique has increasingly 

started gaining importance for characterization of block copolymer micelles in 

aqueous medium. SEM or atomic force microscopy (AFM) reveals information 

regarding size distribution when chemically attached micelles to surfaces are 

 presented. Hydrodynamic diameters and poly-dispersity indices of micelles are  

also obtained using photon correlation spectroscopy. Recently size characterization 

of drug- loaded polymeric micelles using asymmetrical flow field-flow fractionation 

and the structure of assemblies by small angle neutron scattering are also reported 

[60, 61].

16.7.3  In Vitro Drug Release Behavior

In vitro drug release behavior from micelles is studied by placing the micellar solu-

tion in a dialysis tube immersed into a flask containing release medium, kept at a 

constant temperature. At predetermined time intervals, aliquots of the release 

medium are taken and replaced by fresh medium. The content of drug released in 

the medium are measured by spectroscopic or other suitable method [62]. The 

parameters affecting the drug release are;

16.7.3.1  Micelle Stability

Dissociation of micelles into single chains will obviously free the entrapped mole-

cules. Similarly, erosion or biodegradation of the carrier could provoke the escape 

of drug molecules. However, biodegradation of polymeric micelle follow controlled 

degradation and hence may release the entrapped drug molecules in a sustained 

manner [63].
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In cases of stable polymeric micelle that are slowly biodegradable or 

 non- biodegradable and above the CMC, the drug release will depend on the rate of 

 diffusion from the micelle. The rate of diffusion was shown to be influenced by vari-

ous factors mentioned below;

The core-forming block length—increase in the length of the core forming block 

will favor slow and continuous release as the drugs located in the core have to 

diffuse through a longer path [64].

The micelle morphology—spherical, cylindrical, bilayer, etc. are associated with 

different diameters and surface (and interface) areas per micelle, thus affecting 

the release rate.

The physical state of the core—physical state of the micelle core, whether solid- 

like or liquid-like, was also shown to influence micelle stability and, in parallel, 

the release of the entrapped drug. For example, diffusion of a drug through a 

glassy core was slower than through a more mobile core [65] and this tendency 

could be qualitatively correlated with the respective glass transition temperatures 

of the core components.

The presence of cross-links (within either the core or the corona segments), and 

the compatibility of the copolymer–drug pair cross-linking of the corona- forming 

blocks affects the permeability of the corona and the period within which drugs 

diffuse [66].

The polymer/drug compatibility–polymer/drug compatibility can also influence 

drug release and drug incorporation. The Flory–Huggins interaction parameter 

can be used to infer the characteristics of drug release of a system. Generally 

speaking, the stronger the interaction between the drug and the core-forming 

block, the slower its release from the micelle.

Drug localization—the localization of the drug within the micellar assembly is 

expected to influence the release, with molecules located at the core/corona 

interface or within the corona diffusing faster than those located in the core [65].

16.7.3.2  Drug Properties

Properties inherent to the drug molecule such as its molecular volume, physical 

state in the micelle core, relationship between the molecular volume of the drug and 

diffusion constant are other parameters to influence the drug release. The physical 

state of a drug in the micelle core can alter the drug release profile. Jeong et al. [64] 

showed that an increase in the amount of clonazepam loaded into PEG-b-PBLG 

micelles (12.1–32.8 % (w/w)) resulted in as lower drug release. Differential scan-

ning calorimetry thermograms revealed that crystallization of the drug occurred at 

the higher loading.

Drug release profiles determined in vitro are useful to compare drug formula-

tions but they rarely correlate with the in vivo behavior. Most of the time, the release 

gets accelerated in vivo. For example, the in vitro release of hydroxylcamptothecin 
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loaded in PEG-b-PCL micelles occurred over several days while the drug was 

cleared from plasma within few hours following i.v. administration of the micelles [67]. 

Similar results of premature micelle disassembly were reported [68, 69] where the 

loss of integrity of polymeric micelle within an hour after intramuscular or subcuta-

neous injection was observed. It was recently demonstrated that the destabilization 

of the polymeric micelle and the release of the loaded drug in vivo is possibly due 

to interactions with plasma proteins [70]. In addition, factors of in vivo micelle 

destabilization such as interaction with other blood components, the translocation 

of hydrophobic drugs to the lipid components in the blood and the degradation of 

the copolymers, can also contribute to the disassembly of the micelles and the fast 

release of the drug.

16.7.3.3  Drug Release from Specialized Micellar Systems

In the case of polyion complex micelles (PICM), drug release is not diffusion-based 

but rather occurs through dissociation of electrostatic interactive forces between 

oppositely charged ions, of the assemblies. The dissociation in vivo, mostly takes 

place by exchange events with charged ions (i.e., salts, heparin). Similarly, the dis-

sociation of the polymer–metal complex micelles occurs through the substitution of 

the metal from the coordinating groups of the copolymer by ions in the medium, 

thus resulting in the micellar dissociation and subsequent release of the drug.

In addition to the above mentioned mechanisms, the drug release from the micel-

lar carriers are also triggered by a change in pH, temperature or in the redox state of 

the surrounding medium. Ultrasounds have also been utilized to trigger drug release 

from micellar systems in vitro and in vivo [71, 72].

pH-Triggered Drug Release

pH variations occur at different pathological/physiological sites permitting drug 

release with change in the environmental pH. For example, the microenvironment 

pH in tumors is generally more acidic than in normal tissues [73]. Changes in pH 

are also encountered upon cellular internalization of the drug-loaded carriers via 

clathrin-mediated endocytosis, resulting in an increase of acidity inside the endo-

some. Orally administered formulations experience a pH gradient as they transit 

from the stomach to the jejunum. Several strategies have been exploited to achieve 

pH-sensitivity, most of which are based on changes in the polymer properties 

 following the protonation/deprotonation of acidic and basic groups present along 

the polymer chain or on the hydrolytic cleavage of hydrophobic functionalities or 

cross-links.

For example, polymeric micelle with a corona composed of a PNIPAM copoly-

mer bearing carboxylic acid functionalities show the pH-sensitivity. At neutral pH, 

the carboxylic acid groups make the PNIPAM segment soluble but a sharp decrease 

in the solubility of the corona is observed as the pH is lowered. As a result, mixing 
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of the PNIPAM chains and core region takes place, increasing the polarity of the 

core and promoting the release of the entrapped drug [74]. Another approach is to 

impart amphiphilicity to a copolymer by the conjugation of hydrophobic moieties 

to one of the polymer block (the core block) via pH-sensitive links. Decrease in pH 

result in the hydrolysis of the link and exposes polar groups on the core forming 

block, resulting in the destabilization of the micelles and drug release. A system like 

this was reported by Gillies et al. [75, 76] who developed block copolymers of PEG 

and either PLL or polyester dendrons and used highly acid-sensitive cyclic acetals 

to attached hydrophobic groups to the dendrimer periphery. These polymers self- 

assembled into micelles that were stable in neutral aqueous solution but disinte-

grated into unimers at mildly acidic pH [65] following loss of the hydrophobic 

groups upon acetal hydrolysis [76]. The pH-sensitive micelles were produced by 

directly conjugating a hydrophobic anticancer agent (DOX) to copolymers to 

release the drug at acidic pH found in tumor tissues [75].

Temperature Sensitivity

Local hyperthermia is observed in some disease states and local increases in body 

temperature can also be induced by exterior means, making temperature-directed 

drug release as another viable strategy for localized drug release. To achieve this, 

polymers presenting a lower critical solution temperature (LCST) transition like 

PNIPAM can be incorporated in the composition of micelles. The LCST of PNIPAM 

can be adjusted within a desired range by copolymerizing it with hydrophilic or 

hydrophobic monomers which strengthen or weaken the interactions between poly-

mer chains and water, resulting in an increase or decrease in water solubility, respec-

tively [77–79]. Below the LCST (at normal temperature), the non-polar core is 

segregated from the hydrated PNIPAM corona while, at higher temperature (above 

the LCST), corona collapses and results in the increased mixing of the NIPAM 

corona units and hydrophobic core units. This increases the core polarity triggers 

release of the drug incorporated in the micelle [74, 77, 80, 81].

Redox Sensitivity

Another stimulus to trigger the release of drugs from the polymeric carriers is redox 

sensitivity due to the presence of oxygen-reactive species released by activated 

macrophages in the inflamed tissues and certain tumors [82]. The hydrophobic 

poly(propylene sulfide) (PPS) in PEG-b-PPS block copolymer respond to such 

 oxidative condition and readily gets converted to hydrophilic poly(sulfoxide) or 

poly(sulfone) by mild oxidizing agents. Micelles obtained from this polymer was 

demonstrated to release the incorporated hydrophobic drugs during the solubiliza-

tion or swelling of the polysulfide upon oxidation [83, 84]. Another mechanism 

could be to take advantage of the reductive conditions met in the cytosol which 

could cleave disulphide bond generally used to link drugs or siRNA to polymer like 

PEG. This cleavage eventually causes release of the drug in cytosol [85, 86].
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16.8  Micelle–Cell Interaction and In Vivo Fate  
of Polymeric Micelle

A polymer micelle hardly interacts with cell membrane if its hydrophilic corona  

is biologically inert but the hydrophilic shell of polymer micelles is not totally inert. 

It is well known that polymer micelles enter cells by means of endocytosis by spe-

cific or nonspecific interaction [87]. The mechanism explaining endocytosis of 

polymer micelles has not been fully clarified. One possibility based on the role  

of the labeled dye is charge on the micelle. It is known that positively charged mac-

romolecules can be effectively internalized by electrostatic interaction with heparan 

sulfate on cell surface [88].On the other hand, polymer micelles are shown to 

increase the drug accumulation inside cells without endocytosis also. For example, 

polymer micelle made of PluronicP-85 or P-105 enabled effective accumulation of 

a hydrophobic dye inside cells by inhibiting P-glycoprotein (P-gp) [89, 90]. A poly-

mer micelle consisting of PEG-b-PCL also showed a similar effect on blocking the 

P-gp function [91].

Expression of targeting moieties onto micelle surface provides a major strategy to 

enhance the therapeutic effect of micellar drug carriers. Micelles conjugated with 

different targeting moieties such as biotin, folate, antibodies, growth factors, or hom-

ing peptide shave been developed especially for intracellular delivery of anticancer 

drugs [92]. However, most of the micelles are based on the physical assembly of 

block copolymers so their stability in blood is not guaranteed. Therefore, improving 

the micelle stability in blood should be considered in order to optimize the active 

targeting strategy using targeting moieties.

In vivo pharmacokinetics and pharmacodynamics of drugs formulated using 

polymer micelles have been widely studied, using radioisotope as a tool to monitor 

the biodistribution. Polymeric micelles are mostly located in liver, kidney, spleen, 

and blood indicating their capability for prolonging circulation time in blood, which 

is an important rationale to develop micellar formulation of lipophilic drugs. 

Table 16.3 demonstrates that micelles (or unimers) are highly distributed to organs 

that have excretion and metabolism functions.

16.9  Applications of Polymeric Micelle

Most drug carrier applications have been studied with AB- or ABA-type block 

copolymers because the close relationship between micelles’ properties and the 

structure of polymers can be evaluated more easily with AB- or ABA-type block 

copolymers than with the other types of copolymers.

Advantages of polymeric micelle as a drug carrier
Advantages of polymeric micelles as drug carriers are:

 1. Very small size (diameter ¼ 10e100 nm)

 2. High structural stability
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 3. Large amount of drug loading

 4. High water solubility

 5. Low toxicity

 6. Incorporation of various chemical species

 (a) Polymeric micelles are formed typically in a diameter range from 10 nm to 

100 nm with a substantial narrow distribution. This size range is considered 

ideal for the attainment of stable, long-term circulation of the carrier system 

in the bloodstream. The small size of polymeric micelles is also a big benefit 

in the sterilization processes in pharmaceutical productions.

 (b) Polymeric micelles possess high structural stability provided by the entangle-

ment of polymer chains in the inner core. This stability has two aspects: static 

and dynamic [46–49]. Static stability is by a critical micelle concentration 

(CMC). Generally, polymeric micelles show very low CMC values in a range 

from 1 mg/mL to 10 mg/mL. These values are much smaller than typical 

CMC values of micelles forming from low-molecular weight surfactants. The 

second aspect, dynamic stability, is described by the low dissociation rates of 

micelles, and this aspect may be more important than the static one for in vivo 

drug delivery in physiological environments that are in non- equilibrium 

conditions.

 (c) Polymeric micelle carrier system as a drug carrier has advantage of high 

water solubility even when hydrophobic drugs are incorporated [109]. 

Generally, in conventional synthetic polymer–drug conjugate systems and 

antibody–drug conjugate systems, a loss of the carrier’s water solubility 

resulting from the conjugation of a hydrophobic drug creates a serious prob-

lem. Several research groups reported this problem of the polymer–drug 

conjugates in syntheses [110–112] and in their intravenous injections [113].

 (d) Polymeric micelles can incorporate a large number of hydrophobic drug 

molecules in the micelles’ inner core, and simultaneously, the micelles can 

maintain their water solubility by inhibiting intermicellar aggregation of the 

hydrophobic cores with a hydrophilic outer shell layer that works as a barrier 

against intermicellar aggregation. This is a great advantage because many 

potent drugs that have been developed in recent years are very hydrophobic 

and are, therefore, water insoluble.

 (e) Polymeric surfactants are known to be less toxic than low-molecular-weight 

surfactants, such as sodium dodecyl sulfate. Furthermore, in theory, polymeric 

micelles are considered very safe in relation to chronic toxicity. Possessing a 

much larger size than that for critical filtration in the kidney, polymeric 

micelles can evade renal filtration, even if the molecular weight of the consti-

tuting block copolymer is lower than the critical molecular weight for renal 

filtration. On the other hand, all polymer chains can be dissociated (as single 

polymer chains) from the micelles over a long time period. This phenomenon 

results in the complete excretion of the block copolymers from the renal route 

if the polymer chains are designed with a lower molecular weight than the 

critical value for renal filtration.
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 (f) The sixth advantage is the fact that various chemical species can be incorporated 

into polymeric micelles. As explained previously, the most commonly exam-

ined chemical species are hydrophobic low-molecular-weight organic com-

pound drugs. These drugs can be incorporated into the micelle inner core 

either by chemical conjugation to the inner-core-forming polymer block or 

by physical entrapment owing to hydrophobic interactions between the 

entrapped drug molecules and the hydrophobic inner-core forming polymer 

block. Hydrophobic interactions also work as a driving force for micelle 

formation. On the other hand, polymeric micelles are formed through ionic 

interactions between charged polymer chains. For example, polymeric 

micelles form from poly(ethylene glycol) (PEG)-b-poly(lysine) block copo-

lymers and poly(aspartic acid) (ASP) homopolymers where the poly(lysine) 

chain is positively charged and the poly(ASP) chain is negatively charged.  

If negatively charged polypeptides [114] or nucleic acid [115] are used in 

place of poly(ASP), these pharmacologically active macromolecules are 

incorporated into polymeric micelles for protein, gene, and small interfering 

RNA delivery purposes. Furthermore, metal ions or metal ions’ chelates can 

be incorporated into polymeric micelles through coordination bonds or ionic 

interactions. A platinum chelate cisplatin, which is a widely used anticancer 

drug, was successfully incorporated into polymeric micelles forming from 

PEG-b-poly(ASP) through a ligand exchange reaction between a carboxylic 

acid residue of the poly(ASP) chain and a chloride ion of cisplatin [116, 

117]. Alternatively, gadolinium (Gd) ions, which can work as a magnetic 

resonance imaging (MRI) contrast agent, were incorporated into polymeric 

micelles by the use of a chelatemoiety-conjugated block copolymer [118, 119]. 

As stated above, various pharmaceutical drugs, genes, and contrast agents 

can be incorporated into polymeric micelles with appropriate choices of 

block copolymer structures.

Disadvantages of polymeric micelle as a drug carrier
Disadvantages of polymeric micelle drug carriers are:

 1. Specific disadvantages of polymeric micelle carriers

 (a) Difficult polymer synthesis

 (b) Immature drug-incorporation technology

 2. Common disadvantages of polymeric carriers

 (a) Slow extravasation

 (b) Possible chronic liver toxicity due to slow metabolic process

The first disadvantage is a fact that relatively high levels of polymer chemistry 

are needed in the polymeric micelle studies. AB type of block copolymer is one of 

the most favorable structures for polymeric micelle carriers. The architecture of the 

AB block copolymer is very simple. However, its synthesis is more difficult than 

that of random polymers particularly in large industrial scale.
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The second disadvantage of the polymeric micelle systems is the immature 

 technology for drug incorporation in a physical manner. Yokoyama et al. reported 

that physical incorporation efficiencies is dependent on various factors in drug- 

incorporation processes [116]. Presently, there seem to be no universal incorpora-

tion method applicable to any polymer. Furthermore, in some methods the drug 

incorporation may be difficult on a large industrial scale.

The third disadvantage is much slower extravasation of polymeric carrier sys-

tems than that of low-molecular weight drugs. The polymeric systems translocate 

from the bloodstream to the interstitial space of organs and tissues through intra- 

cellular channels and inter-cellular junctions, whereas the drugs permeate directly 

through lipid bilayer cell membranes. Therefore, a long circulation character of the 

polymeric systems is an essential requirement for delivery of a therapeutic amount 

owing to compensation of the slow extravasation with a large area under the curve 

(AUC) value that results from the long circulation.

The forth disadvantage is a risk of chronic liver toxicity. Drugs conjugated or 

incorporated in the polymeric carrier systems are metabolized in liver in a slower 

manner than free drug, since access of metabolic enzymes to drugs is inhibited 

because of the conjugation and incorporation. Therefore, toxic side effects of the 

conjugated and incorporated drug may be exhibited for a longer period than a case 

of free drug whose toxic effects can be lowered through metabolism in a short 

period.

16.9.1  Drug Solubilization

The micellar core is a compatible microenvironment for incorporating water- 

insoluble guest molecules as the hydrophobic molecules can be covalently coupled 

to the block copolymers or physically incorporated into the hydrophobic core of 

micelles. The solubilization process leads to enhancement of their water solubility 

and thereby bioavailability [57]. The extent of solubilization depends upon the 

 process of micelle preparation, the compatibility between the drug and the core 

forming block, chain length of the hydrophobic block, concentration of polymer, 

and temperature [120]. Above CMC of the polymer, there is a sharp increase in the 

solubility of drug as it gets more space to occupy in the aggregates of the hydropho-

bic part of the micelle. However, the core region has limited capacity for accom-

modation, for instance, Pluronic P85 has a core region which is 13 % of the whole 

micelle weight [121]. The influence of hydrophobic block length on solubilization 

of griseofulvin in polyoxy ethylene and polyoxy butylene copolymer micelles 

investigated showed that the solubilization capacity was dependent on the hydro-

phobic block length up to a certain extent (15 units of hydrophobic block), after 

which the solubilization capacity became independent of the same [122]. Dong and 

coworkers also concluded that solubilization capacity of polyurethane surfactants 

increased with an increase in the hydrophobic segment of the diblock and triblock 

polyurethane surfactants [123].
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16.9.2  Sustained Release Using Polymeric Micelle

Current approaches to achieve sustained drug release from the micelles include use 

of prodrug synthesis, novel polymers, layer by layer assembly of micelles on a solid 

support, reverse micelles, drug–polymer conjugate micelles, and polymer films that 

form micelles in vivo. However, the sustained release achieved by these strategies 

lasts only up to a maximum of few weeks.

16.9.2.1  Prodrug/Drug Polymer Conjugate Micelle

In this approach a prodrug that is most compatible with the micelle-forming amphi-

philic molecule is desirable. The two limiting processes controlling drug release  

are prodrug release from the micelles and prodrug conversion to drug. One such 

example is paclitaxel palmitate, a paclitaxel prodrug, which was encapsulated in 

PEG-b- polycaprolactone (PEG-b-PCL) (Mw of PEG: 5,000, Mw of PCL: 10,500) 

micelles [124]. Other examples of this approach are summarized in Table 16.4.

16.9.2.2  Novel Polymers

This is the most common approach used to prepare sustained release micelles. 

Polymers with very low CMC (<0.1 μg/ml) can be used for prolonging the circula-

tion time before the micelle degrades. The micelles undergo dilution in the body 

after intravenous injection leading to drop in the concentration of the polymer or 

surfactant below the CMC if the CMC value is higher. Therefore, a higher concen-

tration of the polymer or surfactant has to be used to prepare the micelles so that 

they can withstand the dilution in the blood. But, in most cases, the use of high 

concentrations is not feasible due to toxicity related dose limitations. If the polymer 

or surfactant has a CMC lower than 0.1 μg/ml, concentrations as low as 5 mg/ml 

may be used to prepare a micelle formulation in order to counter the dilution effects 

in the blood. A variety of polymers including diblock copolymers, triblock copoly-

mers and graft copolymers have been investigated for this purpose. Some polymers 

investigated for sustained release micelle are listed below.

Table 16.4 Different approaches used for extended release through polymeric micelles

Approach

Polymer  

used Drug

Duration of  

in-vitro release Comments

Prodrug synthesis PEG-PCL Paclitaxel Up to 14 days Release varies 

with the prodrug 

chemistry

Drug–polymer 

conjugate

PEG- PLGA Doxorubicin 15 days Loading 

efficiency was 

almost 100 % 

with drug
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Block Copolymers with Lipids

Block copolymers between a polymer and a lipid are one useful approach in prepar-

ing micelles. Lipids are more hydrophobic than most polymers and hence, a micelle 

made with a lipid as its hydrophobic part might lower the CMC. Hence, using fatty 

acyl chains as hydrophobic segments in an amphiphilic copolymer might be a useful 

approach. Further, it was observed that increasing the length of the hydrophobic 

portion of a micelle will lead to a decrease in its CMC [125]. Among diblock 

 copolymer, distearoyl phosphatidyl ethanolamine (DSPE) has been used as the 

hydrophobic block with hydrophilic polyethylene oxide (PEO) to form 22 nm 

micelles. These micelles sustained release of lipophilic beclomethasone dipropio-

nate for up to 6 days [126]. Lavasanifar et al. prepared micelles of polyethylene 

oxide-poly[N-(6-hexyl stearate-l-aspartamide)] (PEO-PHSA) to encapsulate ampho-

tericin B [127]. The release of encapsulated drug was sustained (20 % released in 1 h) 

while the plain drug was released within 10 min. The release depended inversely on 

the degree of fatty acid substitution in the core.

Block Copolymers with Cyclodextrins

Another approach for drug delivery is supramolecular polymeric micelles which 

involves non-covalent interactions between a macromolecular polymer, and a  

small polymer molecule (guest molecule). One such attempt was made using 

α-cyclodextrins (α-CDs) as the hydrophilic macromolecular host and PCL (Mn = 

37,000) as the hydrophobic guest molecule [128]. The formed supramolecular poly-

meric micelles having a mean diameter of 30 nm resulted in sustained release of an 

anti-inflammatory drug up to 700 h.

Diblock Copolymer Micelles

Diblock polymer that can physically interact with the drug can result in drug reten-

tion and sustained release from such polymer micelles. If the drug can form hydrogen 

bonds with the core of the micelle, then the release obtained from the micelle will be 

much more sustained. Micelles prepared from PEG-b-poly-l-lactic acid (PEG-b-

PLLA; Mw: 8,500 Da) and PEG-b-PCL (Mw: 10,050 Da) block copolymers showed 

sustained release of the loaded drug, quercetin for approximately 160 h [129].

Triblock Copolymer Micelles

A triblock copolymer with small hydrophobic ends and a long hydrophilic midsec-

tion can assemble to form flower-like micellar structure in aqueous environment. 

These flower-like micelles can dissolve the drug in the hydrophobic core and sustain 

drug release for long periods of time. Zero-order release of sulindac and tetracaine 

has been reported using PLA–PEO–PLA, triblock flower-like micelles (7–13 nm) 

for 20 days and 10 days respectively [80].
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16.9.3  Drug Targeting Potentials of Polymeric Micelle

Drug targeting is defined as selective drug delivery to specific physiological sites 

like organs, tissues, or cells, where the drug’s pharmacological activities are 

required. Drug-targeting strategies are classified as active targeting and passive tar-

geting [130, 131]. Active targeting aims at an increase in the delivery of drugs to the 

target by using biologically specific interactions, such as antigen-antibody binding 

or by utilizing locally applied signals, such as heating and sonication. On the other 

hand, passive targeting is defined as a method whereby the physical and chemical 

properties of carrier systems increase the target/non-target ratio of the administered 

drug.

In most of the active targeting processes particularly for tumors, passive transfer 

phenomena precede biologically specific interactions except in cases of intravascu-

lar targets, such as vascular endothelial targeting. Most tumor targets are located in 

extra-vascular space. To reach these targets through the bloodstream, translocation 

through the vascular endothelium is a necessary step, followed by diffusion in the 

interstitial space.

16.9.3.1  Passive Drug Targeting to Solid Tumors

The passive targeting of polymeric micelles on solid tumors can be achieved owing 

to the enhanced permeability and retention effect (EPR effect). Vascular permeabil-

ity of tumor tissues is enhanced due to malformation of tumor vasculature during 

rapid angiogenesis and by the actions of secreted factors, such as kinin and vascular 

permeability factor. As a result of this increased vascular permeability, macromol-

ecules selectively increase their transport from blood vessels to tumor tissues. 

Furthermore, the lymphatic drainage system does not operate effectively in tumor 

tissues. Therefore, macromolecules are selectively retained for a prolonged time in 

the tumor interstitium. However, the carrier systems must fulfill the following two 

requirements to avoid nonspecific capture at non-tumor sites:

 1. The drug carrier systems must possess an appropriate size or molecular weight. 

The diameter of carriers must be smaller than approximately 200 nm if the retic-

uloendothelial system’s uptake is to be evaded [132]. Additionally, molecular 

weights greater than a critical value (approximately 40,000) are favorable for 

evading renal filtration.

 2. The drug carrier systems must not exhibit strong interactions or uptake with or by 

normal organs (especially the reticuloendothelial systems). These strong interac-

tions and uptakes are typically seen for cationic [133] and hydrophobic carriers 

[134]. Therefore, the carrier systems should preferably possess hydrophilic sur-

faces, and their surface charge must be neutral or weakly negative. However, 

hydrophobic carriers can be used but hydrophilic coating using polymers like 

PEG is needed to avoid this interaction. Furthermore, the carrier systems must 

possess no other chemical structures that would be biologically recognizable to 

normal tissues.
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Considering the two afore mentioned requirements, polymeric micelles are very 

much suited for passive targeting to tumors because they are formed in a diameter 

ranging from 10 nm to 100 nm. The second requirement can be easily fulfilled 

through a choice of hydrophilic and neutrally or weakly negatively charged poly-

mers for the outer shell-forming block. With this choice, polymeric micelles can 

circulate in the bloodstream for a long time period by evading nonspecific capture, 

resulting in successful attainment of the EPR effect.

The first successful example of tumor targeting with a polymeric micelle carrier 

was reported by Yokoyama et al, where, doxorubicin (DOX) was chemically conju-

gated to ASP residues of PEG-poly(ASP) block copolymers (PEG-poly(Asp)) by amide 

bond formation and was presented as a polymeric micelle system [59, 135–137]. 

The PEG segment was hydrophilic, whereas the DOX conjugated poly(ASP) chain 

was hydrophobic. Therefore, the obtained drug-block copolymer conjugate (PEG-

poly(Asp)-DOX) formed micellar structures owing to its amphiphilic character.  

In addition, DOX was also incorporated into the inner core by physical entrapment 

using hydrophobic interactions with the chemically conjugated DOX molecules.  

As a result, polymeric micelles containing both the chemically conjugated and the 

physically entrapped DOX in the inner core were obtained with the PEG outer shell. 

The DOX entrapped polymeric micelle circulated in the bloodstream for a long time 

and was delivered to the solid tumor site at much higher concentrations than that of 

free DOX [137].

Shiraishi et al prepared a polymeric micelle containing an MRI contrast agent 

using a poly(ethylene glycol)-b-poly(L-lysine) block copolymer derivative which 

was found to enhance MRI contrasts by shortening the T1 relaxation times of pro-

tons of water. This polymeric micelle was found to be targeted to a murine tumor 

C26, and the tumorwas successfully visualized with the targeted MRI contrast agent 

[119, 138].

16.9.3.2  Targeted Micelles

Selective biodistribution of micelles for improved efficiency could theoretically be 

achieved by using systems which respond to external stimuli like pH and tempera-

ture variations or by attaching specific ligands to the exposed hydrophilic ends of 

the carriers. These targeting mechanisms are referred to as active targeting.

pH-Responsive Micelles

Active targeting of drugs from polymeric micelle (PM) can be triggered by pH 

changes if the change in pH is associated to a pathological process like solid tumors 

presenting acidosis [139, 140]. Hence, micellar devices have been designed to trig-

ger and/or enhance drug release in response to pH. An extended application of the 

pH-sensitive micelles has recently been introduced for the formulation of multiple 

anticancer agents in the context of combinatorial therapy for better patient 
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compliance and higher efficacy through a synergistic mechanism, thereby reducing 

the therapeutic dose and toxicity of the drugs. In this approach, pH-sensitive 

micelles are prepared using polymer conjugated with drugs at a precise ratio. For 

instance, Bae, Y. et al. [141] conjugated DOX and wortmannin to PEG-poly(aspartate 

hydrazide) through an acid-sensitive hydrazone bond. The polymer–drug conju-

gates then assembled into micelles in which the drug mixing ratio between DOX 

and wortmannin was critical. These mixed PM could reduce the DOX dose required 

for cytotoxicity through a synergistic drug action.

Temperature-Sensitive Micelles

The efficiency of the micellar carriers can also be improved by combining the EPR 

effect with temperature sensitivity. Thermo-responsive PMs were shown to release 

the loaded drug when the temperature increases beyond the lowest critical solution 

temperature (LCST), thereby increasing their therapeutic efficacy. For example, PM 

of (PNIPAM-co-N,N dimethyl-acrylamide)-b-poly(benzyl methacrylate) [80] and 

PNIPAM-b-poly(butyl methacrylate) (PNIPAM-b-PBMA) [142] loaded with DOX 

not only showed a thermo-responsive drug release behavior but also showed 

increased cytotoxicity towards bovine aortic endothelial cells in vitro above their 

LCST compared to the free drug.

Functionalized Micelles

The shell-components of PM, primarily selected to hinder nonspecific interactions 

and increase blood circulation times, may prevent internalization of the carriers by 

target cells [143]. Hence, systems presenting ligands at their water-exposed surface 

have been designed to enhance their selective binding to specific receptors on the 

cells and to promote the uptake of the drug loaded micelles by receptor-mediated 

endocytosis and enhance efficacy. For efficient targeting, the receptors must be 

overexpressed by target cells (e.g., tumor cells) compared to normal tissues [144]. 

A variety of molecules including antibodies [145, 146] peptides [147, 148], aptamers 

[149, 150], vitamins and sugar moieties [151] have been used to achieve targeting 

for anticancer drugs (Table 16.5) and genetic materials (Table 16.6).

The use of antibodies as the targeting moiety presents the advantage of selectivity, 

high affinity, and minimal competition for the receptor, contrary to what is observed 

with endogenous molecules such as folic acid (FOL) or transferrin [172, 173]. 

Antibodies, however, might induce immunogenicity, can be difficult to produce/ 

handle and present a large size, potentially putting strain on micelle self- assembly. The 

use of small molecules such as sugars and vitamins can then become advantageous. 

As reported in many studies, it is important that the functional groups be readily 

available on the surface for efficient attachment to the receptors. The ligands can be 

attached either before or after the assembly of the particulate carrier.
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Monoclonal Antibodies and Antigen Binding Fragments

The whole antibody or its fragments such as the fragment antigen binding (Fab′) 
and F(ab′)2 or scFV (single-chain variable) can be used for targeting [174]. Using 

an antigen binding fragment (e.g., Fab′) instead of the whole monoclonal antibody 

provides an advantage of avoiding steric hindrance during complex formation due 

to its lower molecular weight (Fig. 16.3).

Table 16.6 Examples of PM loaded with gene therapeutics (pDNA, AON, or siRNA)

Polymer composition 

(targeting moiety)

Genetic material  

incorporated Size (nm) Reference

PEG-SON/AON and PAMAM 

G5 and G3

AON 70 [178]

PEG-b-P(AEMA) and 

P(MAA-co-EA-co-BMA)

AON 30 [179]

AON-PLGA AON (c-myc) 80 [63]

PEG-AON and PEI AON (c-raf) 70 [180, 181]

PEG-AON and KALA AON (c-myb) 70 [182]

FOL-PEG-AON and 

lipofectamine (Folic acid)

AON (GFP) 70–90 [183]

PEG-b-PLL AON (c-Ha-ras or VEGF) 40–50 [184, 185]

PEG-siRNA and PEI siRNA (VEGF) – [85]

PEG-siRNA and KALA siRNA (VEGF) <200 [86]

PEG-b-DPT siRNA (luciferase) – [186]

Transferrin-PEG-cyclodextrin-

containing polycations

Transferrin siRNA 

(EWS-FLI1)

50 [187]

cRGD-PEG-PEI (cRGD) siRNA (VEGF) 100 [188]

Lactose-PEG-siRNA and PLL 

(Lactose)

siRNA (luciferase) 117 [189]

Fab′-PEG-PEI (Fab′) pDNA (luciferase) 150 [146]

Fig. 16.3 Targeting can be achieved with the whole antibody (a) or its fragments such as F(ab′)2 

(b), (Fab′) (c)
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In addition, it can induce less immunogenicity when in vivo applications  

are sought. Micelles functionalized with either monoclonal antibody or Fab′ have 

both shown higher cellular uptake compared to non-targeted micelles. For instance, 

Merdan et al. [146] observed more than sixfold binding of the targeted micelles to 

the ovarian carcinoma cells (OVCAR-3 cells) using Fab′-PEG-PEI/pDNA PICM 

compared to the unmodified system. Increased cellular uptake and fourfold higher 

tumor accumulation of the drug (paclitaxel) in vivo was reported by Torchilin and 

coworkers [175] for whole antibody-PM targeting lung cancer cells.

Aptamers

Nucleic acid ligands (aptamers) have been used recently for the targeting of drug 

encapsulated PMs. Aptamers selected by screening a random library of nucleic 

acids to specific molecular targets can fold by intramolecular interactions into 

unique three-dimensional conformations capable of binding to target antigens with 

high affinity and specificity [176, 177]. An RNA aptamer targeting the prostate 

specific membrane antigen, overexpressed on prostate acinar epithelial cells was 

used to decorate PEG-b- PLA or PEG-b-PLGA micelles loaded with docetaxel 

[149, 150]. This targeted delivery system showed a marked increase in the cellular 

uptake and increased cytotoxicity in vitro and in increased antitumor efficacy in vivo 

over the non-targeted PM. However, the instability of DNA or RNA molecules in 

the blood may limit the use of these ligands in the clinic.

Non-immune Peptides and Proteins

Proteins like transferrin, an iron transporter, are used to target rapidly dividing 

cells such as tumor cells. Hu- Lieskovan et al. [187] developed a cyclodextrin-

containing polycation that self-assembled with a siRNA inhibiting EWS-FLI1  

(a gene that is found in 85 % of patients with Ewing’s tumor) for multicomponent 

delivery for metastatic tumor treatment. The surface of the complexes was then 

decorated with PEG and targeted with transferrin which downregulated onco- 

proteins and suppressed the spread of metastatic tumors up on systemic adminis-

tration of the system. Transferrin, being a big molecule (80 kDa), can put strain on 

micelles and so a smaller peptide might be advantageous. One such example is the 

cyclic RGD (cRGD) peptide, a cellular transmembrane protein that has a marked 

role in tumor growth and metastasis and targets the αvβ3 integrin [190, 191]. The 

cRGD peptide was conjugated to maleimide-terminated PEG-b-PCL PM encapsu-

lating DOX. The delivery system showed a threefold increase in cellular uptake 

when the surface density was adjusted to 5 % cRGD while, a more pronounced 

30-fold increase was observed with 76 % cRGD attachment [158]. Similar studies 

with a PEGylated branched PEI modified with an RGD peptide at the distal end  

of the PEG further demonstrated the possibility of in vivo targeting with this 

 peptide [188].
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Vitamins

The expression levels of folic acid (FOL) receptors in tumors have been reported to 

be 100–300 times higher than those observed in normal tissues [144]. Functionalized 

PEG-b-PLGA chains with FOL covalently derivatized via its gamma-carboxyl 

group showed high affinity for the FOL receptor (especially for FOL receptors 

alpha) and retains its receptor binding affinity [157, 163, 192]. This polymeric sys-

tem physically mixed with PEG-b-PLGA-DOX and free-DOX to produce targeted 

micelles decreased the tumor growth rate compared to control non-targeted micelles 

and enhanced the antitumor efficacy when administered at the same dose level.

Sugars

One of the most common cancers affecting human is the hepatocarcinoma and so 

the development of liver-targeted drug carriers is therefore highly desirable. 

Advances in this area rely on the fact that hepatocytes express carbohydrate recep-

tors, i.e., asialoglycoprotein receptors (ASGPR), that recognize different sugar 

moieties such as lactose, galactose or mannose, allowing for liver-specific delivery 

[193, 194]. Jeong et al. [181] have prepared paclitaxel-loaded galactose-PEG- 

b- PBLG micelles, and showed a greater in vitro uptake and cytotoxicity of the 

micelles in an ASGPR-expressing cancer cell line compared to an analogous 

 non-ASGPR expressing cell line. Alternatively, delivery system having lactose 

attached to the surface of PICM for siRNA delivery exhibited gene silencing of 

firefly luciferase expression in HuH-7 cells expressing ASGPR that was compara-

ble to cationic liposomes (oligofectamine) [189].

16.10  Conclusions

Micelles are a promising drug delivery vehicle for drugs and genetic materials. These 

core-shell self-assemblies can also be tailored to increase the solubility of poorly 

water-soluble drugs just as protect labile hydrophilic drugs from premature degrada-

tion. Because of their nanometer size and hydrated outer layer, micelles can prolong 

the circulation time of an encapsulated drug and passively accumulate at tumor sites, 

thereby reducing its systemic toxicity and enhancing its efficacy. Micelles that actively 

target tissues can also be prepared by utilizing stimuli-responsive components or by 

attaching recognition groups at their surface. It is also important that the polymeric 

carriers need to be stable and retain the encapsulated drug long enough for any of 

these applications to be achievable. To meet this purpose, both the thermodynamic 

stability and kinetic stability of the micelles can be improved by varying the nature of 

the hydrophobic block, increasing the hydrophobic/hydrophilic balance, increasing 

the hydrophobic block length or by accommodating hydrophobic molecules in the 

core. In addition, micelle stabilization can also be achieved by cross-linking either the 

core or the corona of preformed micelles, by preparing crystalline micelles or by 
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designing intrinsically stable unimolecular polymeric micelles (UPM). The parameters 

affecting micelle stability, however, need to be carefully optimized with respect to 

their influence on the extent of drug solubilization and drug release kinetics. Much 

progress has been achieved to modulate the stability and stimuli responsiveness of PM 

in vitro, while, these strategies still remain to be tested in vivo to demonstrate  

real control over the pharmacological properties of the encapsulated drugs. With the 

structural requirements for micelle stability and drug release are still under conflict, 

future work should focus on the development and clinical application of multifunc-

tional micelles capable of delivering drugs at target sites in a controlled/triggered 

fashion.
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    Chapter 17   
 Dendritic Polymers in Targeted Drug Delivery 

             Sumati     Bhatia     and     Rainer     Haag    

      Abbreviations 

   8-MOP    8-Methoxypsoralen   
  Ab    Antibody   
  ABP    Azabisphosphonate   
  AF    Alexa Fluor   
  ApoE    Apolipoprotein E   
  BBB    Blood–brain barrier   
  BCSFB    Blood–cerebrospinal fl uid barrier   
  BNCT    Boron neutron capture therapy   
  CMS    Core-multishell   
  CPT    Camptothecin   
  dPG    Dendritic polyglycerol   
  dPGS    Dendritic polyglycerol sulfate   
  DTX    Docetaxel   
  EGF    Epidermal growth factor   
  EPR    Enhanced permeability and retention effect   
  FA    Folic acid   
  FGF    Fibroblast growth factor   
  FITC    Fluorescein isothiocyanate   
  G5    Generation 5   
  hPG    Hyperbranched polyglycerol   
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  ICC    Indocarbocyanine   
  IDCC    Indodicarbocyanine   
  kDa    kiloDalton   
  LDL    Low density lipoproteins   
  Lf    Lactoferrin   
  LHRH    Luteinizing hormone-releasing hormone   
  MDR    Multiple drug resistance   
  MTX    Methotrexate   
  NLC    Nanostructured lipid carrier   
  OEI    Oligoethyleneimine   
  PABC    para-Aminobenzyloxycarbonyl   
  PAMAM    Polyamidoamine   
  PEHA    Pentaethylenehexamine   
  PEI    Poly(ethylene imine)   
  P-gp    P-Glycoprotein   
  PPI    Poly(propylene imine)   
  PSMA    Prostate-specifi c membrane antigen   
  RA    Rheumatoid arthritis   
  RGD    Arginylglycylaspartic acid   
  SC    Stratum corneum   
  SLN    Solid lipid nanoparticle   
  TAA    Tumor associated antigens   
  TAM    Tamoxifen   
  Tf    Transferrin   

17.1           Introduction 

 Delivering chemotherapeutic agents specifi cally to the diseased tissues or cells in 
the body is the utmost challenge in the area of drug delivery.  Targeted drug deliv-
ery   not only helps to reduce the dose to be administered but also reduces the inci-
dence of adverse effects associated with the chemotherapeutic agents. In past 
decades, dendritic polymers have emerged as promising scaffolds for targeted 
drug delivery. As a result, extensive research work has been published on dendritic 
nanostructures for the delivery of various drugs, e.g., camptothecin (CPT), taxol, 
cisplatin, methotrexate (MTX), etc. [ 1 ,  2 ]. Dendritic polymers have unique proper-
ties like a high degree of branching leading to multivalency, modifi able surface 
group functionalities, globular architecture, low polydispersity, and high molecu-
lar weight, which has made them attractive as scaffolds in the area of biomedical 
applications [ 3 ]. Dendritic polymers include perfect dendrimers, dendrons, den-
dronized polymers, and hyperbranched polymers. Perfect dendrimers and den-
drons are monodisperse with nanometer dimensions (1–10 nm), low viscosity, 
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high solubility, multiple functionality at terminal groups, and biocompatibility. 
Hyperbranched and dendronized polymers can be in the size range of a nanometer 
to micrometer scale with a concomitant increase in the fi eld of application. 

 A comparison of dendritic and linear polymers shows several advantages of 
 dendritic polymer architectures for delivery applications. For example, a high degree 
of branching leading to  multivalency   in dendritic polymers can be used for the con-
jugation of different or similar drug molecules, targeting moieties, solubilizing 
modalities and/or imaging probes on the periphery of the same construct in a con-
trolled fashion and makes them potential scaffolds for targeted drug delivery. In 
most of the cases, the linkage chemistry between the drug and polymer is of ester or 
amide type, but drug molecules have also been linked to the dendritic scaffolds 
through hydrazone, imine, carbamate, disulfi de, carbazate bonds, and enzymatic 
cleavable peptide sequences. Each of the linkage modules has a different mecha-
nism of cleavage that releases the drug molecule from a carrier scaffold. For exam-
ple, cleavage of hydrazone, carbamate, and ester depends on the environmental pH 
changes and peptide and amide sequences require specifi c enzymes for degradation 
and subsequent release of active species. The globular shape of dendritic polymers 
can lead to the discovery of interesting effects due to their macromolecular architec-
ture and could affect their chemical, mechanical, and biological properties [ 4 ]. 
Moreover, low polydispersity should provide a more reproducible pharmacokinetics 
behavior compared to linear polymers. Flexible branches of dendritic polymers can 
provide a tailored sanctuary containing voids that can be used for the encapsulation 
of drug molecules, where the drug molecules can stabilize themselves by assembling 
with the branching fragments through secondary interactions (hydrogen bonding, 
electrostatic interactions, dipole–dipole, and hydrophobic interactions) [ 5 ]. This leads 
to several advantages such as enhanced solubility of nonpolar drugs in aqueous 
media, minimization of non-specifi c interactions of the encapsulated drug mole-
cules with plasma components, and an increased blood circulation half- life due to 
high molecular weight with an increasing number of branches [ 6 ,  7 ]. 

 A number of  dendritic backbones   have been designed and developed to be water 
soluble and biocompatible for their use in drug delivery applications. For example, 
commercially available polyamidoamine (PAMAM) [ 8 – 10 ], poly(propylene imine) 
(PPI) [ 11 ], peptide based dendrimer polylysine [ 12 ], polyaryl ethers [ 13 ], polyester 
[ 14 ,  15 ], polyamide [ 16 ], polyglycerol (PG) [ 17 ,  18 ], and triazine dendrimers [ 19 ] 
have shown a higher effi cacy in the fi eld of polymer therapeutics (Fig.  17.1 ) [ 20 ]. 
Polyamidoamine (PAMAM) dendrimers are commercially available and are one of 
the most widely used dendritic scaffolds in biology [ 7 – 9 ,  21 ]. PPI dendritic poly-
mers have been commercialized, but the presence of multiple cationic amine groups 
leads to signifi cant toxicity [ 11 ]. Fréchet and Hawker developed polyaryl ether den-
drimers that require, however, an extensive use of solubilizing groups at their 
periphery due to their poor water solubility [ 13 ]. More recently, glycerol based 
polyethers and polyesters have shown to be extremely biocompatible and suitable 
for drug delivery purposes [ 22 ,  23 ].   
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17.2     Tumor Targeting 

17.2.1     Enhanced Permeability and Retention (EPR) 
Effect and Types of Targeting 

 Targeting ligands can be conjugated to the multivalent dendritic surface for active 
targeting or the drug can be selectively delivered to the tumor tissue via the enhanced 
permeation and retention (EPR)  effect  . The EPR effect was discovered by Maeda 
et al. and Jain who observed that cytotoxic drugs conjugated to water soluble poly-
mers were more effectively targeted to the tumor tissue than its free form [ 24 ]. It was 
investigated that most of the solid tumors possess unique characteristics such as 
extensive angiogenesis leading to hypervasculature, defective vascular architecture, 
impaired lymphatic drainage/recovery system, and greatly increased production of 
a number of permeability mediators which are not observed in normal tissues. All 
these factors ultimately lead to hyperpermeability of the tumor vasculature which 
allows “passive” accumulation of macromolecules in the tumor tissue and poor 
lymphatic drainage and resultant increased retention of macromolecules in the 
tumor (Fig.  17.2 ) [ 25 – 28 ]. However, for the accumulation of dendritic drug delivery 
systems with encapsulated or conjugated drug molecules in the tumor by EPR 
effect, careful attention must be paid for the construction of a monodisperse popula-
tion of dendrimers in the optimal size range. For example, Haag et al. showed that 

  Fig. 17.1    Examples of dendritic scaffolds commonly used in drug delivery applications. ( a ) 
poly(propylene imine), ( b ) polyamidoamine, ( c ) polyester, ( d ) polyglycerol dendrimer, ( e ) triazine- 
based dendrimer, and ( f ) poly(glycerol-succinic acid) dendrimer (Adapted with permission from 
Ref. 3, Copyrights 2012 Royal Society of Chemistry)       
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dendritic polyglycerol (dPG)  nanogel   particles with a diameter ranging between 25 
and 50 nm can be non-disruptively and effi ciently taken up by cancer cells [ 29 ]. 
This study highlights the importance of an optimal size for the passive accumulation 
of a polymeric delivery system into the diseased tissues [ 30 – 33 ]. Secondary param-
eters needed to be optimized for the exploitation of the EPR effect are molecular 
weight, overall charge, and hydrophilic–hydrophobic characteristics of the delivery 
system [ 34 ,  35 ].  

 Dendritic polymers have been investigated for the  tumor targeted delivery   using 
both passive and active targeting. The EPR effect can be used for a passive target-
ing of drugs in tumor tissue using dendritic nanocarriers by controlling their size 
and physiochemical properties. Drugs can also be passively targeted by exploiting 
the molecular conditions of the tumor and/or organ bearing a tumor which may 
include but not be limited to a specifi c pH range and existence of certain enzymes 
and/or microfl ora in a specifi c organ or tumor. For example, it is well established 
now that the extracellular pH of solid tumors is signifi cantly more acidic than nor-
mal tissues, with a mean pH of 6.5 in comparison to 7.4 for the blood and normal 
tissues [ 18 ,  36 – 38 ]. Attaching drugs to a dendritic scaffold by the low pH cleavable 
linker has been well explored by the Fréchet and coworkers who attached for 
example, the  anticancer   drug doxorubicin to the polyester dendritic scaffold by a 
low pH cleavable hydrazone linkage. The cytotoxicity of the drug was signifi cantly 
reduced (80–98 %) after attachment to the polymer. However, doxorubicin could 
be rapidly released from the polymer in an active form at pH values found in the 
lysosome [ 39 ]. Furthermore, passive tumor targeting can also be done by the direct 
local delivery of polymeric nanocarrier conjugated anti-cancer agents directly into 
the tumor site [ 40 ]. The preferred tumor targeted drug delivery strategy, however, 
requires that the active anticancer drug should be directly taken by the target cell 
which is known as active targeting. The active targeting approach is based on the 
interactions between ligand and its cognate receptor or between specifi c biological 
pairs, e.g., antibody–antigen. Cancer cells often over express specifi c tumor asso-
ciated antigens, carbohydrate epitopes, or growth factors receptors on their cell 

  Fig. 17.2    Schematic representation of the ( a ) EPR effect and the further ( b ) cellular uptake mech-
anism (Adapted with permission from Ref. [ 3 ], Copyrights 2012 Royal Society of Chemistry)       
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surface which can be exploited for active targeting. As discussed earlier, dendritic 
polymers can be attached with more than one type of functionality due to their 
multifunctionality. This allows inclusion of ligands that can be specifi cally targeted 
to the cancer cells in addition to the encapsulated or conjugated anticancer drugs in 
the dendritic scaffolds. A wide range of targeting ligands have been attached to 
dendritic polymers and explored for active targeting which includes monoclonal 
antibodies (mAb), polyclonal antibodies and their fragments, carbohydrates (galac-
tose, mannose), peptides/proteins (melanocyte stimulating hormone, transferrin, 
luteinizing hormone-releasing hormone (LHRH), growth factors), glycolipids, 
vitamins, and other ligands [ 27 ,  41 ,  42 ].  

17.2.2     PAMAM Dendrimers in Tumor Targeting 

 PAMAM  dendrimers  , which are relatively non toxic, biocompatible, and a com-
mercialized class of dendritic polymers, are under critical investigation for their 
practicality in cancer treatment [ 43 ,  44 ]. Their shelf life under ambient conditions is 
limited though due to the possibility of retro-Michael addition. Higher generation 
PAMAM dendrimers have been explored well for the targeted delivery of either 
encapsulated or conjugated anticancer drugs [ 45 ]. 

 Duncan et al. for example have used a G3.5 PAMAM dendrimer for conjugation 
of cis-diamminedichloridoplatinum(II), which is particularly effective for testicular 
cancer, but its high dose side effects limit its use. This dendrimer–platinate system 
was water soluble and slowly released platinum in vitro. The dendrimer–Pt conju-
gate was also less toxic (3- to 15-fold) than cisplatin and thus showed potential for 
further investigation as a novel antitumor approach [ 46 ]. Recently, following the 
facile encapsulation approach, Wheate et al. non-covalently complexed cisplatin 
with half generation PAMAM dendrimers. The amount of the drug complexed was 
found to increase with the dendrimer generation and the dendrimer–drug complex 
was found to be a releasing system for cisplatin. The in vivo activity was examined 
using an A2780 tumor xenograft. Cisplatin, at its maximum tolerated dose of 6 mg/
kg, reduced tumor size by 33 % compared to an untreated control group. The G6.5 
cisplatin–dendrimer complex was administered at two doses (6 and 8 mg/kg equiva-
lent of cisplatin). Both were well tolerated by the mice. The lower dose displayed 
comparable activity to cisplatin with a tumor volume reduction of 32 %, but the 
higher dose was signifi cantly more active than free cisplatin with a tumor reduction 
of 45 % [ 47 ]. 

 Various anticancer  prodrug conjugates   of PAMAM dendrimers have been success-
fully synthesized by conjugating anticancer drugs and targeting modalities like folic 
acid, antibodies, biotin, peptides (RGD, LHRH, etc.). For example, Baker et al. 
reported the conjugation of partially acetylated G5 PAMAM dendrimers with fl uores-
cein isothiocyanate (FITC, an imaging agent), folic acid (FA), and paclitaxel (taxol, a 
chemotherapeutic drug) [ 48 ]. Folic acid is important for cell division as it participates 
in the biosynthesis of nucleotide bases. Folic acid receptors are membrane bound 
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receptors which are over expressed in a wide range of human cancers including 
epithelial cancer cells, such as breast, ovary, lung, kidney, head and neck, brain, and 
myeloid cancers [ 49 ,  50 ]. Recently a “one pot” approach was developed for the syn-
thesis of targeted dendrimeric anticancer prodrug, a conjugate of G5 PAMAM den-
drimer, folic acid (FA), and methotrexate (MTX), in which the ratio of FA versus 
MTX attached to the dendrimer can be easily tuned to achieve the desired therapeutic 
effect. In vitro studies performed on FA receptor-expressing KB cells show that the 
new conjugate has a similar affi nity and cytotoxic potency to G5-FA- MTX synthe-
sized using the traditional multiple-step approach [ 42 ]. PAMAM dendrimer itself 
showed some interesting effects. For example, in a very recent study, Walter et al. 
found that paclitaxel-conjugated G5 PAMAM dendrimers are able to affect microtu-
bule structure via two mechanisms: (1) by stabilizing polymerizing microtubules and 
(2) by bundling preformed microtubules. The latter mode of action is not specifi c to 
the activity of paclitaxel, as surface neutralized G5 PAMAM dendrimers that are not 
conjugated with paclitaxel are also able to bundle preformed microtubules to the same 
degree as paclitaxel-conjugated dendrimers [ 51 ]. 

 The Baker group has exploited  fi broblast growth factor   (FGF) receptor protein 
for the internalization of dendritic carrier into the tumor cells. FGFR is known to be 
over expressed in cancers such as those of the bladder, breast, prostate, and squa-
mous cells, which can lead to tumor cell growth, tumor invasion, and metastasis 
[ 52 – 58 ]. In this study, they conjugated G5 polyamidoamine (PAMAM) dendrimer 
with purifi ed recombinant fi broblast growth factor (FGF-1) and investigated the 
specifi c binding and internalization of this conjugate labeled with FITC by fl ow 
cytometry and confocal microscopic analysis in cell lines expressing FGFR. The 
binding and uptake of FGF-conjugated dendrimers was completely blocked by 
excess nonconjugated FGF-1. Confocal microscopic analysis showed cytosolic as 
well as nuclear localization [ 52 ]. 

 Another important targeting ligand is  biotin  , which is a member of vitamin fam-
ily and a growth promoter of cells. Rapidly proliferating cancerous cells require 
extra biotin and often overexpress biotin specifi c receptors on the cell surface. It has 
been shown that biotin-conjugated macromolecular carriers were able to increase 
the uptake of anticancer drugs in tumor cells [ 59 – 63 ]. Wen et al. for example 
reported the conjugation of partially acetylated G5 PAMAM dendrimers with the 
targeting moiety biotin and imaging moiety FITC. The bifunctional conjugate 
(dendrimer–biotin–FITC) exhibited much higher cellular uptake into HeLa cells 
than the conjugate without biotin [ 64 ]. 

 As mentioned earlier, peptides have also been used as targeting ligands for tar-
geting cancerous cells. Rapidly growing cancerous cells are associated with angio-
genesis at a very high rate compared to normal cells. α v β 3 , a transmembrane integrin 
receptor, is only found on the luminal surface of the endothelial cells during angio-
genesis. High affi nity α v β 3  selective ligands such as the Arg-Gly-Asp (RGD) pep-
tide have been identifi ed by phage display studies [ 65 ]. The doubly cyclized peptide 
(RGD-4C, containing two disulfi de linkages via four cysteine residues) and a con-
formationally restrained RGD, binds to α v β 3  more avidly than peptides with a single 
disulfi de bridge or linear peptides. The partially acetylated G5 PAMAM dendrimer 
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conjugated with Alexa Fluor 488 (AF, imaging moiety) and the doubly cyclized 
RGD peptide (RGD-4C). The synthesized conjugate G5-Ac-AF-RGD-4C was effi -
ciently taken up by cells expressing α v β 3  integrin receptors as shown by fl ow cytom-
etry and confocal microscopy [ 66 ]. 

 One of the many strategies investigated for targeting cancerous cells is the use of 
monoclonal antibodies (mAb) that recognize and selectively bind to  tumor associ-
ated antigens   (TAAs) [ 67 – 70 ]. One such antigen for prostate cancer is the prostate- 
specifi c membrane antigen (PSMA) [ 71 ]. PSMA is a 100 kDa, type II membrane 
glycoprotein highly expressed by all prostate cancers as well as by nonprostatic 
tumor neovasculature and the vascular endothelium of virtually all solid sarcoma 
and carcinoma tumors [ 72 ]. Baker et al. synthesized J591 anti-PSMA (prostate spe-
cifi c membrane antigen) antibody dendrimer (G5 PAMAM) conjugates containing 
fl uorophores on the dendrimer. Flow cytometry experiments have shown that the 
antibody–dendrimer conjugate is specifi cally bound by the PSMA-positive LNCaP 
FGC cell line but does not bind to the PC-3 cell line which does not express 
PSMA. This was further confi rmed by confocal microscopy studies [ 73 ].  

17.2.3     Dendritic Polyglycerol (dPG)–Drug Conjugates 
for Tumor Targeting 

  Dendritic polyglycerols   (dPG) can be synthesized by polymerization in a controlled 
manner to obtain defi ned molecular weights with low polydispersity. Different stud-
ies have demonstrated a high in vitro and in vivo safety profi le of dPGs. Haag et al. 
found that hyperbranched PG with molecular weight 5 kDa showed almost no toxic-
ity at cellular level [ 74 ]. Both linear and hyperbranched PGs were reported to have 
similar or an even better biocompatibility profi le than PEG with MW ranging from 
4.2 to 670 kDa [ 75 – 78 ]. dPG has negligible interactions with plasma proteins. Size, 
surface charge, and architecture can be optimized for the cellular uptake and passive 
accumulation in defi ned tissues [ 3 ,  79 ,  80 ]. The terminal dihydroxy and linear 
monohydroxy groups can be functionalized or modifi ed for the conjugation with 
drugs, targeting ligands, and fl uorophores. 

 Our group also investigated the potential of dPG to target cancer cells and ana-
lyzed the correlation between the size and charge of dPGs for their intracellular 
delivery potential [ 34 ]. It was found that higher molecular weight dPG (MW 
40–870 kDa) could passively accumulate in the cytoplasm of cancer cells after 1 h 
of incubation, with an increased uptake for higher molecular weight dPGs, whereas 
lower MW dPGs (MW: 2–20 kDa) were only detected in minimal amounts inside 
the cancer cells. Moreover, charged dPG derivatives, i.e., dPG-sulfate and dPG- 
amine showed a primarily rapid internalization inside the cytosol of cancer cells, 
unlike neutral dPGs with molecular weights up to 20 kDa [ 81 ]. 

 Haag et al. have reported the use of dPGs for the delivery of anticancer drugs like 
 doxorubicin   and  methotrexate   using multifunctional PG–drug conjugates. A straight-
forward methodology was developed for the synthesis of thiolated PG by reaction 
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of a dPG bearing 20 % amino group with iminothiolane. dPG with free thiol groups 
was conjugated to maleimide bearing prodrugs of doxorubicin or methotrexate 
which either incorporate a self-immolative para-aminobenzyloxycarbonyl (PABC) 
spacer coupled to the dipeptide Phe-Lys or the tripeptide D-Ala-Phe-Lys as the 
protease substrate. Both prodrugs were cleaved by cathepsin B, an enzyme overex-
pressed by several solid tumors, to release doxorubicin or a methotrexate lysine 
derivative (Fig.  17.3 ) [ 82 ]. Cytotoxicity of the conjugates towards human tumor cell 
lines showed that the activity of the drugs was primarily retained, which confi rmed 
the macromolecular prodrug concept. This modular approach was found to be 
fl exible for the coupling of different drugs, as well as targeting and solubilizing 
moieties [ 82 ,  83 ].  

 A similar approach was used for the conjugation of thiolated PG with the 
maleimide group of the 6-maleimidocaproyl (hydrazone) derivative of doxorubicin 
(DOXO-EMCH). The synthesized PG-Dox conjugates showed acid triggered 
release at pH 5.0 with only a marginal release at pH 7.4 (Fig.  17.4 ) [ 83 ]. Furthermore, 
Haag et al. reported a one-pot synthesis of polyglycerol–doxorubicin conjugate 
with a PEG shell (PG-Dox-PEG) using thiolated PG, DOXO-EMCH, and PEG- 
maleimide [ 84 ]. The synthesized PG-Dox-PEG conjugates showed optimal proper-
ties for in vitro and in vivo applications because of their high water solubility, an 
appropriate size for passive tumor toxicity, a high stability at physiological condi-
tions, pronounced acid-sensitive properties, cellular internalization, and a favorable 
toxicity profi le. Doxorubicin polyglycerol conjugates with a high drug loading ratio 
showed clearly improved antitumor effi cacy over free doxorubicin in an ovarian 
xenograft tumor model (A2780), with tumor remissions upto 30 days.  

 Recently, Calderón et al. reported a dendritic polyglycerol-based multifunctional 
drug  immunoconjugate   that specifi cally targets and kills cancer cell lines expressing 
epidermal growth factor receptor (EGFR). The nanocarrier was provided with a 
dendritic core as a multifunctional anchoring point, doxorubicin (Doxo) coupled 
through a pH-sensitive linker, indodicarbocyanine (IDCC) as fl uorescence marker, 
poly(ethylene glycol) as solubilizing and shielding moiety, and a scFv antibody 
conjugated through the SNAP-Tag technology. The study provides a proof that 

  Fig. 17.3    Enzymatic cleavable prodrug derived from dendritic polyglycerol (Adapted with per-
mission from Ref. [ 3 ]. Copyrights 2012 Royal Society of Chemistry)       
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SNAP-tag technology can be used to generate drug-carrying nanoparticles effi ciently 
modifi ed with single-chain antibodies to specifi cally target and destroy cancer 
cells [ 85 ]. We also have demonstrated that neutral dPGs with MW lower than 
20 kDa are not passively taken up by cells [ 81 ]. Calderón et al. developed a general 
methodology for the synthesis of conjugates of low MW dPG (10 kDa) with homing 
peptides c(RGD) 2  and LHRH labeled with indocarbocyanine (ICC) as a fl uorescent 
probe that enables intracellular tracking. The synthesized conjugates, c(RGD)2-
dPG- ICC and LHRH-dPG-ICC, were studied for their cellular uptake in different 
cell lines, i.e., epithelial human lung cancer cell line A549 and human epidermoid 
carcinoma cells A431. LHRH-bearing dPG was taken up by both cell lines. 
Interesting enough, the c(RGD)2-dPG-ICC conjugate was only taken up by the cell 
line A549, the only one that express the αvβ3 integrin receptor which is recognized 
by the RGD moiety [ 80 ]. 

  Fig. 17.4    ( a ) Schematic representation of the PG doxorubicin prodrugs. ( b ) Representative 
release profi le of PG-Doxo5-PEG5k incubated at pH 4, 5, 6, and 7 at 37 °C. ( c ) Curves depicting 
tumor growth inhibition of subcutaneously growing A2780 xenografts under therapy with doxoru-
bicin (2 × 8 mg/kg) and the PG doxorubicin conjugates (3 × 24 mg/kg doxorubicin equivalents) 
(Adapted with permission from Ref. [ 85 ], Copyright 2011, Elsevier)       
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 Our group reported the preparation of biodegradable dendritic polyglycerol 
nanogels with a disulfi de linked polyglycerol (PG) structure by acid catalyzed 
miniemulsion polymerization with promising transport properties for cellular deliv-
ery. The size of these particles could be varied from 25 to 350 nm. These dendritic 
nanoparticles are stable under typical physiological conditions but effi ciently break 
down into smaller segments under reducing intracellular conditions within reduc-
tive cell compartments, e.g., lysosomes. The less toxic and smaller fragments pro-
duced following the cleavage could be cleared by kidneys. These biodegradable 
 polyglycerol nanogels   (nPG) can be used as potential carriers for targeted delivery 
when functionalized with drug and targeting ligands [ 86 ].  

17.2.4     Boron Neutron Capture Therapy (BNCT) 

  Boron neutron capture therapy   (BNCT) is the selective accumulation of chemical 
agents containing the isotope  10 B in cancer cells followed by irradiation with thermal 
or epithermal neutrons for the treatment of cancer. This method is based on the 
 10 B(n,α)7Li 3+  reaction. If  10 B can be delivered in suffi cient quantities (>10 9   10 B 
atoms) to the tumor tissue, subsequent irradiation with thermal or epithermal neu-
trons produces highly energetic α particles and  7 Li 3+  ions. Because of the short tra-
jectory of these heavy particles (5–9 μm; approximately one cell diameter), radiation 
damage is limited to those cells containing  10 B. A central issue for BNCT is the 
precise localization of the boron containing therapeutics in the tumor [ 87 – 89 ]. The 
boronated antibodies targeted towards tumor antigens can be used to achieve high 
levels of boron in tumor tissues but the direct attachment of large number of boron 
containing molecules to antibodies can impair the solubilities and targeting effi cien-
cies of the antibodies [ 20 ]. 

 Multivalency and well-defi ned structure of dendrimers make them promising 
scaffolds for use as boron carriers which can be conjugated with antibodies for 
tumor targeted boron delivery. PAMAM dendrimers have been used as immunocon-
jugates for delivering high concentrations of boron in tumors. For example, Darby 
et al. conjugated isocyanato polyhydral borane [Na(CH 3 ) 3 NB 10 H 8 NCO] with G2 
and G4 PAMAM dendrimers followed by conjugation with monoclonal antibody 
1B16-6 for selective targeting to the murine B16 melanoma. The immunoconjugate 
retained a high level of immunoreactivity and had a strong propensity to localize in 
the liver and spleen [ 90 ]. Boronated PAMAM dendrimers conjugated with EGF 
were found to target epidermal growth factor (EGF) receptors, resulting in accumu-
lation of boron in cell lysosomes in vitro. In vivo studies showed, however, that 
these boron carriers were taken up by the liver resulting in low accumulation of 
boron in the tumor [ 91 ,  92 ]. On the other hand, G5 PAMAM dendrimers carrying 
1100 boron atoms to cetuximab, a monoclonal antibody specifi c to the EGF  receptor, 
showed a tenfold greater accumulation of boron in brain tumor than in normal brain 
tissue after intratumoral injection [ 93 ]. Polylysine dendrimers with several terminal 
carborane moieties and linked to antibody fragments also revealed promising per-
spectives for applications in BNCT [ 94 ].   
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17.3     Targeted Gene Delivery 

  Gene delivery   is the process of introducing foreign genetic materials (DNA, RNA, 
or antisense oligonucleotides (AODNs)) as medicines into the host cells to cure 
disease. Positively charged dendritic polymers have been used as nonviral  vectors   
for the targeted delivery of genetic material into the diseased cells [ 95 ]. Electrostatic 
interactions between negatively charged phosphate backbones of DNA/RNA strand 
with dendritic polymers carrying positively charged surface groups for example, 
dendritic polyamines can result in a polyplex formation. The polyplex (nuclear 
material–dendrimer complex) is endosomally taken up by the target cells, and fol-
lowing lysosomal fusion and subsequent endosomal escape, the genetic materials 
are released from the complex in the vicinity of the nucleus (Fig.  17.5 ) [ 31 ]. The 
“Proton-sponge”  effect   of dendritic polyamines plays an important role in release of 
genetic material into the cell cytoplasm. For example, PAMAM dendrimers possess 
secondary and tertiary amines in their core in addition to primary amines at the sur-
face. This means dendrimers act like a buffer system inside endosomes or endolyso-
somes (which contain digestive enzymes), leading to the pumping of protons and 
concomitant infl ux of chloride ions. The ionic strength inside these organelles will 

  Fig. 17.5    Intracellular uptake of therapeutic DNA or RNA complexed with polycationic poly-
mers, i.e., dendritic polyamines (Adapted with permission from Ref. [ 31 ], Copyright 2006 John 
Wiley & Sons, Inc)       
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then increase and eventually cause their osmotic rupture and the release of nuclear 
material or dendrimer/nuclear material complex into the cytoplasm [ 96 ,  97 ].  

 Although the therapeutic benefi t of  dendritic polyamines   as nonviral gene trans-
fer vectors has been demonstrated in animal models, the gene delivery effi ciency of 
the nonviral approaches remains a key obstacle for clinical applications [ 98 ]. It was 
found that the proton sponge effect could be increased by oligoethyleneimine (OEI) 
or poly(propylene imine) (PPI) dendrimer modifi cation leading to high transfection 
effi ciency in vitro [ 99 ,  100 ]. Haag et al. reported that dendritic polyglycerols with 
oligoamine shells prepared by linking pentaethylenehexamine (PEHA) with den-
dritic polyglycerol (dPG) via biodegradable carbamate linkage showed low toxicity 
and high siRNA transfection effi ciency when tested using human epithelial carci-
noma cells (HeLaS3) with different proteins (Lamin, CDC2, MAPK2) [ 101 ]. 

 Furthermore, dendritic polymers can be conjugated with respective targeting 
ligands for the active accumulation of genetic material into the targeted cells. 
PAMAM dendrimer–RGD conjugates complexed with siRNA, for example, 
enhanced the siRNA delivery and reduced the progression of angiogenesis in the 
treatment of solid tumors [ 102 – 104 ]. Zhang et al. evaluated the effi ciency of folate–
polyamidoamine dendrimer conjugates (FA-PAMAM) for the in situ delivery of 
therapeutic antisense oligonucleotides (ASODN) to inhibit the growth of C6 glioma 
cells. ASODN from the FA-PAMAM knocked down EGFR expression in C6 gli-
oma cells, both in vitro and in vivo [ 105 ]. 

 It was observed that PEGylating of the dendrimer surface shields the positive 
charge of the dendrimer thus reducing nonspecifi c interactions with cell membranes 
and attenuating oxidative stress on the cell [ 106 ,  107 ].  Pegylation   also increases the 
circulation time of the dendrimer in blood by avoiding the interaction of dendrimer 
surface amino groups with serum proteins [ 108 ,  109 ]. A prolonged circulation time 
in blood enhances the drug accumulation in diseased tissues (tumor or infl ammatory 
site) via the EPR effect [ 110 ,  111 ]. PEGylated dendrimer–RGD conjugates are a 
well-designed delivery adjunct that improves target selectivity as well as stability of 
the dendrimer complex with nucleic acids. Effi cient intramuscular gene expression 
was mediated by PEG-conjugated PAMAM dendrimer [ 112 ,  113 ]. 

 With targeting ligands attached, the nanospace of the dendrimer interior can be 
used as a vehicle for encapsulation of chemotherapeutic agents (e.g., doxorubicin 
or paclitaxel) while the outer shell just beneath the dendrimer surface serves a 
nucleic acid shielding from the action of endo/exo nucleases [ 112 ]. In a recent 
study a G3 poly(L-lysine) dendrimer with a silsesquioxane cubic core (nanoglob-
ules) was conjugated with PEG and RGD for codelivery of doxorubicin (DOX) and 
siRNA. Doxorubicin (DOX) was coupled to the RGD targeted nanoparticle via a 
degradable disulfi de spacer to give G3-[PEG-RGD]-[DOX]; G3-[PEG-RGD]-
[DOX] was further complexed with siRNA [ 103 ]. The siRNA complexes of the 
targeted conjugate resulted in signifi cantly higher gene silencing effi ciency in U87- 
Luc cells than those of control conjugates G3-[PEG-RGD] and G3-[DOX]. These 
dendritic nanocarriers are promising for the codelivery of nucleic acids and chemo-
therapeutic agents. 

 Our group reported the synthesis of a single dendritic polyglycerol amine (dPG-
 NH2) which showed promising properties as a prospective system for gene delivery, 
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namely, because of its high charge with a relative low cytotoxicity and an optimal 
charge/pH behavior so far as the buffering capacity is concerned [ 34 ]. Dendritic 
polyglycerolamine (dPG-NH 2 ) was able to complex siRNA thus yielding slightly 
positively charged globular polyplexes which exhibited a knockdown effi ciency 
comparable to that of the HiPer-Fect for the proteins, Lamin, CDC2, and MAPK2 in 
HeLAS3 cells. In a comparison of silencing effi ciency and cytotoxicity with 
poly(ethylene imine) (PEI) derivatives, the polyglycerolamine architecture showed 
a better toxicity profi le at concentrations relevant for its activity. It was found that 
the siRNA polyplex was internalized into glioblastoma cells within 24 h by the 
endosome–lysosome mediated system. The siRNA-PG-NH 2  polyplex resulted in 
major silencing and no apparent toxicity when administered intratumorally to a 
tumor bearing mice.  Polyglycerolamine   carrier delivered siRNA passively into the 
tumor tissues by the EPR effect, as high levels of fl uorescently labelled siRNA were 
detected in the tumor but not in the other healthy organs examined [ 114 ]. 

 Recently, dPG-NH2 was successfully used in xenografted nude mice to deliver 
siRNA that down-regulate the mRNA expression of ferrochelatase (FECH). The 
fl uorescence imaging results on animals with xenografted tumors demonstrated that 
dPG-NH 2  improved the local bioavailability of siRNA within the tumor tissue and 
facilitated the transfer of siRNA across the cell membrane. Moreover, siRNA trans-
fected in this way reached the cytoplasm and was effective in silencing its target 
FECH as proven by the high time dependent fl uorescence emission of protoporphy-
rin IX (PpIX), a fl uorescent metabolite of the heme synthesis [ 115 ].  

17.4     Brain Targeted Drug Delivery 

 Delivery of drugs or genes to brain for treatment of brain diseases is one of the big-
gest challenges in targeted drug delivery. It is because of the blood–brain  barrier   
(BBB), blood–cerebrospinal fl uid barrier (BCSFB), and effl ux mechanism 
(P-glycoprotein; P-gp) [ 116 ]. The blood–brain barrier (BBB) is a physical and bio-
logical barrier consisting of an endothelial cell monolayer combined with tight 
intracellular junctions, pericytes, and astrocytes [ 117 ]. It prevents the introduction 
of harmful blood-borne substances and restricts the movement of ions and fl uid into 
the brain to ensure an optimal environment for brain function [ 118 ]. The surface 
area of the BBB has been estimated to be 5,000-fold greater than that of the BCSFB, 
and therefore the BBB is considered to be the main route for the uptake of endoge-
nous and exogenous ligands into the brain parenchyma [ 119 – 122 ]. Effl ux transport 
systems at the BBB and BCSFB provide a protective barrier function by removing 
drugs from the brain or cerebrospinal fl uid and transferring them to the systemic 
circulation [ 123 ]. In the human brain, the total length of capillaries is about 400 
miles, so a drug or gene will instantaneously distribute throughout the CNS once the 
BBB is traversed. But more than 98 % of candidate drugs including gene drugs have 
been halted mid-development due to the poor permeability of the BBB, presenting 
a major problem to the pharmaceutical industry [ 124 ,  125 ]. 
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 Both viral and non-viral vectors have been used for the  brain targeted delivery   of 
genes as drugs, and most of them are internalized into cells by an endocytic mecha-
nism [ 126 – 131 ]. Viral vectors are highly immunogenic in humans and invoke severe 
infl ammatory responses in the brain leading to demyelination. Therefore, the goal 
of brain targeted drug delivery should be a non-viral, non-invasive approach through 
exploitation of the various infl ux transport systems depicted within the cerebral 
endothelial, including carrier-mediated transports, receptor-mediated endocytosis, 
and adsorptive-mediated endocytosis. Non-viral vectors were found to be much 
safer but their transfer effi ciency is comparatively lower. Nowadays, nano-sized car-
riers, especially polymeric carriers (liposomes, nanoparticles, and dendrimers), are 
being used widely and are under investigation with or without coating or coupling 
with ligands to offer a sustained level of drug and to accomplish cellular target with 
improved specifi city [ 132 – 135 ]. It has been reported that different receptors are 
present on the luminal endothelial plasma membranes, including the transferrin 
receptor, the insulin receptor, and the low-density lipoprotein receptor-related pro-
tein [ 136 ,  137 ]. Dendrimers can be anchored with ligands that bind exclusively to 
the receptors over expressed on BBB and therefore may elicit receptor-mediated 
endocytosis. Apolipoproteins, e.g., ApoE are believed to be adsorbed on the surfac-
tant polysorbate 80 (P80) anchored nanocarriers, which could be responsible for the 
interaction with low density lipoproteins (LDL) receptors on BBB and subsequent 
endocytosis [ 138 ]. Jain et al. reported the synthesis of P80 anchored PPI dendritic 
nanoconjugate for targeting anticancer drug, docetaxel (DTX) to the brain tumor 
in vitro (cytotoxicity study U87MG human glioblastoma cell line) and in vivo. 
The in vivo anti cancer activity in brain tumor bearing rats revealed that DTX loaded 
P80 conjugated dendrimers reduced the tumor volume signifi cantly (>50 %). The 
median survival time for brain tumor bearing rats treated with DTX-P80-PPI 
dendrimers (42 days) was extended substantially compared to DTX-PPI (23 days), 
receptor blocked group (15 days), and free DTX (18 days). Gamma scintigraphy 
and biodistribution studies further confi rmed the targeting effi ciency and higher bio-
distribution of ligand conjugated dendrimer into the brain [ 139 ]. 

 Another example is the dual targeting carrier system reported by Wei et al. based 
on G4 PAMAM dendrimers with  Transferrin   (Tf) and  Tamoxifen   (TAM) as the tar-
geting groups for strengthening the BBB transporting ability and concentrating the 
drugs in the glioma cells. As an endogenous cellular transport ligand, Tf has been 
widely studied in the brain-targeted drug delivery systems [ 140 ] because Tf receptor 
is over expressed on the brain capillary endothelium and many malignant cells [ 141 –
 143 ]. Tamoxifen (TAM), known as an estrogen receptor modulator, shows the ability 
to inhibit multiple drug resistance (MDR) and improve the BBB transporting [ 144 , 
 145 ]. The dual-targeting carrier was synthesized by peripherally linking DOXs through 
an acid labile acyl hydrazone bond in order to control the drug release, conjugating Tf 
and PEG chains for enhancing the ability of crossing the BBB, internalizing in glioma 
cells and improving the biocompatibility. Meanwhile, TAMs were embedded in the 
interior of the dendrimers as the MDR inhibitors. The carrier was internalized into 
C6 glioma cells upon crossing the BBB model by the coactions of Tf receptor-
mediated endocytosis and the inhibition effect of TAM to the drug effl ux transports. 
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Moreover, there was an in vitro accumulation of DOX in the avascular C6 glioma 
spheroids that effectively reduced tumor volume [ 146 ]. In addition to dendrimers 
with targeting ligands, fl uorescently labeled G4 PAMAM dendrimers (FITC-
PAMAM) were found to be effective in targeting neuroinfl ammation in a rabbit 
model of cerebral palsy following subarachnoid administration. The dendrimers 
with no targeting ligands were localized in activated microglia and astrocytes (cells 
responsible for neuroinfl ammation), even in regions far from the site of injection, in 
newborn rabbits with maternal infl ammation- induced cerebral palsy. This intrinsic 
ability of dendrimers to localize inactivated microglia and astrocytes can enable a 
targeted delivery of therapeutics in disorders such as cerebral palsy, Alzheimer’s, 
and multiple sclerosis [ 147 ]. 

 PAMAM dendrimers modifi ed with peptide targeting ligands, have been explored 
as non-viral vectors for delivering genes to the brain by receptor-mediated trans-
cytosis systems existing at the BBB [ 148 ,  149 ].  Angiopep   is a high brain penetration 
peptide, which targets to the low-density lipoprotein receptor-related protein-1. 
Angiopep-conjugated, PEG-modifi ed PAMAM (PAMAM-PEG-Angiopep) was 
found to be effi cient for brain-targeting gene delivery both in vitro and in vivo. 
PAMAM-PEG-Angiopep/DNA NPs were internalized by brain capillary endothe-
lial cells (BCECs) through clathrin- and caveolae-mediated energy depending endo-
cytosis, also partly through macropinocytosis. The angiopep-modifi ed NPs showed 
higher effi ciency in crossing the BBB than unmodifi ed NPs in an in vitro model, 
and accumulated in vivo more in the brain. The angiopep-modifi ed NPs also showed 
higher effi ciency in gene expression in the brain than the unmodifi ed NPs [ 150 ]. 
Lactoferrin, a newly explored brain-targeting ligand, was coupled to the dendrimer 
for targeted delivery of DNAs and the lactoferrin-coupled dendrimer was reported 
to have high BBB-crossing effi ciency. The lactoferrin (Lf) and transferrin (Tf) con-
jugated PAMAM dendrimers via PEG spacer were synthesized and compared for 
their brain uptake and transfection effi ciencies. The brain uptake of PAMAM-
PEG- Lf was 2.2-fold compared to that of PAMAM-PEG-transferrin (Tf) in vivo. 
The transfection effi ciency of PAMAM-PEG-Lf/DNA complex was higher than 
that of PAMAM-PEG-Tf/DNA complex in vitro and in vivo [ 151 ]. 

 Sarin and coworkers functionalized PAMAM dendrimers generations 1 through 8 
with gadolinium and rhodamine B for both magnetic resonance and fl uorescence 
imaging. They found that following intravenous injection, the functionalized den-
drimers with a diameter of less than approximately 11.7–11.9 nm were able to traverse 
the pores of the blood–brain tumor barrier of RG-2 malignant gliomas [ 152 ]. This 
fi nding could serve as a guide for future nanoparticle-based chemotherapy design.  

17.5     Drug Delivery Through the Skin 

 Topical treatment of skin diseases always appears favorable due to the lower risk of 
systemic side effects. The outermost layer of skin, the stratum corneum (SC), is 
essential for a normal barrier function of the skin, and skin lipids also greatly 
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contribute to the penetration barrier. Various lipid nanoparticles, which may allow 
lipid exchange with skin surfaces, have been found to be promising. These include 
liposomes [ 153 ,  154 ],  solid lipid nanoparticles   (SLNs), nanostructured lipid carriers 
(NLCs), lipid microspheres [ 155 ,  156 ], microemulsions [ 157 ], and hexagonal phase 
nanodispersions [ 158 ], which attach themselves to the skin surface. Indeed, the 
nature of the lipid particle and the mode of drug interaction with the lipid matrix 
have proven to be quite relevant [ 159 ]. 

 Besides lipid nanoparticles, dendritic nanoparticles have also become popular in 
skin drug delivery mainly due to their small size and highly functional surfaces [ 21 , 
 160 ]. Skin delivery enhancement by dendritic polymers depends on drug–den-
drimer–skin interactions. Dendrimers may act as a drug release modifi er and speed 
up the drug dissolution that is the rate-limiting step of percutaneous drug absorp-
tion. Certain low generation dendrimers may impair the stratum corneum barrier 
function, in the presence of potent vehicles. Moreover, properties of the dendrimers 
can be tailored to preferably penetrate the skin via the follicular route [ 161 ]. 
Regardless of the diversity of dendrimers, only two types of dendrimers (PAMAM 
and PEGylated PG) have been investigated to modulate drug delivery to the skin. 

 Recently, Hong et al. reported that smaller G2 PAMAM dendrimers penetrate the 
skin layers more effi ciently than the bigger G4 dendrimers. It was found that G2 
PAMAM dendrimers, surface-modifi ed by either acetylation or carboxylation, 
exhibit increased  skin permeation   and tend to diffuse through an extracellular path-
way. In contrast, amine terminated dendrimers show enhanced cell internalization 
and skin retention but a reduced skin permeation [ 162 ]. All these investigations 
provide a design guideline for engineering PAMAM dendrimers as a potential trans-
dermal delivery vector. PAMAM dendrimers have been proven to effectively 
improve transdermal penetration of 5-fl uorouracyl, ketoprofen, difl unisal, and 
5-ALA [ 163 ]. More recently, Radej et al. assessed the ability of G3 and G4 PAMAM 
dendrimers to facilitate transdermal delivery of 8-methoxypsoralen (8-MOP) 
in vivo, which revealed an enhanced permeation of the 8-methoxypsoralen (8-MOP) 
to the deeper layers of the skin and signifi cantly higher concentration in comparison 
with standard 8-MOP solution [ 164 ]. 

 Our group reported the synthesis of dendritic core-multishell (CMS)  nanotrans-
porters   using hyperbranched polymeric cores composed of polyglycerol surrounded 
by a double-layered shell consisting of a C18-alkyl chain and of monomethoxy 
poly(ethylene glycol) [ 165 ,  166 ]. These CMS nanotransporters (20–30 nm) were 
compared with solid lipid nanoparticles (SLNs, 150–170 nm) for their skin trans-
port properties using a model dye Nile Red. CMS nanotransporters were found to 
be much more effective than SLN for the skin penetration. Using CMS, dye concen-
tration increased eightfold in the stratum corneum and 13-fold in the epidermis 
compared to a regular cream. Despite SLN degradation at the stratum corneum 
surface, SLN enhanced skin penetration less effi ciently (3.8- and 6.3-fold) [ 167 ]. 
These CMS nanotransporters were also explored for the delivery of more hydro-
philic agents into the skin using the dye rhodamine B as model compound, and 
found to be more effi cient than the SLNs (250–340 nm) [ 168 ].  
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17.6     Targeting Infl ammation 

 Several investigations proved the potential of dendritic polymers in the targeted 
delivery of  anti-infl ammatory drugs   and also controlling pro-infl ammatory 
responses. Anionic dendrimers with or without targeting ligands were found to 
accumulate in the infl ammatory tissues inducing anti-infl ammatory responses. 
Selected examples will be discussed here. 

 Hydroxyl terminated PAMAM dendrimer conjugated with fl ocinolone acetonide 
was found to be effective in targeted intravitreal therapy for sustained attenuation of 
 neuroinfl ammation   in retinal degeneration. The conjugate released drug in a sus-
tained manner over a period of 90 days. Kannan et al. showed that upon intravitreal 
administration, PAMAM dendrimers selectively localize within activated outer reti-
nal microglia in two rat models of retinal degeneration, but not in the retina of 
healthy controls. The in vivo studies suggest that PAMAM dendrimers (with no 
targeting ligands) have an intrinsic ability to selectively localize in activated microg-
lia, and can deliver drugs inside these cells for a sustained period for the treatment 
of retinal neuroinfl ammation [ 169 ]. 

 Diwan et al. investigated folate-PEG-(G3.5) PAMAM conjugates for the infl am-
matory tissue specifi c drug delivery of indomethacin in the arthritis rats. Among the 
different folate-PEG-PAMAM conjugates, the conjugate with 7 folate-PEG mole-
cules exhibited better overall drug targeting effi ciency (3.44) and higher relative 
exposure of drug to the infl ammatory region (2.37). This folate-PEG-PAMAM con-
jugate remains the ideal candidate for site-specifi c drug delivery with high effi -
ciency to target the infl ammatory tissues accompanied by reduced side-effects 
[ 170 ]. Hayder    et al. illuminated the nano-therapeutic potential of phosphorus con-
taining dendrimers, in particular dendrimers with anionic azabisphoshonate end-
ings, for the modulation of innate immunity through their effect on monocytes. 
Dendrimer ABP (dendrimers with anionic Azabisphosphonate endings) inhibited 
osteoclastogenesis and the secretion of proinfl ammatory cytokines, both of which 
are underlying monocyte-dependent processes in rheumatoid arthritis infl ammation 
and bone damage [ 171 ,  172 ]. G3.5 PAMAM dendrimers conjugated with D(+)-
glucosamine inhibited Toll-like receptor 4-mediated lipopolysaccharide induced 
synthesis of pro-infl ammatory chemokines (MIP-1α, MIP-1β, IL-8) and cytokines 
(TNF-α, IL-1β, IL-6) from human dendritic cells and macrophages but allowed 
upregulation of the costimulatory molecules CD25, CD80, CD83, and CD86 [ 173 ]. 

 Dendritic polymers have been proven to be potential candidates for the treatment 
of  rheumatoid arthritis (RA)  . Baker et al. reported folic acid and methotrexate 
(MTX) conjugated G5 PAMAM dendrimer (FA-PAMAM-MTX) as a potent anti- 
infl ammatory agent. FA-PAMAM-MTX bound and internalized in a receptor- 
specifi c manner into both folate receptor β-expressing macrophage cell lines and 
primary mouse macrophages, and benefi cially suppressed infl ammatory changes 
associated with type II collagen-induced arthritis in rats [ 174 ]. Multivalent polyg-
lycerol sulfate (dPGS) has been shown to be a multivalent inhibitor of infl ammation 
[ 175 ]. Recently, our group investigated the potential of anionic multifunctional 
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 dendritic polyglycerol sulfate   (dPGS) for the selective targeting of infl ammation in 
an animal model of rheumatoid arthritis (RA) using near-IR fl uorescence imaging. 
A study using fl uorescently labeled dPGS demonstrated a fast and selective uptake 
into the diseased joints. The sulfated dendritic polglycerol deposited in the infl am-
matory infi ltrate in the synovial membrane, whereas nonsulfated control was not 
detected in association with disease [ 176 ]. Hence, this type of multivalent polyan-
ion is an alternative to current bioconjugates and provides future options for tar-
geted imaging and drug delivery [ 177 ].     
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    Chapter 18   
 Inorganic Nanoparticles in Targeted Drug 
Delivery and Imaging 

             Hélder     A.     Santos    ,     Luis     M.     Bimbo    ,     Leena     Peltonen    , and     Jouni     Hirvonen    

18.1             Introduction 

 The fi eld of nanotechnology has opened up new avenues for design, fabrication, and 
production of nanomaterials with superior properties that can be useful for biomedi-
cal applications. The fast growing health problems in the world and societies demand 
rapid development of nanomedicines for fi ghting against different diseases. Current 
pharmaceuticals are limited in operating effi ciently due to their physicochemical 
shortcomings in the delivery, biodistribution, and pharmacokinetics. Thus, nano-
medicines are engineered as drug delivery carriers, while addressing the scientifi c 
challenges due to their nano-size. 

 Nanoparticles are usually synthesized from a vast number of raw materials, 
including gold, lipids, carbon, silica, silicon, iron, and other inorganic materials 
[ 1 – 5 ]. In this context, the fi eld of inorganic nanomedicine has emerged in the prepa-
ration and characterization of nanoparticles with functionalities towards the appli-
cations in clinic. Research endeavors of inorganic nanomaterials were initially 
focused on physics, optics, and engineering, but have for quite some time now 
included also biological and medical applications. Often, the same nanomaterials 
can serve as biochemical sensors, contrast agents in cellular or tissue imaging, drug 
delivery vehicles, or even as therapeutics [ 6 ]. 

 The understanding on the nanomaterials function(s) in a biological system 
depends on the interface between the biological system and nanomaterial—the 
nano–bio interface. This is especially true with regard to the size, shape, and surface 
chemistry. These parameters can be utilized to enable and tailor the development of 
nanotechnologies for chemical (bio)sensing, imaging, and therapeutic applications 
[ 7 ,  8 ]. In the comprehensive reviews by Ferrari [ 9 ] and Farokhzad and Langer [ 10 ] 
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the possible benefi ts and outcomes of the improved therapeutic applications by 
nanotechnology have been summarized: (1) improved delivery of poorly water- 
soluble drugs; (2) targeted delivery of drugs in a cell- or tissue-specifi c manner; (3) 
transcytosis of drugs across epithelial and endothelial barriers; (4) delivery of large 
and macromolecule-type drugs to intracellular sites of action; (5) co-delivery of two 
or more drugs or therapeutic modalities for combination therapy; (6) visualization 
of the sites of drug delivery by combining therapeutic agents with imaging modali-
ties (theranostics); and (7) real-time monitoring of the in vivo effi cacy of the thera-
peutic agents. 

 Nanoparticles that are intended to enhance drug dissolution, such as nanocrystals 
and mesoporous materials, need to release the confi ned drug into the gastrointesti-
nal (GI)-tract/intestinal wall, whereafter the free drug needs to pass through barriers 
similar to those of the conventional drug delivery formulations [ 8 ,  11 – 14 ]. On the 
other hand, nanoparticles encapsulating drugs which are intended to enter the 
bloodstream and targeted into various parts of the body, have to overcome further 
organ-, epithelium- and cell-specifi c barriers and survive the clearance mechanisms 
in vivo for suffi cient duration to show the required effi cacy [ 15 ]. The latter is often 
the case with the inorganic nanoparticles that have been studied widely for active 
and passive drug targeting purposes (Fig.  18.1 ).  

 The aim of targeted drug delivery is to obtain high local concentrations of drug 
together with low systemic exposure. Passive extravasation of nanoparticles takes 
place through the leaky vasculature, which is characteristic for solid tumors and 
infl amed tissues, via preferential accumulation through the enhanced permeability 
and retention (EPR) effect [ 16 ] (Fig.  18.1a ). In this case, the drug is released in the 
extracellular matrix and diffuses throughout the tissue for bioactivity. Passive target-
ing lacks cell-specifi c interactions needed to induce nanocarrier internalization, thus 
decreasing the therapeutic effi cacy which can result in multiple drug resistance [ 17 ]. 
Active targeting, on the other hand, enhances the therapeutic effi cacy of drugs that 
do not permeate easily the cell membrane and require an intracellular site (target) 
for bioactivity, enhancing the overall drug bioavailability (Fig.  18.1b ). Targeting 
nanoparticles can be engineered for both the approaches, leaky vasculature (e.g., 
tumors and infl ammation) and target organs/cells (e.g., ligand binding to cell- surface 
receptors). Once the nanoparticles have extravasated in the target tissue, the target-
ing ligands on the particle surface can result in active targeting of the nanoparticles 
to specifi c receptors that are present on the target cells or tissues, resulting in 
enhanced accumulation and cell uptake through a receptor-mediated endocytosis. In 
this case there is a careful selection of selective targeting ligands that specifi cally 
interact with the receptors of the cell surface of interest to promote nanocarrier bind-
ing and internalization [ 18 ], which on the other hand requires that the receptors are 
highly overexpressed by cancer cells relative to normal cells. 

 The biomedical applications of inorganic nanoparticles have been extensively 
reviewed in the literature [ 4 ,  5 ,  19 ]. The major benefi ts associated with these sys-
tems are low toxicity and promise for controlled drug/gene delivery providing a 
true alternative to viral vectors and cationic carriers. Inorganic nanoparticles are 
generally versatile materials, including wide availability, rich functionality, good 
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 biocompatibility, and potential for controlled release and targeted delivery of the 
carried drugs/genes. Oftentimes, however, the inorganic materials as such are not 
suitable for biomedical use. Therefore, hybrid nanomaterials and nanocomposites 
are warranted. Table  18.1  lists some of the major properties, benefi ts and draw-
backs, and applications towards targeted drug delivery of inorganic nanoparticles 
and nanocomposites.

  Fig. 18.1    Schematic representation of passive and active tumor targeting of nanocarriers. ( a ) 
Passive targeting: (1) Nanocarriers reach tumors selectively through the leaky vasculature sur-
rounding the tumors; (2) Infl uence of the size for retention in the tumor tissues. Drugs alone diffuse 
freely in and out of the tumor blood vessels due to their small size, thus reducing their effective 
concentrations in the tumor, unlike drug-loaded nanocarriers that are larger in size and cannot dif-
fuse back into the blood stream, enhancing the progressive accumulation in the tumor through the 
EPR effect. ( b ) Active targeting: Ligands attached at the surface of the nanocarriers bind to overex-
pressed receptors of the cancer cells (1) or angiogenic endothelial cells (2). Reproduced from [ 196 ]       
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   Table  18.1 . Inorganic nanoparticles and nanocomposite materials for controlled 
and targeted drug delivery and imaging purposes [ 4 ,  5 ,  7 ,  8 ,  19 – 23 ]. 

 Fine metal and other inorganic particles with nanometer-scale dimensions are of 
great interest due to their favorable functional properties. For example, nanometer- 
scale metallic wires show combinations of high strength, stiffness, and ductility. 
Therefore, nanorods and nanowires have found promising applications in electron-
ics, photonics, hierarchical biology inspired nanocomposites, (bio)chemical sensing 
and imaging, and drug delivery/targeting [ 24 ]. Gold colloids have been widely used 
as contrast agents in electron microscopy because of their high electron-density [ 25 ]. 
Also, gold and silver nanoparticles have been used in biological optical imaging and 
sensing applications due to the excellent elastic light scattering properties [ 24 ,  26 , 
 27 ]. Furthermore, gold nanoshells of appropriate size and shape absorb large amounts 
of near-infrared (NIR) light that can be conducted into the surrounding tissues as 
heat, which might be utilized as a novel cancer therapy towards cancer cells [ 28 ]. 

 As stated above, the uptake of nanoparticles by living cells is affected by the 
properties of the nanoparticles, such as size, shape and surface. However, nanopar-
ticles dispersed in a biological fl uid are rapidly covered by biomolecules (proteins 
and lipids) forming a biomolecular corona that effectively covers the bare nanopar-
ticle’s surface [ 29 ]. When cells are exposed to nanoparticles it is, therefore, typical 
that the nanoparticle–biomolecular corona complexes interact with the components 
of the cell membrane. This is followed by the activation of an energy-dependent 
uptake mechanism, which allows the nanoparticles to be internalized into the cell 
and further traffi cked to different subcellular locations, typically ending in lysosomal 
accumulation. Biocompatibility and biosafety are, therefore, crucial parameters for 
the development of inorganic nanomaterials towards therapeutical applications. 

 In this chapter, the focus is on the delivery, targeting, and imaging aspects of 
inorganic nanoparticles. Major discussion is allocated to: (1) mesoporous silicon- 
and silica-based materials; (2) metal nanoparticles, including theranostic applica-
tions of colloidal gold and silver; (3) superparamagnetic iron oxide nanoparticles as 
candidates for drug targeting and magnetic resonance imaging (MRI) and biological 
separation combined to localized magnetic heating effect in the presence of a strong 
magnetic fi eld; and (4) quantum dots (QDs) formed of inorganic semiconductor 
materials such as CdSe. All these nanomaterials can be further functionalized to 
reach optimal delivery, targeting, and safety profi les for the intended therapeutical 
purpose, e.g., cancer therapy. As structurally and functionally carbon-based materi-
als, fullerene-, graphene-, carbon nanotube-, and dendrimer-based nanohybrids and 
nanocomposites have been left out from detailed descriptions in this chapter of inor-
ganic nanoparticles.  

18.2     Mesoporous Silica-and Silicon-Based Systems 

 The development of mesoporous (defi ned by IUPAC as pores with diameters 
between 2 and 50 nm) silica and silicon materials for biomedical applications has 
been explored for a couple of decades now, since the discovery by Mobil researchers 
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for the mesoporous silica materials and by Leigh Canham for the mesoporous silicon 
in early 1990s [ 30 ,  31 ]. The ability to design relatively uniformly sized porous and 
dispersible nanoparticles using colloidal chemistry and evaporation- induced self-
assembly (mesoporous silica) and electrochemistry etching (mesoporous silicon) 
has led to many applications of these mesoporous materials for delivery of therapeu-
tics to the cells and for diagnostic and bioimaging applications [ 32 – 40 ]. These 
materials are relatively stable to heat, pH, and mechanical stress. The nanoparticles 
can protect the cargo until it gets released inside the cell. 

 The exceptionally high surface area of the mesoporous silica and silicon materi-
als that can exceed 1,000 m 2 /g and 500 m 2 /g, respectively, and the possibility to 
independently modify the pore size and surface chemistry enables the loading of 
diverse single or combinations of payloads at levels exceeding those of other com-
mon drug delivery carriers, such as liposomes or polymer conjugates. This is mainly 
due to the physisorption of drugs resulting from the non-covalent electrostatic, 
hydrogen-bonding, and van der Waals interactions between the payloads and the 
internal surface of the mesopores, which allow loading capacities that surpass the 
solubility limit of the payloads in solution. In addition, the possibility to indepen-
dently modify the external and interior surface of the mesoporous materials enables 
further engineered biofunctionality and biocompatibility of these materials. 

18.2.1     Fabrication Procedures 

18.2.1.1     Mesoporous Silica 

 Since the fi rst report in 2001 describing the use of MCM-41 (Mobil Composition of 
Matter No. 41) type mesoporous silica nanoparticles as drug delivery system [ 41 ], 
we have seen an exponential growth in the literature of works covering applications 
of mesoporous silica in biological systems. For targeted intracellular delivery the 
particle sizes of interest range from 50 to 200 nm, because these are small enough 
particles that can bypass physiological membranes in the body. On the other hand, 
it is not feasible to synthesize smaller mesoporous silica nanoparticles due to their 
inherent mesoporosity. Thus, wet chemical synthesis methods are generally more 
benefi cial than other physical methods. 

 In general, the fabrication routes of mesoporous silica-based materials are modi-
fi ed versions of the synthesis of MCM-41, by far the most extensively studied meso-
porous material with ordered hexagonally arranged cylindrical mesopores [ 31 ,  42 ]. 
In the case of MCM-41 the synthesis occurs in aqueous solution, where above the 
critical micelle concentration, amphiphilic surfactant molecules self-assemble into 
spherical micelles and at higher concentrations into periodic liquid crystal 
mesophases. In the presence of water and hydrophilic, soluble silica precursors 
(e.g., silicic acid, Si(OH) 4 , and polysilicic acids), the surfactant self-assembly 
results in hybrid nanocomposites. The silica precursors are then concentrated at the 
hydrophilic interfaces via electrostatic and hydrogen bonding interactions, and later 
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condensed to form amorphous silica of ordered periodic mesophase. The subsequent 
removal of the surfactant template by extraction or calcination results in the meso-
porous product. 

 In general, the syntheses of such mesoporous silica-based materials result from 
the cooperative self-assembly of supramolecular aggregates of alkylammonium sur-
factants (commonly cetyl trimethylammonium bromide (CTAB)) with polymeriz-
ing silica species, e.g., precursor tetraethoxysilane (TEOS), under alkaline 
conditions [ 43 ,  44 ]. As a result, an organic–inorganic composite material consisting 
of hexagonally ordered rod-shaped micelles surrounded by an amorphous silica 
(SiO 2 ) network is formed. After removal of the organic portion by either thermal 
treatment or solvent extraction (ion exchange) inorganic (ceramic) materials with 
hexagonal, cylindrical, or ordered pores of typically 3–4 nm in diameter are pro-
duced [ 31 ,  42 ]. The advantage of this procedure is that the pore size of the material 
can be tuned by, for example, changing the surfactant, the surfactant chain length, 
or simply by adjusting the synthesis conditions. In Fig.  18.2  is shown an example of 
the synthesis and functionalization processes of mesoporous silica nanoparticles.  

 In order to avoid secondary aggregation of the particles and to easily control the 
spherical morphology of the silica materials, the syntheses are performed under 
either dilute acidic and neutral conditions [ 45 ,  46 ], or by further addition of particle 
growth quenchers [ 21 ,  43 ]. The former method is very reproducible producing 
monodispersed particles; however, the scaling up in large quantities is rather  limited. 
The removal of the template is crucial in order to obtain well-dispersed nanoparti-
cles. The surfactant removal is commonly done by solvent extraction. 

 In biological applications, several surface modifi cations to mesoporous silica can 
be employed, such as chemical modifi cation, co-condensation, post-synthetic graft-
ing, and surface coating. In chemical modifi cation, the functionality is achieved by 
modifying silanol groups present both inside the pores and on the outer surface. 
Different chemical moieties can be introduced by adsorption onto the mesoporous 

  Fig. 18.2    An example for the synthesis and selective functionalization of mesoporous silica 
nanoparticles. Reproduced from [ 44 ]       
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material as a result of the attractive electrostatic interactions between the chemical 
moieties and the negatively charged surface of the carriers. In the case of co- 
condensation, hydrolyzed alkoxysilanes with organoalkoxysilanes are used to modify 
the inner pore surface [ 44 ]. After the silica condensation, the organoalkoxysilane 
also co-condenses positioning the chemical moiety onto the pore walls. In the case 
of post-synthetic grafting, the mesoporous material is modifi ed after synthesis. 
Here, the surface-accessible silanol groups both in the mesopore network and on the 
external surfaces are modifi ed. The former is achieved via condensation with tri-
functional organosilanes in an organic solvent and it produces a self-assembled 
monolayer [ 47 ]. Another method to functionalize the mesoporous silica is by sur-
face coating, where the functional groups are introduced directly on the external 
surface of the particles. These groups can then be reacted as linkers to attach other 
larger molecules or used to adsorb coatings through noncovalent interactions [ 48 ]. 

 In order to use the mesoporous silica for targeting applications, cell-specifi c 
targeting ligands are covalently attached to the outer surface of nanoparticles, usu-
ally using the condensation method, thus enhancing the particles’ cell-specifi city. 
When the targeting moiety is a rather small molecular ligand (e.g., sugars and folic 
acid) the attachment can be done in organic or aqueous solvents before drug load-
ing. However, for protein-based targeting moieties (e.g., polypeptides and anti-
bodies), the conjugation step is preferably performed in an aqueous solvent to 
protect the proteins from possible premature degradation. In this case, the drug 
should not leak out during the conjugation step. In most cases, a simple bioconju-
gation reaction based on 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide or  N , N ′-
dicyclohexylcarbodiimide are often used in the attachment. In addition, different 
fl uorochromes can also be attached to the surface or deeper in the particle structure 
of the particles using a similar reaction often via an amine-specifi c reaction. When 
certain responsive polymers or PEG terminal functional groups are required, the 
targeting ligand can be attached to the polymer chains before conjugated to the 
particles. Since the ligand–receptor binding is conformation defi ned, it is of utmost 
importance that the ligand is attached to the particle in such a way that it retains 
its binding.  

18.2.1.2     Mesoporous Silicon 

 As described above, the synthesis of mesoporous silica takes place through a bot-
tom- up approach, whereas mesoporous silicon is produced via a top-down approach 
where the fabrication of size-controlled nanoparticles is usually done by mechani-
cal size reduction using ultrasonication or milling. As in the case of mesoporous 
silica, also for mesoporous silicon materials several methods of fabrication have 
been reported in the literature [ 7 ,  8 ]. From these methods, the electrochemical 
anodization of monocrystalline Si-wafers in aqueous hydrofl uoric acid (HF)-
ethanolic electrolyte solution is the most frequent method for the production of 
mesoporous silicon [ 49 ]. Basically, in this simple method, the Si-wafer (anode) and 
a platinum (Pt) plate (cathode) are immersed in an electrolyte solution under an 
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applied potentiostatic (voltage-controlled) or galvanostatic (current-controlled) 
mode [ 7 ]. In such an electropolishing process, high anodic currents are produced to 
smooth the Si surfaces, whereas the pores are etched on the surface of the Si pro-
ducing a porous layer at low anodic currents. The fabrication conditions (e.g., cur-
rent density, wafer type and resistivity, HF concentration, chemical composition of 
the electrolyte, crystallographic orientation, temperature, duration of anodization 
and illumination) when operating below the electropolishing current threshold are 
crucial to control the properties of the mesoporous silicon materials, such as poros-
ity, porous layer thickness, pore size and shape [ 50 ]. As a result, by applying an 
electropolishing current the lift-off of the porous layer from the bulk Si as a free-
standing thin fi lm can also be achieved (Fig.  18.3 ).  

 The production of the nanoparticles through mechanical size reduction starts 
with the fabrication of mesoporous silicon thin fi lm. At this stage, the porous thin 
fi lm may be constituted from a single uniform layer etched with a constant current, 
or from a multilayer stack, where periodically repeating high porosity layers func-
tion as fracture planes [ 51 ,  52 ]. The size reduction can be achieved by both milling 
and sonication and the initial thin fi lms may also be chemically modifi ed prior to the 
size reduction. In the case of photolithographic methods in the fabrication of meso-
porous silicon nanoparticles, a considerably more control over the fi nal particle size 
and shape can be achieved [ 53 ,  54 ]. 

 After the anodization, the native surface of the mesoporous silicon materials is 
hydrogen terminated (Si–Hx), which is a rather unstable surface which undergoes 
slow, spontaneous oxidation in the presence of oxygen, water molecules or even in 
dry ambient air. In order to replace the unstable hydrogen termination of the freshly 
etched surfaces, various surface stabilization methods are employed. These 
methods produce higher stability based on oxidation, carbonization, hydrosilylation, 

  Fig. 18.3    Schematic representation of an electrochemical etching setup for mesoporous fabrica-
tion and pore formation: cylindrical ( spherical ) and rectangular without interconnections, sponge- 
like, and branching       
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and silanization of the mesoporous silicon surface, which can withstand the harsh 
physiological conditions for extended durations. These stabilization methods of the 
mesoporous silicon materials have been reported and reviewed in detail elsewhere 
[ 7 ,  11 ,  50 ,  52 ,  55 – 63 ]. 

 In order to use the mesoporous silicon materials for targeting applications, the 
hydrosilylation method is often used to functionalize the surface of the materials, 
obtaining a specifi c surface termination, such as a carboxylic acid group for biomol-
ecule conjugation [ 64 ,  65 ]. For example, by adapting the thermal hydrosilylation 
method for undecylenic acid with thermally hydrocarbonized mesoporous silicon 
particles, a –COOH terminated stable surface for controlled delivery of peptides has 
been obtained [ 66 ]. In addition, methods utilizing silane coupling chemistry more 
commonly used with mesoporous silica-based materials have also been employed 
with mesoporous silicon nanomaterials. The attachment of organofunctional mole-
cules through siloxane (Si–O–Si) bridges on silanol terminated mesoporous silica or 
oxidized mesoporous silicon is a fairly straightforward process made in liquid or by 
vapor deposition [ 67 ,  68 ]. A common organosilane, (3-aminopropyl)triethoxysi-
lane, has been reported on oxidized and carbonized mesoporous silicon [ 69 – 71 ], 
providing a positive surface charge to the surface of the materials due to the abun-
dance of terminal amine groups, which in turn can be used for further bioconjugation 
processes [ 53 ,  71 ]. A similar surface biofunctionalization and cargos as described 
for mesoporous silica can also be employed in the case of mesoporous silicon 
nanoparticles. However, the studies described in the literature on the surface func-
tionalization and targeting of mesoporous silicon are still scarce.   

18.2.2     Targeting 

 Although there have been great advances in research in the last few decades, cancer 
therapy still suffers from a major challenge associated to the low therapeutic con-
centration of the drugs reaching the subcellular compartments of a target tissue, 
resulting from the lack of target selectivity [ 10 ]. To develop an effective therapeutic 
system with a higher probability of extravasation requests to fabricate the targeted 
particles with a size defi ned in the range of nanometer in order to avoid unwanted 
side-effects by the anticancer drug on healthy cells. Among the outstanding advan-
tages of porous nanomaterials, the ability of surface functionalization with targeting 
moieties is the most exciting favorable result reported in the literature, which works 
as caps for sustained release of various cargos to cancerous cells and highlights the 
paramount importance of porous materials as a relevant platform for a wide range 
of pharmaceutical compounds. Both mesoporous silica and silicon can be employed 
for direct imaging and targeting under biorelevant conditions to follow the biodistri-
bution, cancer cell targeting effi ciency, internalization pathways, cytotoxicity, and 
the progress of therapy. However, in the following sections we mainly focus on the 
targeting properties of these materials. 
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18.2.2.1     Mesoporous Silica 

 As discussed previously, in order to be effective for biomedical applications, 
nanocarriers have to simultaneously present multiple functionalities and properties, 
such as: (1) ease of imaging; (2) dispersibility; (3) specifi city; (4) ability to load and 
deliver large concentrations of diverse cargos; and (5) biocompatibility and low 
toxicity. In this context, the large surface area associated with a versatile surface 
chemistry and low toxicity render mesoporous silica nanomaterials ideal candidates 
for nanocarrier platforms. Mesoporous silica can be used for direct imaging and 
targeting. Biorelevant conditions allow the follow-up of biodistribution, cancer cell 
targeting effi ciency, internalization pathways, cytotoxicity, and progress of therapy. 
In order to limit the degree of nonspecifi c binding while enhancing specifi c internal-
ization by the target cell or tissue, mesoporous silica can be actively targeted towards 
the intended region. 

 Several studies have been reported in the literature for passive and active target-
ing using functionalized mesoporous silica nanoparticles. For example, Xia and 
coworkers have shown that mesoporous silica nanoparticles coated with polyeth-
yleneimine (PEI) signifi cantly enhanced the particle uptake [ 72 ]. A precise control 
of the size of the particles and of the PEI/PEG copolymer coating onto the surface 
of the particles was also shown to enhance the EPR effect and reduce the RES 
uptake on a xenograft model [ 73 ]. Coating of 50 nm mesoporous silica nanopar-
ticles with PEI/PEG copolymer reached a high passive accumulation of about 
12 % at the tumor site, compared with 1 % of 100 nm phosphonate-coated meso-
porous silica nanoparticles and 3 % of 50 nm PEGylated mesoporous silica 
nanoparticles (Fig.  18.4a ). The increased tumor accumulation further brought an 
enhanced tumor inhibition rate (Fig.  18.4b ). In addition, the cationic polymer coated 

  Fig. 18.4    ( a ) Comparison of the tumor inhibition effect of doxorubicin-loaded nanoparticles 
(Dox-NP3) vs. free drug (free Dox), empty particles, and saline in the KB-31 xenograft model. 
The tumor-bearing mice were intravenously injected with 120 mg/kg Dox-loaded NP3 weekly for 
3 weeks. ( b ) Corresponding photographs of the tumor tissues at the end of therapy. Reproduced 
from [ 73 ]       
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on the surface of mesoporous silica nanoparticles increased the steric hindrance 
between nanoparticles improving the particle stability. Despite the promising 
results, it is still challenging to further increase the in vivo circulation time and the 
passive targeting effi ciency for mesoporous silica-based drug delivery systems.  

 For the active targeting, several ligands (e.g., folate, arginine–glycine–aspartic 
acid (RGD) peptide, and transferrin) that bind specifi cally to receptors overex-
pressed on the cancer cells ligands, have been used to modify the surface of the 
nanoparticles [ 40 ,  74 – 78 ]. In order to be effective with highly specifi c binding affi n-
ity, a high concentration of the surface-conjugated ligands is required in order to 
promote multivalent binding effects. Thus, a more effi cient drug delivery through 
receptor-mediated internalization pathways can be achieved. 

 Recently, Brinker and coworkers fused supported lipid bilayer onto mesoporous 
silica nanoparticles to construct a “protocell” [ 48 ]. The organic–inorganic multi-
component nanocomposites can synergistically combine the advantage of mesopo-
rous silica nanoparticles with extraordinarily high drug loading capacity, and 
liposome with enhanced lateral bilayer fl uidity. Figure  18.5a, b  shows the selective 

  Fig. 18.5    (a) Schematic representation of a protocell and (b) cryo-TEM image of a protocell. 
Confocal imaging of targeted delivery of multicomponent cargos in protocells to Hep3B cells for 
4 h (c) and 12 h (d) at 37 °C. Alexa Fluor 532-labeled nanoporous silica cores (yellow) loaded with 
calcein (green), Alexa Fluor 647-labeled dsDNA oligonucleotide (magenta), red fl uorescent pro-
tein (orange), and CdSe/ZnS Quantum Dots (teal). Cargos were sealed in the cores by fusion of 
Texas Red-labeled 1,2-dioleoyl-sn-glycero-3-phosphocholine liposomes (red). Scale bars are 20 
μm. Reproduced from [ 48 ,  197 ]       
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and non-selective binding characteristics of peptide (SP94)-targeted protocells. 
These advanced nanostructures enable targeted delivery and controlled release of 
high concentrations of multicomponent cargos within the cytosol of cancer cells. 
The hybrid nanocomposites were used to deliver drugs and drug cocktails, siRNA 
cocktails and protein toxins, reducing the multidrug resistant. The great advantages 
of mesoporous silica are the high surface area and the controllable chemistry that 
allow for both simple and combination of diverse classes of cargos that can be deliv-
ered by endocytosis or macropinocytosis to the cells. A multicomponent mesopo-
rous silica for drug delivery and targeting system using protocells has been shown 
to be taken up by the cells by a receptor-mediated endocytotic pathway, as indicated 
by the co-localization of the cargo, mesoporous silica, and lipid after 15 min 
(Fig.  18.5c ) [ 48 ]. After 12 h incubation with the cells, the multifunctional delivery 
system released the cargo triggered by the change in pH, leading to endosomal dis-
ruption and release of the cargo into the cytosol.  

 In addition, mesoporous silica nanoparticles functionalized with folate and 
loaded with the anticancer drug camptothecin have been shown to increase the cyto-
toxicity in pancreatic PANC-1 cancer cells (60 % cell death based) [ 79 ]. Doxorubicin- 
loaded mesoporous silica surface functionalized with aptamer incubated for 24 h 
with cancerous HeLa cells and healthy QGY7703 cells was shown to kill about 
60 % and 40 % of the cells [ 80 ], respectively. Furthermore, Rosenholm and cowork-
ers conjugated the anticancer drug methotrexate onto the surface of mesoporous 
silica nanoparticles, which acted as both targeting ligand and a cytostatic drug [ 81 ]. 
The loaded particles induced an apoptotic cell death of about 33 % after 72 h incu-
bation with HeLa cells, whereas no apoptosis was observed in non-cancerous 
HEK293 cells. 

 Recently, advanced mesoporous silica systems have also been developed to 
deliver concentrated payloads of drugs to cancerous tissues by controlling the 
release of the drug precisely upon activation by an external stimulus. In this case 
the drugs can be stored inside the pores of the particles for longer times without 
premature diffusional loss of the payload. Zink and coworkers developed a series 
of nanoswitches, nanovalves, and nanomachines based on the capping of the pores 
of the mesoporous silica nanoparticles by using of non-covalent chemistry and 
binding of caps through hydrogen bonding, donor–acceptor, and ion–dipole inter-
actions [ 36 ]. These nanosystems have been successfully tested in vitro and in vivo 
for their effi ciency in controlled drug delivery as well as cancer therapy. 

 For more detailed examples on the use of mesoporous silica nanoparticles for 
biomedical applications, the readers are directed to the following excellent reviews 
on the topic [ 33 – 40 ,  78 ].  

18.2.2.2     Mesoporous Silicon 

 Similarly to mesoporous silica materials, also mesoporous silicon materials have 
been exploited as a potential platform for controlled drug delivery, imaging, and 
cancer therapy [ 7 ,  8 ,  52 ,  57 – 59 ,  61 – 63 ,  71 ,  82 – 85 ]. Most of the studies described in 
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the literature using mesoporous silicon materials use microparticles. For example, 
Ferrari and coworkers have reported in several studies the ability of mesoporous 
silicon microparticles to circulate in the blood stream and fi nd tumors in vivo. The 
size and shape effects in the biodistribution of mesoporous silicon submicron par-
ticles after intravenous injection have been demonstrated [ 54 ,  86 ]. It has been shown 
that discoidal mesoporous silicon particles were found in most of the organs, 
whereas cylindrical particles were mainly cleared in liver. Remarkably, hemispheri-
cal mesoporous particles showed the highest uptake in tumors compared to other 
formulations. Although these particles are relatively large to infi ltrate into the tumor 
tissues via the EPR effect, van de Ven and coworkers have observed a tumoritropic 
accumulation of plateloid mesoporous silicon particles (1,000 × 400 nm) in 
melanoma- bearing mice as a result of the effective adherence to the endothelial cells 
of the tumor vessel [ 87 ,  88 ]. 

 Professor Ferrari’s group has also developed a multistage targeted system that 
preferentially binds to the vessel wall of tumors [ 53 ,  70 ,  89 – 91 ]. In this system, the 
mesoporous silicon microparticles are loaded with imaging contrast agents/nanopar-
ticles in order to fi rst attach on the endothelial cells of tumor and sequentially release 
the diagnostic nanoparticles into the cells in a time-controlled manner, which is 
controlled by the biodegradation of the mesoporous silicon matrix. The decoration 
of the multi-stage nanovectors with biorecognition molecules, such as Ly6C anti-
bodies, have been shown to specifi cally bind to Ly6C, mouse homolog of CD59, 
overexpressed in both endothelial cells and infi ltrated macrophages of pancreatic 
cancer [ 92 ]. The surface modifi cation of the mesoporous silicon for dual targeting 
improved their in vivo targeting effi cacy up to ~20-fold in the pancreatic tumors. 
Similarly, E-Selectin-targeted mesoporous silicon particles have been shown to spe-
cifi cally bind to the bone marrow, the main organ for the bone metastases [ 93 ]. 

 Circulating leukocytes have been known to sense their environments, transmi-
grate through endothelial cells, and infi ltrate into sites of disease. In order to improve 
the blood circulation and tumor targeting effi cacy, the aforementioned multistage 
delivery systems were decorated with biomimetic leukocyte membranes [ 94 ]. This 
leukocyte-membrane coating of mesoporous silicon particles was able to improve 
their half-life in blood circulation by reducing the clearance by the immune system, 
interacting with endothelial cells of tumor vessel, and fi nally travelling into the deep 
tumor tissues. 

 Although the aforementioned delivery systems have been demonstrated to target 
and deliver their cargos, they are mainly based on microparticle formulations, which 
is a limitation for some targeting purposes. In this regard, and although the number 
of studies is still limited, porous silicon nanoparticles with sizes in the range of 
10−100 nm have also been investigated for in vivo tumor targeting. These nanopar-
ticles can prolong the residence time in the blood stream by avoiding rapid renal 
fi ltration and RES uptake and accumulate in the cancerous tissues by the EPR effect. 
For example, Park and coworkers have developed dextran-coated mesoporous sili-
con nanoparticles for in vivo tumor targeting [ 51 ]. Passive tumor accumulation of 
the nanoparticles was observed in mice bearing human breast tumors after an intra-
venous injection. 

18 Inorganic Nanoparticles in Targeted Drug Delivery and Imaging



586

 In order to localize the nanoparticles into the tumors more effi ciently, their 
surface is usually coated with multiple ligands that preferentially recognize tumor 
cells. As a result, multiple copies of the targeting ligands displayed on the particle’s 
surface strongly interact with the receptors on the tumor cells, thus enhancing tumor 
targeting effi ciency of the particles signifi cantly, the so-called “multivalent effect.” 
The surface modifi cation of mesoporous silicon nanoparticles with targeting pep-
tides (pA20-6) screened with a phage display technique was found to specifi cally 
recognize antigen receptors expressed on the surface of murine B lymphoma A20 
cells [ 95 ]. These targeted mesoporous silicon nanoparticles were capable of multi-
valent binding to target molecules, which allowed effi cient in vivo targeting without 
considerable toxicity. In another recent study, Rytkönen and coworkers have also 
developed PEGylated mesoporous silicon nanoparticles conjugated with antibodies 
against glutathione S-transferase for targeting applications [ 96 ]. A dual coating 
with PEG and targeting ligand on the nanoparticle reduced the amount of proteins 
nonspecifi cally bound to the nanoparticle surface, presumably improving the over-
all targeting effi ciency. 

 In addition to the abovementioned studies, targeted delivery of small RNA inter-
ference (siRNA) therapy is also very challenging, but it has an exceptional potential 
due to the versatile application to silence genes. Tanaka and coworkers developed a 
mesoporous silicon-based delivery system composed of two carriers [ 90 ]: the fi rst- 
stage carrier was composed of mesoporous microscale biodegradable mesoporous 
silicon microparticles [ 89 ], which allowed the loading and release of a second-stage 
nanocarriers composed of dioleoyl phosphatidylcholine (DOPC) nanoliposomal 
siRNA (siRNA-DOPC) in a sustained manner. In order to test the effi ciency of the 
system, two orthotopic mouse models of human ovarian cancer were treated either 
twice weekly with siRNA-DOPC (a total dose of 30 μg EphA2-siRNA) over 3 
weeks, or by a single injection with S1MP-EphA2-siRNA-DOPC (15 μg EphA2- 
siRNA). Importantly, such delivery system designed against the oncogene EphA2 
resulted in substantial reduction of the tumor weight and burden when compared to 
controls. The combinatorial multistage delivery system signifi cantly improved the 
pharmacokinetics of the DOPC liposome and resulted in 3-week-long sustained 
gene silencing of EphA2 in the tumor with substantial decrease of angiogenesis and 
cellular proliferation without evidence of production of ascites. 

 Despite the promising results of targeted mesoporous nanomaterials, these 
nanosystems still encounter several challenges. For example, immunotherapy is an 
alternative strategy to retrieve harmful unwelcome results through intentional acti-
vation of the body’s own immune system to fi ght against cancer. In this respect, 
despite low numbers of experimental studies owing to the restricted understanding 
of the interactions between the nanomaterials and immune system, Gu and cowork-
ers used engineered mesoporous silicon-based nanoparticles (LPSiNPs) to activate 
antigen presenting cells in order to alter the potency of immunomodulators [ 97 ]. 
FGK45 immunomodulators (an agonist antibody of CD40) can bind to antigen 
presenting cell receptors of CD40 to improve the activation of B-cells; thus, a 
30−40- fold increase in the cellular response to the nanoparticle-based stimulators 
compared to free FGK45 was observed, when FGK-LPSiNPs where readily taken 
up by antigen presenting cells (Fig.  18.6a ). Figure  18.6b  shows limited presence of 
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bare LPSiNPs in the mouse bone marrow-derived dendritic cells, while the FGK 
loaded counterparts exhibited much higher uptake of nanoparticles under the same 
conditions (Fig.  18.6c ). To evaluate how FGK45 binding improved the internaliza-
tion and induced endocytosis of FGK-LPSiNPs, cells were pretreated with free 
FGK45 for 30 min before incubation with FGK-LPSiNPs for 1.5 h at 37 °C, result-
ing in substantial block for the nanoparticles internalization (Fig.  18.6d ). Overall, 
these results suggested the feasibility of utilizing mesoporous silicon nanoparticles 
for a specifi c tumor targeting ligand to remarkably enhance the tumor targeting 
effi ciency of such nanosystems.     

18.3     Inorganic Metal Nanoparticles: Gold and Silver 

18.3.1     Gold Nanoparticles 

 Gold (Au) is a chemical element and metal that has been used since antiquity 
for both aesthetic and therapeutic purposes. The colloidal dispersions of Au 
(Au nanoparticles) are one of the most stable metal nanoparticles which have been 

  Fig. 18.6    Fluorescence microscope images of mouse bone marrow-derived dendritic cells treated 
with ( a ) LPSiNPs or ( b ) FGK-LPSiNPs for 1.5 h at 37 °C. ( c ) 30 min pretreatment of the bone 
marrow-derived dendritic cells ( green ) with free FGK45 inhibits uptake of FGK-LPSiNPs incu-
bated with the cells for 1.5 h at 37 °C. FGK-LPSiNPs were detected by their intrinsic visible/
near-infrared photoluminescence ( red ,  λ ex = 405 nm and  λ em = 700 nm). The scale bars are 40 μm. 
( d ) Distribution of FGK-LPSiNPs bone marrow-derived dendritic cells after 1.5 h incubation at 
37 °C. The lysosomes is stained in  green  (LysoTracker; Invitrogen), the nucleus in  blue  and FGK- 
LPSiNPs in  red . The scale bar is 10 μm. Reproduced from [ 97 ]       
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found to display remarkable properties, such as size-related electronics, optical and 
magnetic properties (quantum-size effects), as well as multiple applications in 
catalysis and biology [ 98 ]. 

 Soluble Au was used since Ancient Greece through the Middle Ages as possess-
ing fabulous curative powers for various diseases, such as heart and venereal prob-
lems, dysentery, epilepsy, and tumors, and for the diagnosis of syphilis [ 98 ]. 
Nonetheless, it was not until 1890 that the German bacteriologist Robert Koch 
reported the fi rst use of gold in modern medicine, after he discovered that low con-
centrations of potassium Au cyanide, K[Au(CN) 2 ], had antibacterial properties 
against the tuberculosis bacillus [ 99 ]. Another condition that was also reported to be 
successfully treated with Au was rheumatoid arthritis [ 100 ]. In addition to their 
therapeutic properties, the scattering cross-section of Au nanoparticles is also 
extremely high compared with polymeric spheres of the same size, especially in the 
red region of the spectrum. This property enables the Au nanoparticles to be suitable 
contrast agents for optical imaging in living organisms, because the light penetra-
tion depth in tissue dramatically increases with the increasing wavelength. The abil-
ity of the Au nanoparticles to bind to a wide range of organic molecules, their low 
level of toxicity and their strong and tunable optical absorption properties quickly 
establish them as suitable candidates for drug delivery applications. 

18.3.1.1     Synthesis 

 The most common method for synthesizing Au nanoparticles is chemical reduction. 
This process is conducted by reducing the Au salts in the presence of reducing 
agents [ 101 ]. In 1857 Faraday conducted the fi rst phase synthesis of Au colloids by 
reducing Au2Cl6 with phosphorous in an aqueous medium [ 102 ]. A subsequent 
method, which has become one of the most widely used, was the reduction of 
Au(III) derivatives using citrate reduction of HAuCl4 in water leading to the nucle-
ation of Au ions to spherical nanoparticles of ca. 20 nm, which was introduced by 
Turkevich in 1951 [ 103 ]. This method is still used nowadays and is employed to 
subsequently replace the citrate ligand of the Au nanoparticles by appropriate 
ligands of biological interest. 

 Further modifi cations of the Turkevich method have allowed better size distri-
bution and size control of the Au nanoparticles within the 9−120 nm range [ 104 ]. 
In addition, different shapes of Au nanoparticles can also be obtained by using 
appropriate synthesis techniques, which can be further functionalized with differ-
ent  targeting moieties for biological applications (Fig.  18.7 ).  

 Au nanorods with controlled aspect ratio such as nanostars, nanocages, hollow 
nanospheres, nanocubes, nanocrystals, and obtuse triangular bipyramids can be syn-
thesized in a controlled fashion [ 105 ]. The stabilization of Au nanoparticles using 
alkenethiols was fi rst disclosed by Giersig and Mulvaney and relied on the strong 
Au–S bond between the soft Au acid and the soft thiolate base [ 106 ]. Another method 
using the same sulphur coordination for stabilizing Au nanoparticles is the Shiffrin–
Brust biphasic synthesis. This method uses HAuCl4, a thiol, tetraoctylammonium 

H.A. Santos et al.



589

bromide, and NaBH4 in water–toluene to yield thiolate-Au nanoparticles [ 107 ]. 
This allows a more trivial synthesis of thermally stable and air-stable Au nanopar-
ticles with low dispersity and anisotropic control. The Shiffrin–Brust biphasic syn-
thesis enables functional thiolates to be introduced, or subsequent bimolecular 
substitution of a thiolate ligand by such a functional thiol [ 108 ]. This allows pep-
tides, oligonucleotides, and polymers, such as PEG to be easily attached to the Au 
nanoparticles’ surface. 

 Since the solubility of these Au nanoparticles is controlled by the solubilizing 
properties of the terminal group of the thiolate ligands, Au nanoparticles can be 
transferred from an aqueous phase to an organic phase or vice versa by appropriate 
ligand exchange [ 109 ] Furthermore, water-soluble Au nanoparticles can also be 
synthesized to possess terminal carboxylate groups at the edge. The carboxyl group 
can therefore be used to attach amino groups from biomolecules using 1-ethyl- 3(3-
dimethylaminopropyl)-carbodiimide-HCl [ 110 ].  

18.3.1.2     Targeting 

 In order to increase the therapeutic effi ciency, some drugs require an appropriate 
carrier to overcome some of the physiological barriers encountered on its way to the 
intended site of action. As discussed previously, the drugs can be delivered to cells 
through carriers by either passive or active targeting mechanisms. By controlling the 
size and appending PEG molecules to the surface of Au nanoparticles, it is possible 
to increase the tumor accumulation of these structures through the EPR effect [ 111 ]. 
Other polymers such as PEI can also be covalently attached to Au nanoparticles to 
increase the delivery of plasmid DNA to cells due to their polycationic nature [ 112 ]. 

  Fig. 18.7    Synthesis of 
different shapes of Au 
nanoparticles (e.g., nanorods, 
nanostars, nanocages, 
nanospheres, nanocubes, 
and  triangular -shaped 
bipyramids) and the different 
targeting moieties (e.g., 
antibodies, aptamers, 
peptides, and small 
molecules) that can be used 
to functionalize the Au 
nanoparticles       
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 Active targeting, on the other hand, relies on the conjugation of a targeting 
moiety (e.g., peptide, antibody or other biological moieties) at the surface of the 
carrier to selectively bind to the overexpressed receptors at the cell surface. Due to 
their rapid cellular division and stringent demand for iron (e.g., for heme synthesis), 
many cancer cell types have abundant expression of transferrin receptors (TfRs). By 
decorating Au nanoparticles with human holo-transferrin, the intracellular delivery 
of these carriers is signifi cantly increased compared with their non-targeted coun-
terparts [ 113 ]. Figure  18.8  shows the in vivo tumor tissue and intracellular distribu-
tion of Au nanoparticles in mice bearing Neuro2A tumors after i.v. administration. 

  Fig. 18.8    In vivo tumor distribution of Tf-PEG-Au nanoparticles. (A–D1) Micrographs of the 
tumor sections. Arrows indicate Au nanoparticles (scale bar = 10 μm). Electron micrographs show 
particles either engulfed by leukocytes (A2) or tangentially touching Neuro2A cells (B–C2; 
enlarged image, B3). (D2 and enlarged image, D3) Particles with a high Tf-content (V: 144 Tf/
particle) can enter Neuro2A cells.  ER  endoplasmic reticulum,  M  mitochondrion,  N2A  Neuro2A 
cell,  Nu  nucleus,  RBC  red blood cell,  V  vesicle,  WBC  leukocyte. Scale bars 2 μm (A1–D2) and 
500 nm (B3 and D3). Reproduced from [ 113 ]       
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Histological examination revealed that Au nanoparticles were predominantly 
localized in the vicinity of leukocytes for all Tf-contents (Fig.  18.8A –B1). 
Intracellular accumulation of the nanoparticles inside Neuro2A cells was not 
observed at low Tf-contents (II–IV) (Fig.  18.8B –C1), but an increase in the Tf- con-
tent to 144 Tf/particle led to considerable nanoparticle uptake by Neuro2A cells 
(Fig. 8D1). A clear Tf content-dependency and intracellular nanoparticle localiza-
tion was observed, but whereas II–IV localized mostly inside leukocytes (Fig. 8A2) 
or on the surface of Neuro2A cells (Fig.  18.8B –C2), clusters of V resided within the 
large endocytic vesicles of Neuro2A cells (Fig. 8D2), but not inside other leuko-
cytes, endothelial cells, or other non-cancer cells (Fig. 8D3). Thus, the ligand con-
tents seem not to alter the extent of bulk nanoparticle content in the tumor and, 
instead, the tissue and cellular distribution are favored by increasing the targeting 
ligand content [ 113 ].  

 In addition, Au nanoparticles covalently conjugated with PEG and the monoclo-
nal antibody Herceptin, which enables recognition of breast cancer cells expressing 
specifi c tumor associated antigens, was shown to be stable and active in vitro in the 
presence of blood and in vivo in nude mice model for breast cancer cells [ 114 ]. 
Cervical epithelial cancer cells that overexpress the transmembrane glycoprotein, 
epithelial growth factor receptor (EGFR), were also successfully imaged by immu-
notargeted AuNPs [ 115 ]. In order to take advantage of the optical and electronic 
properties of Au nanoparticles for biological imaging, anti-EGFR antibodies conju-
gated to Au nanoparticles were targeted to two malignant epithelial cell lines and 
selected for optimal intense surface plasmon scattering using a white-light source 
from a conventional microscope resulting in a colored Au nanoparticle image with 
dark background [ 116 ]. Aptamer-conjugated Au nanoparticles were also shown to 
be successfully assembled on a cell membrane surface for spectral changes, provid-
ing a direct visualization of cancer cells [ 117 ]. 

 Overall, Au nanoparticles encompass a large family of nanostructures which 
possess multiple attributes that makes them promising tools for biotechnology. 
Their unique optical properties that can be exploited for both imaging and therapeu-
tic applications, thermal conductivity, biocompatibility and ease of stabilization and 
surface modifi cation makes them prime candidates for drug delivery applications. 
As multifunctionality is of paramount importance for future biomedical applica-
tions, Au nanoparticles are in a privileged position to tackle some of the current 
challenges in theranostic applications. Au nanoparticle-based delivery vectors have 
continuously and successfully been investigated due to their controllable release of 
payloads and surface monolayer modifi cations, and are on the forefront of multi-
functional carriers in cancer applications. It is, therefore, to be expected in the near 
future that numerous initiatives and studies will shed more light into the interactions 
between the tissues and the Au nanoparticle carriers, while even more complex 
systems for the theranostics applications will be envisioned. Despite all the poten-
tials, major concerns about the in vivo accumulation and degradation of these mate-
rials are still hindering their full translation into clinic.   
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18.3.2     Silver Nanomaterials 

 Silver (Ag) is a metallic chemical element that has also an extensive historical 
background for medical use [ 118 ]. For centuries Ag has been known to have bacte-
ricidal properties and the effect of Ag for rendering water potable was recognized 
dating back to 1000 B.C. [ 119 ]. In light of this empirical evidence, in the nineteenth 
century, it was reported that very low concentrations of Ag had a remarkable anti-
microbial effect. This deleterious effect of metal ions on bacterial activity was later 
coined “oligodynamic effect” [ 120 ]. 

 The biological activity of Ag has been suggested to stem from the presence of the 
positively charged Ag+ ion, which denatures enzymes of the target cell or organism 
by actively binding to the negatively charged reactive groups, inhibiting cell replica-
tion [ 121 ]. In addition to the antimicrobial effect, Ag was also a used as a remedy 
for tetanus, rheumatism, colds and gonorrhoea. The treatment of burn wounds was 
another use of Ag which persisted for centuries [ 122 ]. However, with the advent of 
antibiotics in the beginning of the twentieth century and several pathological condi-
tions arising from the use of Ag, this element was progressively discontinued from 
clinical use [ 123 ]. There are currently two examples of silver-based compounds 
used in the clinic: Ag sulfadiazine [ 124 ] and Actisorb ®  Ag [ 125 ]. Ag nanoparticles 
with a size between 1 and 10 nm were found to bind to HIV-1 and drastically inhibit 
the HIV infection compared to a bovine serum albumin (BSA) surface-modifi ed 
Ag particles, which are promising for further studies of Ag nanoparticles in HIV 
infection [ 126 ]. 

18.3.2.1    Synthesis 

 The synthesis of Ag nanoparticles can be achieved by chemical reduction of a Ag 
salt by a reducing agent such as NaBH4, citrate and ascorbate [ 127 ]. Strong reduc-
ing agents, such as borohydride, yield small monodisperse Ag nanoparticles, but 
controlling the synthesis to obtain larger Ag particles with this process is rather 
diffi cult. Conversely, the use of a weaker reductant, such as citrate, resulted in a 
slower reduction rate but increased particle polydispersion. 

 This limitation can be partially surmounted by using a two-step reaction pro-
cess. The strong reducing agent is applied fi rst to ensure control over particle size, 
followed by a weaker reducing agent to enlarge the small Ag nanoparticles. This 
two- step process was found to increase the Ag nanoparticles size from about 
20−45 to 120−170 nm [ 128 ]. The use of reducing agents, however, is associated 
with environmental toxicity and biological hazard, and alternative synthesis 
methods for Ag colloid nanoparticles are actively sought. Another synthetic route 
that was found to produce size-controlled Ag nanoparticles in a one-step method 
was based on a Tollens process, in which the ammoniacal Ag was reduced by 
glucose [ 129 ]. This process enabled stable Ag nanoparticle aqueous dispersions, 
ranging from 50 to 200 nm, or decorative Ag coatings on microspheres to be obtained. 
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Wu and coworkers reported a glutathione assisted preparation method of Ag 
nanoparticles passivated with BSA resulting in tunable optical features that were 
dependent on size and surface coverage, which could be potentially relevant for 
biomedical applications [ 130 ].  

18.3.2.2    Targeting 

 Although colloidal Ag has proven undeniable bactericidial effects, Ag nanoparticles 
have not yet been applied extensively in nanoparticle-based drug delivery applica-
tions. This has been most likely due to the diffi culty of Ag nanoparticle synthesis 
and surface modifi cation, reduced stability when functionalized according to popu-
lar salt-aging techniques, and concerns regarding Ag-toxicity. However, as men-
tioned above, the clinical use of Ag nanoparticles as effective antimicrobial agents 
in burns and wound care, in addition to in vivo studies which supported a positive 
safety profi le for systemic Ag nanoparticle exposure, have prompted a renewed 
interest in these nanomaterials [ 131 – 133 ]. The use of Ag nanoparticles to abrogate 
vascular endothelial growth factor (VEGF) induced angiogenesis in bovine retinal 
endothelial cells and in vivo angiogenesis using mice and rat models, which provide 
excellent examples of further uses of Ag nanoparticles [ 134 ]. 

 The weaker chemical and colloidal stability of Ag nanoparticles when compared 
with other noble metals makes the successful conjugation of DNA very diffi cult 
[ 135 ]. However, targeted Ag nanoparticles of sizes 60−80 nm and decorated with 
thiol-terminated photolabile DNA oligonucleotides were prepared and given to cells 
and demonstrated great potential to improve the pharmacokinetic properties and 
precisely controlled activity in vivo [ 136 ]. For example, conjugates of Ag and oli-
gonucleotides based upon DNA with cyclic disulfi de-anchoring groups have been 
prepared and displayed distance-dependent optical properties and highly coopera-
tive binding properties, which are envisioned to convey tremendous benefi ts in 
molecular diagnostic labeling and plasmonic devices. Figure  18.9  shows the confo-
cal microscopy results demonstrating the successful delivery and photocaged effect 
of Ag nanocarriers for antisense DNA oligonucleotides. The Ag nanoparticle- 
antisense oligonucleotides decreased the expression level of CD54 upon photoacti-
vation [ 136 ]. Successful knockdown was observed by reduced membrane labelling 
of antihuman CD54 antibody when comparing non-exposed (Fig.  18.9a , images 2c, 
d) and exposed (Fig.  18.9a , images 3c, d and 4c, d) Ag nanoparticle-oligonucleotide 
treated cells. Interestingly, the Ag nanoparticle-oligonucleotides showed less 
nuclear entrapment than polymer-complexed oligonucleotides, with signifi cantly 
increased antisense activity upon photoactivation (Fig.  18.9b ).  

 The control over a specifi c number of DNA ligands at the surface of the Ag 
nanoparticles enables mimicry of the precise and valence-dictated molecular self- 
assembly behavior of these nanomaterials and is, therefore, extremely useful for 
obtaining DNA-programmable materials. The synthesis of Ag nanoparticles–DNA 
bio-nano-conjugates bearing a discrete number of DNA ligands was also reported in 
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  Fig. 18.9    Antisense activity of photoactivated Ag nanoparticle-tethered oligonucleotides [SNP-
TYE- NPE(1n)-oligo] conjugates. (a) CD54-expressing HeLa cells (1) without antisense treatment 
are compared to SNP-oligo conjugate treated cells in both (2) nonactivated and (3, 4) photoactivated 
cases. (5) TurboFect (TF) transfected TYE-oligo treated HeLa cells are used as control. ( a ) Ag 
particle scattering (488/488 nm), ( b ) TYE fl uorescence (549/563 nm), ( c ) APC-conjugated antihu-
man CD54 fl uorescence (633/680), ( d ) overlay, and ( e ) bright-fi eld graphs. Overlay regions are 
magenta (SNP scattering plus TYE emission) and  white  (SNP, TYE, plus APC emission). ( b ) Cell 
periphery fl uorescence line scans of cells in representative images for APC-antibody labelling inten-
sities. Signifi cance was determined using Student’s  t  test (* p  < 0.01;  n  > 3). Reproduced from [ 136 ]       

the absence of thiols or surfactants for the surface passivation of Ag nanoparticles 
and could therefore be helpful in maintaining Ag nanoparticle activities for surface- 
dependent applications, such as catalysis [ 137 ]. Surface decoration of Ag nanopar-
ticles with other molecules, such as glucose, lactose, oligonucleotides and their 

 

H.A. Santos et al.



595

combinations, was also found to modulate cytotoxicity and, more importantly, 
cellular uptake in mouse and human cell models [ 138 ]. 

 Despite the long history, the actual mechanisms of Ag nanoparticles toxicity are 
not yet completely elucidated, and there exists a great degree of uncertainty with 
regard to their actual toxicity. Still, there is a great interest in the use of this material 
for biomedical applications. The proven bactericidal effect, together with their great 
sensitivity for optical sensing, has enabled them to be used as disease markers and 
single particle assays. It is fair to assume that the targeting of Ag nanoparticles is 
still in its infancy and presents more technical challenges than other noble metals, 
such as Au and platinum, for effective surface modifi cation. Nonetheless, these 
nanomaterials represent a versatile platform for molecular imaging and controlled 
localized denaturation or cleavage of proteins and nucleic acids, potentially useful 
for diagnostic or other therapeutic goals.    

18.4     Inorganic Nanoparticles for Bioimaging: Quantum 
Dots (QDs) and Magnetic Nanoparticles 

18.4.1     Quantum Dots (QDs) 

18.4.1.1    Imaging 

 Quantum dots (QDs) are metallic particles with a diameter of a few nanometers. 
They are formed from semiconductor atoms from groups II–VI or III–V, e.g., CdS, 
CdSe, CdTe, ZnS, ZnSe, ZnO, GaAs, InAs, InP. The core of QDs is normally 
formed of a semiconductor material like CdSe, which is then covered by another 
semiconductor material having larger spectral band-gap, like ZnS: this structure 
increases the photostability and quantum yield for emission. 

 QDs are stabilized against aggregation with capping agents, which can be func-
tionalized [ 139 ]. QDs have no intrinsic aqueous solubility and with functionaliza-
tion, for example, the solubility properties can be modifi ed or targeting agents can 
be added [ 140 ,  141 ]. Functionalization can be made by direct chemical coupling to 
an existing functional group or by non-covalent self-assembling. For example, pro-
teins having positively charged domains interact with QDs having negatively 
 modifi ed surfaces. The solubility of QDs can be increased with thiol compounds 
(mercaptoacetic acid, alkylthiol-terminated DNA, thioalkylated oligoethylenegly-
cols,  D - L -cysteine, PEG-terminated dihydrolipoic acid), or the QDs can be coated, 
for example, with amphiphilic diblock or triblock copolymers, silica, polysaccha-
rides, polymers, phosphine, peptides/proteins or put inside phospholipid micelles, 
depending on the requested applications [ 142 – 149 ]. 

 QDs have specifi c optical properties: high quantum yields, high molar extinction 
coeffi cients, good photostability, and broad absorption from UV to near IR combined 
with narrow and symmetric photoluminescence spectra [ 150 – 153 ]. Compared to 
organic dyes, the molar extinction coeffi cients of QDs are even 10−100 times higher. 
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These good optical properties have been utilized in biomedical imaging [ 145 ,  154 ]: 
fl uorescent QDs can be utilized for cell labelling, biosensing, in vivo imaging, 
bimodal magnetic-luminescent imaging, antibody-mediated imaging, and diagnos-
tics. Biocompatible QDs can be used for tumor targeting/imaging, metastatic cell 
tracking and lymph node mapping [ 140 ,  145 ,  155 ,  156 ]. 

 In biomedical applications, the widely used but toxic CdSe-based QDs can be 
often replaced by more suitable InP-ZnS QDs coated with other materials, which 
prevents the leakage of toxic heavy metals. Yong and coworkers showed with InP- 
ZnS QDs the possibility for in vivo cancer detection and therapeutic applications 
[ 157 ]. They made imaging for live pancreatic cancer cells (Fig.  18.10 ). In primary 
and metastatic pancreatic cells the antigen receptors for anticlaudin 4 are overex-
pressed and, therefore, the QDs were conjugated with anticlaudin 4. Also, a poly-
clonal antibody, anti-PSCA, was conjugated to the QDs and no morphological 
damages to the cells were observed with QD handling demonstrating low cytotox-
icity. All the results convinced the researchers that the InP-ZnS bioconjugates can 
be potential biocompatible targeted nanoprobes for diagnosing human pancreatic 
cancer cells.  

 QDs cytotoxicity is dependent on the protecting inorganic shell layers, surface 
charge and charge distribution [ 158 – 160 ]. Besides possible toxicity, other draw-
backs related to the use of QDs are their higher price compared to organic dyes. 
Also, nonspecifi c binding and aggregation that can lower the fl uorescence as well as 
the larger size compared to organic dyes may be problematic. For imaging pur-
poses, the QDs can be formulated with different materials. For example, Schliehe 
and coworkers used CdSe QDs and encapsulated them inside poly(lactic-co- glycolic 
acid)-microspheres, which were used for antigen carrier devices in vaccination [ 149 ]. 
Intracellular localization of CdSe-labeled microspheres within dendritic cells or 
macrophages was detected with fl uorescence microscopy as a function of time. 
In addition, QDs can also be formulated inside of hyperbranched macromolecule 
networks forming gels, where the fl uorescence is even higher than with the corre-
sponding solutions [ 161 ].  

  Fig. 18.10    Confocal microscopic images of ( a ) MiaPaCa cells treated with anticlaudin 
4- conjugated InP/ZnS QDs; ( b ) MiaPaCa cells treated with unconjugated InP/ZnS QDs; and ( c ) 
MiaPaCa cells treated with anti-PSCA-conjugated InP/ZnS QDs. Reproduced from [ 157 ]       
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18.4.1.2    Targeting 

 Functionalization for targeting can be achieved, for example, by conjugating the 
QDs with folic acid [ 141 ]. The folic acid-InP-ZnS-QDs were shown to accumulate 
in the multivesicular bodies of human nasopharyngeal epidermal carcinoma cells. 
The delivery was confi rmed to be due to the presence of folate receptors in the 
cells, which property can be utilized also in deep tissue imaging. QDs can also be 
utilized to study the cellular level phenomena. The intercellular transport of inter-
nalized CdTe QDs through tunneling-nanotubes between human hepatocellular 
carcinoma cells showed that the intercellular transportation was mediated by active 
processes [ 162 ]. Also, QDs transportation within lysosomes was noticed. 

 Inorganic nanoparticles like QDs and Ag and Au nanoparticles are effi cient for 
skin penetration and permeation studies [ 163 – 167 ]. The importance of the nano- 
vehicle’s shape and surface charge have been demonstrated, particularly the effect 
of the different surface charges (negative, positive and neutral) and shape (spherical 
and ellipsoidal) on skin penetration [ 168 ]. The results showed penetration of spheri-
cal particles into the epidermis and dermis independently of the surface charge of 
the particles. Cationic and neutral ellipsoidal QDs behaved similarly, while anionic 
ellipsoidal QDs penetrated the skin very slowly. Upadhyay and coworkers conju-
gated diphtheria toxoid vaccine into QDs and administered them transdermally to 
mice [ 92 ]. This transdermal delivery route induced as strong immune response 
through the intramuscular injection of the vaccine. 

 Besides the surface properties and functional groups, also the particle size of the 
nano-vehicles utilizing QDs can affect the biodistribution. As already mentioned, 
the size of QDs is typically a few nanometers, but when they are combined with 
other materials/other structures (e.g., polymeric particles, micelles, dendrimers), the 
sizes of the formed nano-vehicles are typically from some tens of nanometers to 
some hundreds of nanometers. Popovic and coworkers studied the effect of particle 
size of water-soluble QDs on the in vivo distribution [ 169 ]. They noticed that 
smaller (60 nm) QDs were able to extravasate and diffuse away from blood vessels, 
while larger (125 nm) QDs were hindered by interstitial transport barriers. 

 In biomedical applications the drug delivery is often combined to imaging pur-
poses, also with QD applications. Intravenously administered ZnS-capped CdSe 
QDs functionalized with peptides were used for tumor targeting, imaging and drug 
delivery purposes in mice [ 140 ]. Two different peptides, F3 and LyP-1, were used, 
and depending on the coating, QDs were accumulated either at blood vessels (F3) 
or lymphatic vessels (LyP-1) in the tumors. When GFE-1 peptide was used as coat-
ing agent, QDs accumulated to lung vasculature showing possibility of QDs to tar-
get also to normal organs. Cai and coworkers showed in vivo imaging and targeting 
to tumor vasculature with the aid of RGD peptide-labeled CdTe-ZnS QDs, and sug-
gested even the possibility of imaging guided surgery [ 170 ]. Figure  18.11  shows the 
Spectral the fl uorescence signal observed for the accumulation of the modifi ed QDs 
in the tumor, which produced a steady increase over time in the tumor fl uorescence 
intensity in mice injected with QD705-RGD. Doxorubicin and RNA aptamer have 
been successfully combined to QDs for targeted drug delivery and imaging purposes 
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in prostate cancer cells [ 171 ]. The system utilized RNA aptamer ability to bind 
prostate-specifi c membrane antigen. In addition, Wang and coworkers confi rmed the 
anti-dengue viral activity of algae extract with a QD system [ 172 ]. The nano-vehi-
cles were formulated by encapsulating CdSe-ZnS QDs with alginate, which were 
further complexed with the dengue virus.  

 QDs can be combined with other nanomaterials for multifunctional devices 
[ 173 ]. For example, colloidal stable multifunctional devices were built-up by bind-
ing together QDs, magnetic particles, and antibodies using proteins (barnase and 
barstar) [ 174 ]. These devices interacted with cancer cells causing fl uorescent label-
ling of the cells, and the devices were also responsive to magnetic fi elds. Combination 
of Au nanoparticles with QDs as core, covered by amphiphilic hyperbranched block 
polymer and loaded with camptothecin, was shown to be an effi cient targeted anti-
cancer drug delivery system [ 175 ]. Several other examples of the utilization of QDs 
in pharmaceutical applications are summarized in Table  18.2 .

18.4.2         Magnetic Nanoparticles 

 The ability to manipulate and remotely control specifi c cellular components both 
in vitro and in vivo, would provide clinicians and scientists with powerful tools for 
investigating cell function and molecular signalling pathways, and to probe the 
mechanisms governing ion-channel activity, elucidating pathways that may lead to 
apoptosis, the production of proteins and stress responses, and to develop new treat-
ments for medical conditions [ 176 ]. Nanomagnetic actuation provides “optical 
tweezers” for the nano-indentation and non-magnetic nanopatterned arrays, which 
have been used to control cell adhesion, integrin clustering, and intercellular signal-
ling. The magnetic fi eld can be coupled to magnetic nanoparticles to act within 
target cells or tissues. The functional outcome can then be varied dynamically by 
varying the strength of the applied magnetic fi eld. The biggest advantage of mag-
netic applications is the precision afforded by the technique, which can be used to 

  Fig. 18.11    In vivo NIR fl uorescence imaging of U87MG tumor-bearing mice (left shoulder, 
pointed by  white arrows ) injected with 200 pmol of QD705-RGD ( left ) and QD705 ( right ), respec-
tively. Reproduced from [ 170 ]       
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target, manipulate, and activate, for example, stem cells [ 177 ] or even individual 
ion-channels or surface receptors on specifi c cells within a culture [ 178 ]. 

 Superparamagnetic iron oxide nanoparticles (SPIONs) have been widely studied 
as a feasible nanotheranostics approach for tumor imaging and targeted anticancer 
drug delivery [ 179 – 182 ]. SPIONs are contrast agents for magnetic resonance imag-
ing (MRI) since they induce a shorter T2 relaxation (transverse or spin-spin relax-
ation), producing decreased signal intensity on a T2-weighted image [ 183 ]. SPION 
products have been clinically used as contrast agents due to their high contrast 
effects and biocompatibility. The physiologically most relevant water-soluble 
SPIONs are composed of an iron-oxide magnetic core coated with hydrophobic 
oleic acid and a surface of amphiphilic polymers [ 184 ]. The surface polymers stabi-
lize the nanoparticles and provide active functional groups for the attachment (bio-
conjugation) of targeting ligands. Furthermore, as presented previously with other 

   Table 18.2    Examples of the utilization of QDs in pharmaceutical research   

 Vehicle  Purpose of the study  Reference 

 Camptothecin-loaded ZnO QDs 
Au conjugated nanoparticles 

 Tumor-targeted drug delivery system  [ 175 ] 

 ZnS-capped CdSe QDs coated 
with different peptides 

 Targeting to tumors or health lungs was 
dependent on the peptide coating 

 [ 140 ] 

 QDs-diphtheria toxoid vaccine  Transdermal vaccine delivery; drug 
penetration and effi ciency study 

 [ 92 ] 

 InP-ZnS QDs  Imaging/diagnostics  [ 157 ] 
 Protein coated CdS QDs  Interaction studies between proteins and QD  [ 198 ] 
 PEG-b-polyacrylic acid coated 
Gd 2 O 3 :Er 3+ , Yb 3+  nanoparticles 
and nanorods 

 Imaging; biomarkers  [ 199 ] 

 Peptide-labeled CdTe-ZnS QDs  Drug targeting and imaging  [ 170 ] 
 CdSe-CdS QDs  Imaging of biomolecular processes within 

cells 
 [ 200 ] 

 Carboxyl-CdSe-ZnS-QD-
siRNA-PEI complex 

 Cellular level studies: intracellular uptake 
and unpacking kinetics 

 [ 147 ] 

 ZnS coated Cd-Se QDs  Imaging  [ 144 ] 
 CdSe-ZnS-QD-aptamer-
doxorubicin 

 Cancer targeted drug delivery; imaging; 
sensing 

 [ 171 ] 

 CdSe-ZnS QDs  Drug delivery and sensor applications in 
nanogels 

 [ 201 ] 

 Captopril-QDs  Biodistribution studies  [ 202 ] 
 ZnO-ZnS QDs  Drug binding studies  [ 203 ] 
 Hyaluronic acid-CdSe-CdS-
ZnS-QD conjugates 

 Bioimaging  [ 160 ] 

 QD labeling  Intracellular dissociation of polymer–pDNA 
complex 

 [ 204 ] 

 CdSe-ZnS-QDs  Cellular uptake  [ 205 ] 
 Single-domain antibody 
functionalized CdTeSe-CdS QDs 

 Pancreatic cancer; targeting; imaging  [ 206 ] 
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types of inorganic nanoparticles, the surface coating of the SPIONs with biocom-
patible polymers such as PEG can reduce reticuloendothelial system uptake as well 
as nonspecifi c interactions with plasma membranes. For example, it has been 
demonstrated that the cancer-targeting ligand labelled SPIONs could specifi cally 
bind to cancer cells and accumulate in tumor tissues [ 185 ,  186 ]. 

 Among others, Jun and coworkers have developed synthetically controlled mag-
netic nanocrystal systems that correlate well to the nanoscale tunabilities in terms of 
size, magnetism, and induced nuclear spin relaxation processes [ 187 ]. SPIONs are 
often prepared by ligand-exchange mechanism in a simple and versatile extraction 
method [ 188 ]. Solutions of iron (III) and iron (II) chloride are dissolved in water 
and purged with nitrogen for 20 min. Under conditions of vigorous stirring, sodium 
hydroxide is added drop-wise until the pH reaches 8.5. The dispersion is washed 
with water and nitric acid by centrifugation, and the pellet is sonicated and re- 
dispersed in water. The purifi ed uncoated SPIONs have an average hydrodynamic 
size of 70 nm and a high positive zeta potential of +40 mV. 

 The developed high-performance magnetic nanocrystal probe system has been 
shown suitable, for example, for the diagnosis of breast cancer cell lines. The ligand 
shell was conjugated with the cancer-targeting antibody Herceptin due to its specifi c 
binding properties against a HER2/neu receptor that is overexpressed in breast can-
cer cells [ 187 ]. Conjugation of the WSIO nanocrystals with Herceptin was per-
formed to evaluate the cancer cell diagnosis activity of WSIO-Herceptin probe 
conjugates, and the binding specifi city by treating them to a breast cancer cell line, 
SK-BR-3, which possesses overexpressed HER2/neu cancer markers. In the 
T2-weighted MR images, treatment of WSIO-Herceptin probe conjugates to the cell 
lines resulted in signifi cant darkening of the MR images compared to non- treated 
cell lines, indicating selective binding of the probe conjugates to the target cancer 
cells. In contrast, no noticeable differences were observed between the non- treated 
and WSIO-irrelevant antibody control conjugate-treated cells, which further con-
fi rmed the minimal nonspecifi c adhesion of the conjugates and excellent selectivity. 

 Zou and coworkers studied the antibody- and fl uorescence-labeled SPIONs as 
nanotheranostics for MRI and fl uorescence imaging of cancer cells and pH- 
dependent intracellular drug release [ 189 ]. The nanoparticles (10 nm) were coated 
with amphiphilic polymers and PEGylated. The antibody (HuCC49ΔCH2) and 
fl uorescent dye (5-FAM) were conjugated to the PEGylated iron oxide nanoparti-
cles (IONPs). Anticancer drugs doxorubicin (Dox), azido-doxorubicin (Adox), 
MI-219, and 17-DMAG were encapsulated into the IONPs. PEGylation and conju-
gation with antibody and 5-FAM increased the SPION size from 18 to 44 nm. The 
targeting antibody HuCC49ΔCH2-SPIO increased the cancer cell targeting (both 
human colon cancer cell line LS174T (Fig.  18.12 ) and human skin cancer cell line 
A375) and decreased the T2 values in MRI of the LS174T cells from 117 to 56 ms. 
The cancer drugs Dox, MI-219 and 17-DMAG showed pH-dependent release, while 
Adox did not. In addition, fl uorescent imaging demonstrated the accumulation of 
HuCC49ΔCH2-SPION nanotheranostics in endosomes/lysosomes. The encapsu-
lated Dox was released in the acidic lysosomes and diffused further into cytosol and 
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  Fig. 18.12    Intracellular distribution of Dox, Adox, and HuCC49ΔCH2-SPIOs in LS174T cells. 
Fluorescent images of cells incubated with Dox ( a ); HuCC49ΔCH2-SPIOs loaded with Dox ( b ); 
Adox ( c ); and HuCC49ΔCH2-SPIOs loaded with Adox ( d ).  Green color  shows the localization of 
SPIONs (5-FAM). Nuclei are stained in  blue color. Red color  shows the distribution of Dox or 
Adox. The  yellow color  in the merged images indicates colocalization of SPIONs and Dox or 
Adox. ( d ) SPION PEGylation and conjugation with antibody and 5-FAM. Reproduced from [ 189 ]       
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nuclei, while the release of the encapsulated Adox was clearly limited. It was further 
shown that the HuCC49ΔCH2-SPION nanotheranostics targeted and delivered 
more Dox to the LS174T cells than nonspecifi c IgG-SPIONs (higher IC50 of 
1.44 μM vs. 0.44 μM, respectively). Overall, the developed HuCC49ΔCH2-SPION 
nanotheranostics may be regarded as an integrated platform for cancer cell imaging, 
targeted anticancer drug delivery with a pH-dependent drug release.  

 In another work, Kumar and coworkers studied the delivery and targeting of 
magnetic nanoparticles that were conjugated with plasmid DNA expressing 
enhanced green fl uorescent protein (EGFP) and then coated with chitosan [ 190 ]. 
The nanoparticles were injected into mice through the tail vein and directed to the 
heart and kidneys by means of external magnets of 25 G or 2kA–kA/m, and moni-
toring the elevated expression levels of EGFP in these sites. The chitosan-coated 
magnetic nanoparticles were also used for the coupled targeting of atrial natriuretic 
peptides and carcinoembryonic antigen antibodies towards human embryonic kid-
ney 293, human A549 lung adenocarcinoma, and human lung diploid WI-38 (nor-
mal human fi broblast control) cell lines. These studies demonstrated the potential 
capacity of simple external magnetic fi eld in targeting drugs to specifi c sites in the 
cells and inside the body without the need to even functionalize the iron oxide- 
based nanoparticles. 

 Liong and coworkers studied simultaneously aspects of drug delivery, magnetic 
resonance and fl uorescence imaging, magnetic manipulation, and cell targeting by 
superparamagnetic iron oxide nanocrystals that were encapsulated inside multi-
functional mesostructured silica spheres labelled with fl uorescent dye molecules 
and coated with hydrophilic groups to prevent aggregation [ 191 ]. Camptothecin or 
paclitaxel cancer drug-loaded nanoparticles were tested on pancreatic cancer cell 
lines PANC-1 and BxPC3. The magnetic SPIONs alone were not toxic to the cells 
at the concentrations used, but the drug-loaded nanoparticles caused clear cytotox-
icity in both the cell lines. Folic acid was used as the targeting component, because 
α-folate receptor is upregulated in several types of human cancers [ 192 ]. The effect 
of folic acid targeting was studied on the cellular uptake of cancer cells PANC-1 and 
compared to human foreskin fi broblasts (HFF) [ 191 ]. Western blot and reverse tran-
scription polymerase chain reaction confi rmed the overexpression of α-folate recep-
tor on the PANC-1 cells at both protein and mRNA levels, but not on the HFF. Thus, 
the overexpression of folate receptor on PANC-1 cells facilitated recognition of the 
folate-modifi ed nanoparticles and increased the particle uptake through the folate 
receptor-mediated endocytosis [ 193 ,  194 ]. 

 According to Fan and coworkers, an ideal theranostic nanomaterial should pos-
sess several features [ 195 ], including: (1) high selective accumulation in the dis-
eased tissue; (2) deliver selectively an effective therapeutic action; and (3) be safe 
and undergo biodegradation with nontoxic by-products. Their solution for an effec-
tive theranostic material development was the isolation of targeted rare tumor cells 
from the whole blood and imaging and photothermal destruction of the cancer cells 
using a theranostic magnetic core-plasmonic shell star shaped nanoparticles. Whole 
blood samples were spiked with SKBR-3 cancer cells and the experimental data 
showed that Cy3 attached S6 aptamer conjugated theranostic plasmonic/magnetic 
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nanoparticles could be used for fl uorescence imaging and magnetic separation even 
at 0.001 % mixtures. A targeted photothermal 1,064 nm NIR light at 2–3 W/cm 2  for 
10 min resulted in selective irreparable cellular damage to most of the SK-BR-3 
cancer cells. Plasmonic Au-coating on magnetic nanoparticles was very useful for 
stabilizing high-magnetic-moment nanoparticles in corrosive biological conditions 
in the human body. Au-coating eliminated the toxicity of iron nanoparticles. The 
magnetic core exerted a high demand for the circulating tumor cell separation and 
enrichment, and the plasmonic shells were used as the photothermal material for the 
hyperthermic destruction of cancer cells using NIR light.   

18.5     Conclusions 

 In this chapter, we review briefl y some of the important aspects of inorganic 
nanoparticles in nanomedicine and describe their potential applications as nanocar-
riers or agents for biomedical applications, particularly for imaging/diagnostics and 
targeted therapy. We address some of the important aspects of the selected inorganic 
nanomaterials, including mesoporous silica- and silicon- based nanomaterials, Au, 
Ag, QDs, and other magnetic nanoparticles, in terms of their fabrication/synthesis 
and targeting/imaging properties relevant for biomedical applications. 

 Inorganic nanoparticles hold great potential in drug delivery, diagnostics, and 
in vivo imaging. These engineered nanomaterials can boost drug effi cacy and can 
improve drug targeting to specifi c sites within the body, therefore making treatment 
less toxic and invasive. For example, while fl uorescent QDs and magnetic nanopar-
ticles are employed for advanced imaging, mesoporous silica- and silicon-based 
nanomaterials serve as nanocarrier platforms for wide variety of therapeutics and 
can be easily biofunctionalized for, say, cancer therapy. 

 Although the current research and development of several inorganic nanoparti-
cles is very active, several issues still remain a matter of debate, such as the possible 
side effects, the long term effects of biodistribution and accumulation, as well as the 
toxicity effects that should not be overlooked. Nevertheless, the current achieve-
ments are rather encouraging and further research is required on the interaction of 
these inorganic nanomaterials with biological systems from the perspective of safe 
use and for the translation of these nanomaterials into the clinic. Despite the current 
advances in these areas of research, in vivo evaluation of the safety and effi cacy of 
these inorganic nanoparticles are still in its infancy, but such studies can open up 
avenues for potential groundbreaking on the prevention, diagnosis, and treatment of 
some diseases like cancer. 
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    Chapter 19   
 Carbon-Based Nanomaterials for Targeted 
Drug Delivery and Imaging 

             Vivek     S.     Thakare    ,     D’Arcy     Prendergast    ,     Giorgia     Pastorin    , and     Sanyog     Jain    

19.1             Introduction 

 Despite numerous advances in the fi eld of cancer biology and therapeutics, there 
remain considerable challenges in cancer therapy. The major hurdles are tissue 
selectivity of the treatment and target resistance to the drug action. The lack of 
selectivity for the tumor tissues results in debilitating side effects limiting patient 
compliance, whereas multidrug resistance (MDR) has been ascribed to the activity 
of P-glycoprotein (P-gp), which recognizes and effl uxes the drug out of the cell [ 1 ]. 
Many efforts are being steered to selectively target the cancerous tissue with mini-
mal damage to normal tissue; however, this is still a distant dream. The realization 
of such a system would require the identifi cation of suitable biomarkers for neoplas-
tic disease, the employment of these markers in screening and early detection and 
the development of a system for the biomarker-targeted delivery of multiple thera-
peutic agents, which will essentially bypass the normal tissue [ 2 ]. Several 
nanotechnology- based products have been approved for clinical use and many are 
in the clinical phases, namely, polymeric micro/nanoparticles, liposomes, and poly-
mer–drug conjugates. New delivery systems have been continuously explored to 
improve the pharmacological performance of anticancer drugs and carbon nano-
tubes (CNTs) are no exception to this, as they have been envisaged as potential 
transporters for cancer therapy and diagnosis. CNTs are a unique class of 
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nanomaterials belonging to the fullerene family of carbon allotropes which are 
cylindrical in shape [ 3 ]. The unique physicochemical properties and easily manipu-
lated surface of CNTs have led to diverse functionalization strategies, evident from 
the surge in the number of publications in this interesting arena. Compared to nano-
carriers like liposomes/micelles (1960s) and nanoparticles/dendrimers (1980s) 
which emerged a few decades ago, CNTs are relatively new in biomedical research, 
and hence, we attempt to summarize the work done so far with CNTs in the fi eld of 
cancer therapy and diagnosis [ 4 ].  

19.2     Carbon Nanotubes: Attributes and Functionalization 
Strategies 

 Simply put, CNTs are hollow cylinders formed by rolling single or multiple layers 
of graphene sheets into seamless cylinders which consist of hexagonal arrangement 
of sp 2 -hybridized carbon atoms (C-C distance of ∼1.4 Å). These cylindrical struc-
tures exist in two forms: single-walled carbon nanotubes (SWCNTs) which are 
composed of a single cylindrical graphene layer capped at both ends in a hemi-
spherical arrangement of carbon networks and multiwalled carbon nanotubes 
(MWCNTs) consisting of several concentric SWCNTs present within each other. 
The capping/closure of the cylinder in SWCNTs is effected by pentagonal and hep-
tagonal C-C structures that provide hemispherical geometry during the growth 
 process. Depending on the synthesis process, MWCNTs are comprised of several 
concentric cylinders of graphitic shells with an average interlayer separation of 
about 0.34 nm, each one forming a SWCNT resulting in a larger outer diameter 
(2.5–100 nm) than SWCNTs (0.6–2.4 nm). SWCNTs have a better defi ned diame-
ter, whereas MWCNTs are more likely to have structural defects, resulting in a less 
stable nanostructure. However, MWCNTs continue to feature in many publications 
due to their ease of processing and the lack of conclusive advantages of SWCNTs 
relative to MWCNTs [ 5 ]. 

 CNTs possess very high surface areas with SWCNTs having a typical surface 
area of ~1,300 m 2 /g, whereas MWCNTs generally have surface areas of a few 
100 m 2 /g, based on theoretical assumptions. However, the available surface area is 
dependent on the length, diameter, and degree of bundling owing to which the 
 surface area of most samples of SWCNT is dramatically lowered to ~300 m 2 /g, or 
less, which is still a very high value [ 6 ,  7 ]. 

 CNTs are available in a gamut of lengths and diameters depending on the 
 synthetic procedure. Since, both SWCNTs and MWCNTs have a very strong ten-
dency to cling together in ropes owing to attractive van der Waals forces analogous 
to the forces that bind sheets of graphite, they exist in bundles that contain many 
nanotubes and can be considerably longer and wider than the nanotubes from which 
they are formed. This bundling phenomenon could have important toxicological 
consequences in the context of biomedical applications [ 8 ,  9 ]. The solubilization of 
pristine CNTs in aqueous solvents presents a signifi cant hurdle in realizing their 
potential as pharmaceutical excipients because of the hydrophobic character of the 
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graphene sidewalls, coupled with the strong p-p interactions between the individual 
tubes that result in bundling. As for any nanomaterial, the solubility/dispersibility of 
CNTs in aqueous solvent is a prerequisite for biocompatibility; hence CNT com-
posites intended for therapeutic applications are expected to meet this basic require-
ment. To successfully disperse CNTs the dispersing medium should have the 
capability to wet the hydrophobic tube surfaces as well as be able to modify the tube 
surfaces to decrease tube aggregation. Moreover, it is essential that the CNT disper-
sions be uniform and stable to obtain accurate concentration data. Four basic 
approaches have been used to obtain dispersion: (a) surfactant-assisted dispersion, 
(b) solvent dispersion, (c) functionalization of CNT sidewalls, and (d) biomolecular 
dispersion [ 10 ]. In addition to decreasing cytotoxicity and improving biocompati-
bility, functionalization engenders an opportunity to append molecules for drug, 
protein or gene delivery [ 11 ]. The following sections briefl y describe the widely 
used strategies for CNT functionalization. 

 One of the distinct features of CNTs is their capacity to form supramolecular 
complexes with polycyclic aromatic molecules through p–p stacking [ 1 ]. Several 
anticancer drugs as well as large polymeric anticancer molecules can be adsorbed 
on to the surface of pristine CNTs. The forces that govern such binding are the 
stacking interactions between the hydrophobic moiety of the adsorbed molecules 
and the hydrophobic surface of CNT, also represented by π–π stacking interactions. 
Many anticancer drugs being hydrophobic in nature such forces will facilitate the 
loading of such drugs onto/into the CNTs. Ionic interactions are also likely to be 
present enabling adsorption of the molecules in the instances where the nanotube 
surface has been chemically altered with charged functional groups [ 12 ,  13 ]. 

 Oxidative treatment is often employed to remove the carbonaceous impurities as 
well as clearing the metal surface from CNTs. However, treatment with strong acids 
solutions generates cut at the surface of CNTs and gives rise to carboxylic acid 
groups at the defect point, predominantly on the open ends (Fig.  19.1 ). Moreover, 
excessive surface defects can alter the electronic properties and destruct longer 
CNT to shorter ones. The surface generated –COOH groups can further be treated 
with SOCl 2 /oxalyl chloride or carbodiimide to give reactive intermediates that have 
greater propensity towards reacting with other compounds [ 15 ,  16 ].  

  Fig. 19.1    Oxidation of pristine CNTs with different oxidizing agents to give –COOH functionalized 
CNTs and subsequent functionalization. Modifi ed and reprinted after permission from ref. [ 14 ]       
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 Azomethine ylides represent another avenue to alter the surface of CNTs which 
are produced by decarboxylation of immonium salts obtained from the condensa-
tion of α-amino acids with aldehydes or ketones. These compounds, when reacted 
with CNTs, can give CNTs fused with pyrrolidine rings with varied substituents 
depending on the structure of the α-amino acids and aldehydes employed. This 
approach has been used to functionalize CNTs with methotrexate [ 17 ]. The method 
is illustrated in the Fig.  19.2 . Other methods of covalent functionalization have also 
been reported, but not yet used for anticancer drugs [ 15 ].   

19.3     Filled Nanotubes for Cancer Therapeutics 

 CNTs can be considered to be nanobottles which can be fi lled with the therapeutic 
substances, to be emptied at the target site. By virtue of the interactions between 
CNTs and drug molecules, molecules can be loaded into/onto CNTs [ 18 ,  19 ]. 
Borowiak-Palen and coworkers have reported encapsulation of cisplatin, a small 
molecule into 1.3–1.6 nm diameter SWCNTs. Cisplatin is platinum (Pt)-based anti-
cancer drug commonly used to treat various types of cancers, which acts through 
DNA cross-linking. However, it suffers from several undesirable side effects that 
limit its application. Encapsulation was carried out by dispersing SWCNTs and cis-
platin in DMF through vigorous stirring for 48 h at 40 °C. Cisplatin can be also encap-
sulated inside SWCNTs (short and with open tips), which are treated with strong acid 
and annealed in a high vacuum environment [ 20 ]. The cisplatin incorporation into 
the tubes was confi rmed with Raman and infrared spectroscopy and verifi ed using 
high resolution transmission electron microscope. The cisplatin release was observed 
to occur for almost a week with maximum release being during 72 h encapsulation 
was 21 μg of drug per 100 μg of SWCNTs based on thermogravimetric analysis. 

  Fig. 19.2    Functionalization through 1,3-dipolar cycloaddition of azomethine ylides. Modifi ed and 
reprinted after permission from ref. [ 17 ]       
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In vitro cytotoxicity studies using DU145 and PC3 cell lines revealed that the cell 
viability decreased with increase in the concentration of the CNT based nanovector 
whereas control, i.e., empty CNTs showed no effect on the cell viability. To under-
stand the feasibility of interaction between nanotubes and drug molecules computa-
tional methods have been used [ 21 ]. Using elementary mechanics and applied 
mathematical modelling techniques, authors theorized that for cisplatin to be incor-
porated in CNTs, the CNTs must have a radius of at least 4.785 Å. Since, most of the 
nanotubes used have diameter greater than the above limit, it is apparent that cisplatin 
is likely to fi nd its place inside nanotubes [ 22 ]. 

 Recently, carbon nanotube–polymer composites have attracted much interest 
towards developing polymer-based nanocomposites which possess outstanding 
mechanical properties and multifunctional characteristics, for the range of applica-
tions (e.g., wind blades) [ 23 ]. Such an approach also renders multifunctionality to 
the biomedical application of CNTs. In an attempt to steer in this direction, hydro-
philic polyacrylic acid (PAA)–MWCNT nanocomposites were prepared by append-
ing polyacrylic acid (PAA) onto CNTs using radical polymerization, the ionic 
interactions between the surface –COOH groups and amino moieties of PAA were 
supposed to be involved in PAA coating on CNT and stabilization of nanocompos-
ites from aggregation. Further, these composite was adsorbed with Fe 3 O 4  magnetic 
nanoparticles (MN) by coprecipitation to render targeting under infl uence of mag-
netic fi eld. Gemcitabine (GEM), an anticancer nucleoside with a low half-life was 
loaded into the above system with a loading effi ciency of 62 %. Biodistribution 
studies revealed that after 3 h of subcutaneous injection of CNTs were absent in 
major organs like liver, kidney, heart, spleen and lungs, suggesting selective target-
ing of composites under the infl uence of a magnetic fi eld. Authors also implicate the 
role of enhanced permeability and retention (EPR) effect, characteristic of the leaky 
vasculature in tumorous tissue [ 24 ]. 

 Doxorubicin (DOX), a DNA intercalating anthracycline antibiotic, is a molecule 
of particular interest for drug delivery scientists, owing to its peculiar physicochem-
ical and biological properties which renders it amenable to incorporation into 
nanoparticles. Doxil, DaunoXome, Myocet, and Caelyx represent the liposomal 
delivery systems for anthracyclines that have been approved for cancer therapy, 
however they suffer from superfi cial toxicity, “hand and foot syndrome” owing to 
prolonged blood circulation [ 25 ,  26 ]. The lower tissue selectivity and ineffi cient 
distribution of DOX can be overcome by using CNTs as drug carriers, due to their 
capability of binding to DOX on the surface or in their hollow space and ferrying it 
through cellular barriers. Liu et al. have created PEG-functionalized SWCNTs 
supramolecularly attached to DOX with a heavy drug loading of about 400 %, 
through exploiting the strong π–π and hydrophobic interactions between fl at aro-
matic tetracyclic structure of DOX and aromatic surfaces of CNTs. These interac-
tions were explained by monitoring the emission spectrum of doxorubicin by 
fl uorescence spectrophotometry, in which fl uorescence intensity of doxorubicin dra-
matically decreased owing to quenching as concentration of MWCNTs increased, 
(the concentration of PEG/Pluronic being constant at 1 % w/v) Cells treated with the 
equivalent demonstrated no difference compared to untreated cells with 100 % cell 
viability. The PEG functionalized doxorubicin–MWCNT complex demonstrated 
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enhanced cytotoxicity, relative to DOX alone, indicating that MWCNTs can 
enhance the delivery of doxorubicin and hence improve its cellular uptake. 
Moreover, pluronic coated MWCNTs and pluronic alone did not alter the viability 
of cells, establishing their inertness. However, in vivo studies are a critical valida-
tion of the system [ 27 ]. 

 Several other research groups have developed doxorubicin loaded nanotubes 
with different features. Triply functionalized oxidized SWCNTs have been devel-
oped for delivery of doxorubicin, using a monoclonal antibody as a targeting moiety 
(linked via BSA as a linker), and a fl uorescent marker as a imaging modality. The 
antibody-directed carrier recognizing carcinoembryonic antigen (CEA, which is a 
glycoprotein expressed only in cancer cells, especially adenocarcinoma such as 
colon cancers), was better internalized by CEA expressing WiDr colon cancer cells 
relative to untargeted CNT complex, as revealed by confocal microscopy. 
Subsequently, doxorubicin was released intracellularly, and translocated to the 
nucleus while the nanotubes remained in the cytoplasm [ 28 ]. On a similar note, 
Zhang et al. have fabricated doxorubicin loaded polysaccharide functionalized 
SWCNT, which were more biocompatible and dispersible than pristine CNTs. 
Surface wrapping of the carbon nanoparticles with naturally available polymers can 
be a potential approach towards enhancing biocompatibility of the inorganic par-
ticulates. The authors report to have effected this by sonication and stirring of chi-
tosan–alginate solution with CNT which caused the polymer chain to wrap around 
the CNTs. These biopolymers were further tethered to folic acid (FA) through the 
amino group present on chitosan enabling targeting function. Chitosan being cat-
ionic and alginate anionic, they impart the coated SWCNTs with different surface 
electronic properties. Alginate-coated SWCNTs gave highest DOX loading, as the 
negative charges on alginate facilitated association with cationic DOX, converse to 
low level of DOX loading observed for CHI-coated CNTs due to mutual repulsion. 
The chitosan–alginate ratio can be optimized to exert the and better control over the 
release profi les of these CNT–polymer constructs. Moreover, because the hydrophi-
licity of DOX increases at acidic pH, causing it detach from nanotube surface, and 
since acidic pH is a hallmark of the tumor environment and intracellular lysosomes, 
a targeting effect was observed for these constructs. These carriers/complexes for 
doxorubicin could be more effi cacious than the free drug and might result in reduced 
toxicity and side-effects with a probable decrease in the amount of the drug needed 
for therapy [ 29 ]. Although theses micro-fabricated constructs can serve as excellent 
theranostic tools, these complex systems need to be rigorously investigated to check 
the integrity of the SWCNT hybrids during their course through the biological 
milieu, which presents diverse degradative environments to externally administered 
objects. Supramolecular assemblies consisting of SWCNTs non-covalently func-
tionalized by PL-PEG and doxorubicin (DOX) were prepared based on the π–π 
stacking interaction which provided for the attachment of DOX onto the CNT 
 surface (50–60 % of doxorubicin), in which loading capacity was observed to be 
maximum at pH 9. SWCNTs without any DOX loading (PL-SWCNT) exhibited no 
toxic effect on cells whereas DOX-loaded SWCNTs (PL-SWCNT-DOX) induced 
signifi cant U87 cancer cell death and cell apoptosis, indicative of the inert nature of 
carrier [ 30 ]. Several factors govern the adsorption and desorption of DOX from 
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CNTs like; loading and release pH, loading concentration, time of adsorption, 
dimensional attributes of CNTs, nature of functionalization on CNTs, temperature, 
and presence of competing substrates. DOX possesses an amine group in its struc-
ture and hence the physicochemical properties of DOX are highly sensitive to 
changes in environmental pH with unionized and hydrophobic form being the domi-
nant species at neutral and basic pH (longer incubation time at basic pH should be 
avoided to prevent decomposition of DOX), whereas in acidic conditions, the amine 
on DOX can be protonated, increasing its hydrophilicity and solubility favoring 
desorption. This change in hydrophobicity is an important feature determining the 
loading and release of DOX from CNTs [ 31 ,  32 ]. The supramolecular approach in 
the sections above represents a novel, easily synthesized DOX carriers with 
extremely high drug-loading effi ciency compared to those reported for conventional 
liposomes and dendrimer drug carriers. 

 Thus, the structural uniqueness of the doxorubicin makes such CNT-DOX based 
supramolecular complexes capable of self-targeting owing to the above mechanisms, 
making DOX the most widely explored drug molecule as far as the applications of 
CNTs in anticancer drug delivery is concerned. The above delivery strategies have 
been compounded through ligand based targeting like RGD peptide which exclusively 
targets integrin receptors (overexpressed on cancerous cells) (Fig.  19.3 ), providing 
multiple complementary targeting mechanisms for improved specifi city [ 30 ].  

  Fig. 19.3    Schematic    
structure of doxorubicin 
loaded (based on stacking) 
SWCNTs functionalized 
with RGD at the termini of 
PEG. Reproduced from 
ref. [ 30 ]       
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 It has been envisaged that antioxidants could play a seminal role in cancer therapy 
owing to their ability to combat oxidative stress. However, a majority of antioxidants 
have poor biopharmaceutical properties and suffer from poor solubility, making it 
diffi cult to administer them. As a result, several approaches have been adopted to 
enhance their delivery. Amino butylated hydroxy toluene (BHT) was ionically linked 
to PEGylated ultrashort SWCNTs, through simple stirring/incubation. The residual 
carboxylic acid groups on the oxidized CNT formed ionic complexes with the amine 
group of the BHT, a functional antioxidant. The complex was examined using ORAC 
(oxygen-radical absorbance capacity) assay, in which a fl uorescent probe’s loss of 
fl uorescent intensity under the infl uence of oxygen radicals is measured. In the pres-
ence of oxygen-radical scavengers, the fl uorescent intensity of probe remains unaf-
fected until the radical scavenger is consumed. The radical scavenging ability of the 
CNT-BHT composite was found to be 1,240 times as that of Trolox, a vitamin E 
based radical scavenger used as control. The PEGylated SWCNT were found to be 
nontoxic on HRE and HepG2 liver cells when exposed for 24 h. However, when BHT 
was conjugated covalently to CNTs the antioxidant activity diminished, signifying 
that the conjugated systems should be selected carefully so as to preserve the active 
sites [ 12 ]. Table  19.1  summarizes various drug loaded CNT-based systems.

   MWCNTs non-covalently functionalized with 1,2-distearoyl- phosphatidy-
lethanolamine–methoxypolyethylene glycol-2000 conjugate (DSPE-mPEG 2000) 
were used to entrap methotrexate (MTX) [ 33 ]. MWCNT–mPEG–MTX, were char-
acterized for particle size, loading effi ciency, morphology, and in vitro release. The 
f-MWCNT was found to release MTX faster in acidic medium of pH 5.8 relative 
neutral pH 7.4, signifying role in cancer tissue targeting, which needs to be expanded 
upon with in vivo studies. On the similar lines, Das et al. physically loaded different 
chemotherapeutic agents, including MTX, on an array of differently functionalized 
MWCNTs viz. with PEG, HA, FA and ES [ 34 ]. Irrespective of the nature of func-
tionalization the loading of MTX was around 30 % for all samples.  

19.4     CNT Based Conjugated Systems for Cancer Targeting 

 Polymer–drug conjugates (PDC) are emerging drug delivery tools, with several 
polymeric conjugates advancing to the clinical trial stage. Polymer–drug conjugates 
afford distinct advantages over the corresponding parent drugs like fewer side 
effects, improved therapeutic effi cacy, drug administration ease, and better patient 
compliance. Primarily, the polymeric conjugates exert their effect through enhanced 
permeability and retention, owing to their stealth macromolecular structure, which 
enables them to selectively accumulate in tumor tissue. Along with this, pathophysi-
ologic factors at the tumor site, namely, enhanced permeability, poor venous drain-
age, acidic pH, and relatively high temperature enhance the pharmacological profi le 
of PDC [ 35 ]. Conjugating CNTs with other moieties is a signifi cant challenge owing 
to lack of homogeneity of dispersions and subsequent characterization of conju-
gates, but nevertheless are being explored for improvement in the cancer therapy. 
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Methotrexate (MTX) is a drug widely used against cancer; however, it suffers from 
low cellular uptake. Tethering of MTX to CNT is a promising approach to circum-
vent its limited cellular uptake by enhancing its internalization via the f-CNTs [ 36 ]. 

 Pastorin et al. introduced two orthogonally protected amino groups on the side-
walls of CNTs and subsequently conjugated it with fl uorescein isothiocyanate 
(FITC) and MTX using the 1, 3-dipolar cycloaddition of azomethine ylides. 
Epifl uorescence and confocal microscopy studies revealed rapid internalization of 
the construct in Human Jurkat T lymphocytes in a dose and time dependent manner 
[ 36 ]. Aiming at tissue selective enzymatic cleavage, Samori and coworkers have 
covalently linked MTX to MWCNTs with two different linkers; tetrapeptide Gly-
Leu- Phe-Gly (which can be selectively cleaved by proteases overexpressed in tumor 
cells), and the 6-hydroxyhexanoic ester (which is an esterase-sensitive hydrophobic 
spacer commonly used in other prodrug conjugate synthesis). It was observed that 
the cytotoxic activity of the conjugates in MCF-7 cells was infl uenced by the pres-
ence and the types of linker [ 37 ]. 

 Paclitaxel (PTX), extracted from the Pacifi c Yew tree ( Taxus brevifolia ) belongs 
to a class of diterpene alkaloids called taxanes synthesized by plants of the Taxus 
genus. It is used for the treatment of ovarian cancer and is marketed under the trade 
name Taxol ® . Docetaxel (DTX) is a semisynthetic analogue derived from a precur-
sor found in the European Yew tree ( Taxus baccata ). These molecules promote 
microtubular aggregation and interfere with essential cellular functions like mitosis, 
cell transport, and cell motility leading to cell death. Taxanes have poor solubility in 
water compared to other anticancer drugs and hence excipients are necessary to 
increase its solubility, improve the bioavailability and limit their side effects. Current 
formulation (Taxol) encompasses cremophor as a solubilizer which has been shown 
to exhibit allergenic activity, necessitating the search for an alternative delivery sys-
tem [ 38 ]. Unlike DOX, PTX does not possess aromatic structure and hence is not 
amenable to stacking interactions with CNTs. Nonetheless, PTX has been reported 
to be loaded on carbon nanotubes, potentially through hydrophobic interactions 
along with conjugation. 

 Liu and coworkers have conjugated PTX to branched polyethylene glycol phos-
pholipid chain adsorbed on SWCNTs via a cleavable ester bond to obtain a water- 
soluble SWCNT-PTX conjugate, with a loading capacity of 150 PTX molecules per 
100 nm length of nanotube. The SWCNT-PLPEG-PTX conjugate yielded higher 
effi cacy in inhibiting tumor growth relative to Taxol alone in a murine 4T1 breast 
cancer model, indicating that active PTX was able to be released subsequent to 
ester cleavage in cells without any loss of pharmacological activity. Presence of 
PEG contributed to stealth effect causing prolonged blood circulation almost six-
fold higher than Taxol along with tenfold higher tumor PTX uptake by SWCNT 
delivery, also likely mediated through enhanced permeability and retention (EPR 
effect) [ 39 ]. 

 Analogous to the above studies, hyperbranched polycitric acid (PCA) was used 
to functionalize MWCNTs in order to increase their solubility, after which PTX was 
appended by esterifi cation to the carboxyl groups of PCA. In vitro drug release 
study revealed faster release of PTX (independent of esterases) from the conjugates 
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in acidic pH, making it amicable to tumor tissue targeting. In vitro cytotoxicity tests 
concluded improved potency of PTX compared to carrier-free PTX in A549 lung 
and SKOV3 ovary cancer cell lines [ 40 ]. Yang et al. have hypothesized that nano-
tubes can be conferred magnetic properties (MNTs) through impregnation with 
magnetite (Fe 3 O 4 ) nanoparticles on the inner surface of the nanotubes. Further, 
these MNT can be functionalized with phospholipid-polyethyleneglycol-folic acid 
(PL-PEG-FA) and loaded with chemotherapeutic agents, such as 5-fl uorouracil 
(5-FU) and cisplatin through nanoprecipitation. Although this paper is an ideation, 
such a system can be steered by an externally placed magnet to target regional lym-
phatic nodes and hence is worthy of mention [ 41 ]. 

 The platinum complexes used widely for cancer therapy are uncharged,  cis - 
confi gured , square planar complexes with platinum in its +II oxidation state (Pt(II)). 
Structurally, they can be depicted as cis-[PtA2X2], A2—two monodentate or one 
bidentate ligand(s) with nitrogen donor atoms and X2—two monodentate or one 
bidentate anionic ligand(s). These compounds are DNA chelators and form intra-
strand adducts that affect vital cellular processes like transcription and replication, 
and ultimately lead to apoptosis [ 42 ]. 

 However, platinum-based anticancer drugs suffer from several drawbacks like 
poor blood circulation times, severe dose-limiting nephrotoxicity, neurotoxicity, 
and myelosuppression, arising from nonspecifi c target interactions. Because of 
unusually low size and intracellular DNA binding Platinum-based drugs are attrac-
tive candidates for prodrug strategy. A targeted platinum(IV) complex 
[Pt(NH 3 ) 2 Cl 2 (O 2 CCH 2 CH 2 CO 2 H)(O 2 CCH 2 CH 2 CONH-PEG-FA)] was conjugated 
to the surface of an amine-functionalized single-walled carbon nanotube (SWCNT-
PL- PEG-NH 2 ) through several amide linkages to ferry it to the tumor cell where 
cisplatin is released upon intracellular reduction of Pt(IV) to Pt(II) after endocyto-
sis. The SWCNT–cisplatin conjugate was found to be 8.6 times more active than 
cisplatin-based on the cell internalization studies owing to specifi c binding of con-
jugate to the folate receptors [ 43 ]. In the absence of the target ligand, SWCNT- 
conjugate as depicted in Fig.  19.5  was 2.5 times more toxic on NTera-2 cells relative 
to cisplatin [ 44 ]. 

 Wei Wu et al. have synthesized a water-soluble prodrug of MWCNT-HCPT 
(hydroxy camptothecin) by covalently attaching HCPT to carboxy-MWCNTs with 
a linker diaminotriethylene glycol as the spacer between the two moieties following 
the derivation of HCPT with succinic anhydride at the 10-hydroxy position, with a 
drug loading of 16 %. The CNT construct was labelled with radioactive nuclide 
technetium-99 m and injected into the tail vein of mice to see the biodistribution. 
Single photon emission computed tomography imaging revealed that the complex 
was rapidly and strongly distributed to liver, spleen, and lung and weakly distributed 
into intestine, skin, and muscle. This biodistribution pattern was echoed in healthy 
non-tumor bearing mice. Moreover, radioactive intensity did not change signifi -
cantly over time indicative of slow excretion and prolonged circulation time with 
half-life of around 3.6 h for CNT-HCPT complex, which was signifi cantly longer 
than that reported for HCPT of only 30 min. Although the CNT based hybrid was 
not specifi c to tumors due to the absence of targeting moieties, it was found to be 
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enriched in tumors over the experimental duration of 22 h. Longer blood circulation 
and high tumor accumulation was observed in vivo with superior antitumor effect of 
the conjugates, almost twice in comparison to clinical HCPT injection and low 
t oxicity to the living mice [ 45 ]. Polymer wrapping based solubilization through 
polymers like Phospholipid–PEG, chitosan, alginate, etc. and then functionalizing/
conjugating them with drugs/ligands are not uncommon. However, Murakami et al. 
have exemplifi ed a novel approach of dispersing carbon nanohorns (CNH) using 
DOX-PEG conjugate. The π–π stacking interactions between the nanohorn surface 
and DOX, indirectly provided for the attachment of PEG to CNH enhancing their 
dispersibility. Such an approach would also possibly be applicable for carbon nano-
tubes [ 46 ]. 

 Dendrimers are highly branched, multiple-shaped synthetic macromolecules 
having diameter in the range of nanometers. They have distinct architecture and 
fl exibility which include (a) a multivalent surface (nanoscaffolding), (b) interior 
shells, and (c) a core to which the dendrons are attached. These features along with 
vast exposed surface area enables good control of their dimension as well as conju-
gating different molecules such as therapeutic agents, targeting moieties, and fl uo-
rescent/imaging dyes. Although dendrimers are promising delivery tools, some 
dendrimeric systems have shown signifi cant cytotoxicity and also drug very slowly, 
which might be overcome with the pH responsive polymers with high sensitivity 
and reduced toxicity. However, other than utility as delivery carriers, dendrimers 
have been explored as bioactive agents by Starpharma, which has led to a dendrimer- 
based microbicide (VivaGel) in the prevention of HIV and sexually transmitted 
infections (STI) [ 47 ,  48 ]. 

 In an interesting study to integrate properties of CNT with dendrimers, Shi et al. 
used carboxyl MWCNTs that were covalently tethered to amine-terminated generation 
5 poly(amidoamine) (PAMAM) dendrimers using EDC chemistry, which in turn 
were tagged with FITC and FA, and subsequently supramolecularly complexed 
with DOX. The dendrimer–CNT constructs was characterized using a gamut of 
techniques, namely, UV–Vis spectrometry,  1 H NMR, transmission electron micros-
copy (TEM), zeta potential measurements, and thermogravimetric analysis (TGA) 
and was found to be stable and biocompatible. The DOX loaded dendrimer–CNT 
constructs were selectively internalized by human epithelial carcinoma KB cells 
with overexpressed FRs resulting in more cytotoxicity than in KB cells with low 
levels of FRs [ 32 ]. The above study reveals that the attachment of dendrimers 
 amplifi es the number of the functional groups present on the nanotubes, which not 
only help conjugate large amounts of drug but also load drugs noncovalently in the 
cavities/core of the dendrimers [ 49 ]. A summary of different CNT based conjugated 
systems has been presented in Table  19.2 .
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19.5        CNTs in Protein Based Targeting and Protein Delivery 

 The transporting capabilities of carbon nanotubes along with functional proteins 
have opened exciting avenues for drug delivery and cancer therapy. Tumor cell vac-
cines (TCV) are inactivated cancer cells or dendritic cells entailing tumor antigens 
which when administered incite immune response against the tumor itself [ 50 ]. In 
an attempt to explore CNT-based antitumor immunotherapy, tumor lysate proteins 
were covalently attached to oxidized MWCNTs via an amide bond. The study 
reveals how CNTs can be used effectively for augmenting the immune responses to 
cancerous cells. 

 Weng et al. have successfully conjugated recombined ricin A chain protein toxin 
(RTA) to MWCNTs to target tumor cells via CNTs based molecular transporters. 

   Table 19.2    Representative CNT based conjugated systems (adapted and reprinted after permission 
from ref. [ 3 ])   

 Type of 
CNTs  Nature of functionalization 

 Physicochemical 
characterization 

 In vitro/in vivo 
system  Reference 

 SWCNTs  Paclitaxel conjugated 
to DSPE-PEG5000 
(type of phospholipid) 

 UV–Visible 
Spectroscopy, 
Radiological 
studies, and DLS 

 4T1 tumor 
(breast cancer 
cell) induced 
mice 

 [ 39 ] 

 MWCNTs  Methotrexate conjugation 
through azomethine 
ylide chemistry (1,3 
cycloaddition) 

 ATR-FT-IR,  1 H 
and  13 C NMR, 
TEM 

 Human Jurkat 
T lymphocytes 

 [ 37 ] 

 MWCNTs  Conjugation to PAMAM 
(G5) dendrimers 

 UV–Visible 
Spectroscopy, 
TEM, DLS, 
TGA and NMR 

 KB cells human 
epithelial 
 carcinoma 
cell line 

 [ 49 ] 

 SWCNTs  Cisplatin conjugated 
PL-PEG 

 Cyclic 
voltammetry, AAS 

 NTera-2  [ 44 ] 

 SWCNTs  Cisplatin and folate 
conjugated PL-PEG 

  1 H NMR,  195 Pt 
NMR, LC-MS, 
HRMS, Cyclic 
voltammetry 

 KB and NTera-2 
 Cells 

 [ 43 ] 

 MWCNTs  10-hydroxycamptothecin 
(HCPT) covalently 
conjugated to CNTs 
using hydrophilic 
 diaminotriethylene 
glycol as a linker 

 UV–Vis 
spectroscopy,  1 H,  13  
C NMR, ESI-MS 
and XPS 

 H22 tumor 
induced mice 

 [ 45 ] 

 SWCNTs  BHT (butylated hydroxyl 
toluene) conjugated 
to PEG conjugated CNTs 

 IR,  1 H and  13 C 
NMR, and HRMS 

 ORAC assay  [ 12 ] 

 Carbon 
Nanohorns 
(CNHs) 

 Solubilization using 
Doxorubicin–PEG 
conjugate based 
on stacking interactins 

 GPC, TEM, DLS, 
and UV–Visible 
Spectroscopy 

 NCI-H460 
human non-
small-cell lung 
cancer cells 

 [ 46 ] 
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The RTA–MWCNT conjugate traversed the cell membrane across various cell lines, 
namely, L-929, HL7702, MCF-7, HeLa, and COS-7, causing cell death at the rate 
three times higher than that induced by RTA alone. Coupling this complex, to HER2 
(antibody) further enhanced the tissue recognition through HER2/neu receptor 
causing targeted destruction of breast cancer cells [ 47 ]. In a similar context, Xiao 
et al. have developed a system that integrates properties of anti-HER2 IgY antibody 
with the unique properties of SWCNTs. As proteins are highly unstable in harsh 
environments, the conjugation approach utilized should be soft. One such direction 
is aqueous-based EDC chemistry, which the group has adopted to synthesize cova-
lent HER2 IgY-SWCNT conjugates. Cell internalization studies were done using 
Raman spectroscopy, which exhibited Raman signals from the SK-BR-3 cells 
treated with the complex at the single cell level in comparison to control cells. 
Furthermore, thermal ablation could be selectively induced on HER2-expressing 
SK-BR-3 cells without harming HER2-free MCF-7 cells, through NIR (near infra-
red) irradiation, potentially due to a SWCNT-mediated steep increase in cellular 
temperatures [ 51 ]. 

 SWCNTs have been demonstrated to act as antigen-presenting carriers, for the 
weakly immunogenic peptide: Wilm’s tumor protein (WT1), which has been impli-
cated as a vaccine candidate for human leukemias and is currently in human clinical 
trials. The covalent SWCNT–WT1 was rapidly taken up by antigen presenting cells, 
in a dose-dependent manner in vitro which was upheld by in vivo immunization of 
BALB/c mice. When administered in mice, SWCNT–WT1 and an adjuvant trig-
gered a specifi c humoral immune response which was not evident in treatment with 
the peptide alone or with the peptide mixed with the adjuvant. Thus, SWCNTs can 
be used to improve the vaccine therapy through its carrier/adjuvant effect for weakly 
immunogenic proteins [ 52 ]. 

 Anticancer agent cisplatin and epidermal growth factor (EGF) were conjugated 
to SWCNTs to specifi cally target squamous cancer as shown in the Fig.  19.4 . 
SWNT-cisplatin without EGF served as a non-targeted control. Qdot (linked cova-
lently) luminescence and confocal microscopy was used for in vitro imaging studies 
using head and neck squamous carcinoma cells (HNSCC) overexpressing EGF 
receptors(EGFR). The study revealed that SWNT-Qdot-EGF bioconjugates were 
internalized rapidly into the cancer cells. However, control cells demonstrated lim-
ited uptake as the uptake was blocked by siRNA knockdown of EGFR in cancer 
cells, revealing the importance of EGF binding. Three-color, two-photon intravital 
video that was used for imaging in vivo showed that when live mice was injected 
with SWNT-Qdot-EGF, SWNT-Qdot-EGF was selectively taken up by HNSCC 
tumors causing its rapid regression, but SWNT-Qdot controls with no EGF were 
cleared from the tumor region in <20 min. SWNT_cisplatin_EGF treated HNSCC 
cells were also killed selectively, while control systems that did not feature EGF- 
EGFR binding led to no control on cell proliferation [ 53 ].  

 In a study by McDevitt et al., side wall-functionalized, water-soluble CNTs were 
used to synthesize tumor-targeting CNT constructs by covalently attaching multiple 
copies of tumor-specifi c monoclonal antibodies, radiometal-ion chelates, and fl uo-
rescent probes. These nanoconstructs were found to be specifi cally reactive with the 
human cancer cells. They were designed to target disseminated human lymphoma, 
which was compounded by and in vitro studies using fl ow cytometry and cell-based 
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immunoreactivity assays [ 54 ]. In a pioneering study, Chakravarty et al. used 
Biotinylated polar lipids    [1,2-distearoyl sn-glycero-3-phosphoethanolamine- N -{bio
tinyl(polyethyleneglycol) 2000} {DSPE-PEG(2000)-biotin}], to prepare stable, 
biocompatible, noncytotoxic CNT dispersions that were then attached neutralite 
avidin- derivatized mAbs directed against either human CD22 or CD25. Thus, 
CD22 + CD25 − Daudi cells and CD22 − CD25 +  activated peripheral blood mononuclear 
cells were bound only to the anti-CD22 mAb and anti-CD25 mAb respectively 
which were coupled to CNTs. Further, exposure to NIR light generated heat caused 
photothermal ablation of targeted cells only [ 55 ]. The concept of photothermal abla-
tion has been discussed later. Similar approach was reported by Kam et al., wherein 
SWNTs functionalized with PL-PEG-FA(Phospholipid–Polyethylene glycol–Folic 
acid) were used to achieve tumor cell targeting [ 56 ]. 

 Tumor lysate protein (TLP) is a mixture of various tumor proteins that can be 
implicated in large number of tumors and patients, irrespective of the genetic 
makeup of the tumors. However, the lack of defi ned tumor markers, such as target 
antigens, led to diffi culty in assessing the antibody responses. Further, since the 
nature of the immunogens was not known, tumor rejection, tumor growth retarda-
tion, or prolonged survival of the immunized mice were used to study the effi cacy 
of therapy involving the tumor lysate proteins rather than by antibody production. 
CNTs have thus been used to improve the anticancer immune response of TLP 
against multiple tumors [ 50 ]. 

 Integrin α v β 3  receptors/proteins are widely expressed on the cell surface of can-
cer cells and play critical role in tumor angiogenesis and metastasis [ 28 ], making 
RGD/arginine–glycine–aspartic acid peptide, a potent integrin α v β 3  antagonist, a 
ligand of choice for effi cient tumor targeting of nanocarriers. RGD was conjugated 
through amino group on PL–PEG-functionalized SWNTs with diameter and length, 
1–5 nm and 100–300 nm respectively. Furthermore  64 Cu using DOTA was used as 
chelating agent to radiolabel the system A high tumor accumulation (13 % ID/g 
over long periods >24 h), due to enhanced tumour binding affi nity, was attributed to 

  Fig. 19.4    Nanotube-based delivery system. ( a ) Illustration of EDC based coupling reactions used 
to attach EGF, cisplatin, and Qdots onto carboxylated SWCNTs (in  red ) ( b ) Schematic showing 
EGF and cisplatin conjugated SWCNTs targeting the cell surface EGFR on a single HNSCC cell. 
[EDC—1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide, EGF—Epidermal Growth factor, 
Qdot—Quantum Dots]. Reprinted after Permission from ref. [ 53 ]       
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polyvalency effect owing to unique one-dimensional shape and fl exible structure of 
SWNTs. The Raman signals of SWCNTs could directly probe the presence of nano-
tubes in mice tissues coupled with the radiolabel-based results. No obvious toxicity, 
weight loss, or fatigue was observed for several months, with many mice injected 
with SWNT–PEG at dosages up to 2 mg/kg over monitoring periods [ 28 ]. Retention 
of radioactivity in mice explicates slow excretion of SWNTs, hence the long-term 
fate of SWNT–PEG injected into mice requires further investigation [ 57 ]. As a tar-
geting ligand α v β 3  mAb is advantageous in terms of high specifi city towards antigen 
α v β 3  and greater in vivo stability relative to RGD peptide. Thus, based on similar 
lines as discussed above, α v β 3  monoclonal antibody was also used to target the 
SWCNT using PL-PEG. However, in case of α v β 3  mAb, SWCNT-PL-PEG was fi rst 
linked to protein A, to which the antibody was attached. The above conjugate was 
also tagged with fl uorescent moiety generating a macromolecular structure. 
Although cell culture based studies in U87MG (human glioblastoma cancer cells) 
and MCF-7 (human breast cancer cells) reveal good targeting effi ciency, the behav-
iour of such a macromolecular structure inside the complex biological system 
(in vivo) needs to be traced to confi rm its value in cancer therapy [ 58 ].  

19.6     Gene Delivery to Cancer Cells Using CNTs 

 Gene therapy has emerged as a most promising method in cancer treatment, which 
involves the treatment of both genetic and infectious diseases by introducing 
genetic materials which have therapeutic effects. This method is expected to be an 
alternative method to traditional chemotherapy. Traditionally used viral vector-
based delivery achieves a high level of gene expression, but is limited by its 
immunogenicity, oncogenic potential, and infl ammation and packaging capacity. 
Hence, multiple nonviral delivery systems have been introduced to effi ciently 
deliver siRNA, including chemical modifi cation of siRNA, cationic polymers, 
liposomes, cationic lipids, dendrimers, cell-penetrating peptides, and so on. 
However, these tools suffer from ineffi cient gene expression relative to viral vec-
tors, due to their poor capability in reaching and crossing the nuclear membrane 
[ 59 ,  60 ]. Many years of research have led to the emergence of many viral and 
nonviral vectors, and carbon nanotubes have recently been recognized as nucleic 
acid carriers owing to their unusual properties [ 61 ]. 

 The manner in which the CNTs interact with nucleic acids has been extensively 
studied: single-stranded DNA and oxidized CNTs interact in solution, under sonica-
tion, to form a charged hybrid complex, DNA/SWCNT. In conjunction to the ionic 
interactions, nucleic acids bind to nanotubes through π–π stacking interactions 
between the aromatic nucleobases and the nanotubes’ graphene side walls. By acting 
as a supportive skeleton, nanotubes spontaneously orient DNA molecules around 
them, so as to wrap DNA around its cylindrical axis, which has been confi rmed 
through AFM and spectroscopic studies. The sugar and phosphate groups remaining 
at the periphery relative to the bases help enhance the dispersibility of CNTs. These 
systems have been explored for diagnostic and gene d elivery applications [ 62 ]. 
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 In an attempt to combine the properties of two cationic polymers, 
Hexamethylenediamine (HMDA) was covalently linked to the oxidized CNTs, 
whereas poly (diallyldimethyl-ammonium) chloride (PDDA) was bound by non- 
covalent interactions. Extracellular signal-regulated kinases 1 and 2 (ERK1/ERK2) 
genes were loaded onto HMDA-PDDA-SWCNT and its effect was studied on iso-
lated rat heart cells, which exhibited better transfection effi ciency and suppression 
of the expression levels of both ERK1 and ERK2 by nearly 80 %. These complexes 
were also found to be biocompatible at concentrations of 10 mg/L as it did not 
induce any signifi cant cytotoxicity [ 63 ]. Likewise, in a study led by Pantarotto et al., 
positive charge-bearing ammonium f-CNTs were used to transfect plasmids 
(β-galactosidase encoded gene, β-gal) into HeLa and CHO cell lines and electro-
static forces were involved in the interaction between cationic CNTs and anionic 
DNA. Transfection effi cacy was found to be enhanced ten times more in the case of 
the CNT-DNA complex relative to DNA alone. The transfection effi ciency was 
observed to be proportional to CNT/DNA charge ratio with the maximum effi ciency 
being observed at 6:1[ 64 ]. 

 Yang et al., have synthesized cationic SWCNTs using 1,6-diaminohexane to 
present interfering RNA (siRNA) into the antigen-presenting dendritic cells 
in vivo. It was observed that siRNA:SWCNT complexes were preferentially 
taken up by splenic CD11c+ DCs, CD11b+ cells, and Gr-1+CD11b+ cells com-
prising DCs, macrophages, and other myeloid cells. The CNT-based gene com-
plex could silence suppressor of cytokine signaling 1 ( SOCS1 ) expression and 
thereby retard B16 tumor growth in mice [ 68 ]. Both antisense oligonucleotides 
and small interfering RNA (siRNA) are very promising therapeutic tools based 
on the fact that they inhibit protein expression, potentially blocking many cellu-
lar pathways and hence cancer therapy is one of the potential applications, when 
targeting oncogenes or genes involved in angiogenesis/chemotherapy resistance. 
Likewise, telomerase reverse transcriptase (TERT) plays a crucial role in tumor 
growth and development through the maintenance of telomere structure. siRNA 
delivered via SWCNT- CONH-(CH 2 ) 6 -NH 3  + Cl −  complexes was found to suppress 
the expression of TERT and prevent growth and proliferation of tumor cells both 
in vitro and in mouse models. At the end of 48 h, the cells treated with TERT 
siRNA:SWCNT almost exhibited complete inhibition of proliferation in murine 
tumour models [ 65 ]. 

 Carbon nanotubes are amenable to surface modifi cations using charge-based 
layer-by-layer assembling. Carboxy or oxidized nanotubes which are negatively 
charged can be coated with widely reported cationic polymers (polyelectrolytes) like 
polyethylenimine (PEI), poly(diallyldimethylammonium) chloride (PDDA), 
poly(amidoamine) (PAMAM) dendrimers, and chitosan to impart cationic surface to 
CNTs. Such constructs were linked to suppression of telomerase expression using 
ASODN (antisense oligodeoxynucleotides) and represent a novel approach in cancer 
therapy as activity of telomerase is unusually high in 90 % of cancer cells compared 
to normal cells. Mercaptoacetic acid-capped CdTe quantum dots as fl uorescent 
probes were linked to ASODN, which was in turn complexed with PEI- functionalized 
MWCNTs based on ionic interactions. The ASODN-PEI (polyethyleneimine)-
MWCNTs ionic complex exhibited effi cient intracellular uptake, strong nuclear 
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localization of ASODNs relative to ASODN in HeLa cells based on confocal and 
fl ow-cytometric studies. The above direction was corroborated through overexpres-
sion of enhanced green fl uorescence protein (EGFP) upon the transfection of EGFP 
gene using PEI-MWCNT. The authors hypothesize that these vehicles protect nucleic 
acids from enzyme degradation and also exhibit enhanced proton-sponge effects due 
to the PEI coating on the surface of MWCNTs [ 13 ].  

19.7     Light-Induced Thermal Ablation of Cancer 
Cells Using CNTs 

 The selective thermal ablation of malignant tissue is of prime importance in cancer 
research and tenders a viable alternative treatment option when surgical resection 
is not possible. As a result, photothermal therapies for cancer have been widely 
explored as a minimally invasive treatment option relative to other therapies [ 66 ]. 
At temperatures above 40 °C cell death occurs due to irreversible protein denatur-
ation or membrane damage [ 67 ]. Carbon nanotubes possess outstanding attributes 
for the development of state-of-the-art photothermal agents, the foremost being 
their ability to generate heat under NIR radiation (700–1,100 nm), which has 
recently attracted much interest. Compared to other wavelengths of light, the 
transmission of NIR through the body is poorly attenuated by biological systems 
and as a result, body tissue does not absorb NIR radiation, a property which can 
be exploited in stimuli-sensitive targeted cancer therapy [ 68 ,  69 ]. Due to the 
arrangement of the carbon atoms in a confi ned nanometer-sized volume and shape 
(high aspect ratio—length/diameter), the absorption of electromagnetic energy is 
enhanced thereby generating heat [ 70 ]. Electronic transitions from the fi rst or sec-
ond van Hove singularities results in strong optical absorbance demonstrated by 
the nanotubes which impart them the intrinsic property of photothermal and pho-
toacoustic effects. The van Hove-like singularity in the density of states (DOS) 
moves towards the top of the valence band, thereby enhancing the effective DOS 
near the Fermi energy and augmenting the electron–phonon interaction, so as to 
increase the temperature of the nanotubes [ 71 ,  72 ]. 

 Subsequent to exposure to NIR, CNTs enter an excited state and release vibra-
tional energy that is transformed into heat, which is then transferred to the surround-
ing matrix, causing cellular death, which is more pronounced in mammalian cancer 
cells as they are more sensitive to heat and apoptosis than other cells [ 73 ]. Although 
there is one group which has reported hyperthermia induced through radiofrequency 
radiation using CNTs, it is less widely explored and is less effi cient than NIR excita-
tion. RF ablation (RFA) is currently used in clinical practice to treat some malignant 
tumors but suffers from several drawbacks: (a) the insertion of needle electrodes 
directly into the tumor(s), (b) incomplete tumor destruction, and (c) thermal necro-
sis in normal tissues surrounding the needle electrode and associated complications. 
RF energy fi elds have better tissue penetration which can be augmented by use of 
nanotubes for noninvasive treatment of malignant tumors at any site in the body 
since it converts RF energy into heat locally at the site of malignant cells [ 74 ]. 
Gannon et al. have studied photothermal effects of SWCNTs functionalized with 
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polyphenylene ethynylene using a 13.56-MHz RF fi eld. The targeted carrier was 
able to produce a noninvasive, selective, and concentration-dependent thermal 
destruction in vitro of human cancer cells which had internalized SWCNTs. Above 
results were corroborated by an intratumoral injection of SWCNTs into hepatic 
VX2 tumors followed by immediate RF fi eld treatment which was well tolerated by 
rabbits. Post 48 h, all SWCNT-treated tumors exhibited complete tissue necrosis, 
whereas the control group, viz., tumors that were treated with RF without SWCNTs 
and those injected with SWCNTs but were not treated with RF, remained com-
pletely viable, indicative of the lower toxicity potential of f-SWCNTs [ 74 ]. 

 The effect of the length of nitrogen doped, multiwalled carbon nanotubes (CNx- 
MWCNT) on the kidney cancer cells under infl uence of NIR radiation for photo- 
ablative destruction was studied by Carroll et al. The cytotoxicity at low radiation 
doses was found to be proportional to the length of the nanotubes, with effective 
NIR coupling witnessed at nanotube lengths exceeding half the wavelength of the 
incident radiation, which supports classical antenna theory. The presence of dopants 
often leads to structural defects across the length of nanotubes due to C=C bond 
breakages, which in turn enhances its heating effi ciency. Destruction of the tumor 
cells occurs effectively when suspended nanotubes lie within their heating radial 
distance from the cells ( R  ZONK —“zone of nanotube killing”). MWCNTs are believed 
to be more advantageous over SWCNTs due to (a) Absorption of electromagnetic 
energy increased threefold, (b) activation by broader band widths of electromag-
netic radiation, (c) ability to kill cells present within  R  ZONK , and (d) enhanced chemi-
cal and thermal stability [ 75 ]. Burke et al., injected Pluronic F127 (1 %) solubilized 
suspension of MWCNTs intratumorally in mice to demonstrate that MWCNTs 
alone have the potential to signifi cantly ablate the cancerous tissue. A 100 μg dose 
of MWCNTs was successful in complete tumor regression without recurrence for 
about 3 months in 80 % of the mice population. Remarkably, this response was 
attained after a single treatment of 30-s duration with 3 W/cm 2  NIR with minimal 
local toxicity and no detectable systemic toxicity [ 76 ]. 

 Scientists at Nanjing University and the Georgia Institute of Technology have 
employed the photoacoustic effect of carbon nanotubes (CNTs) to produce nano-
grenades which can target and destroy cancer cells. Nanobombs are increasingly 
considered in the scientifi c community to selectively produce targeted microexplo-
sions leading to the disruption of the unwanted cells in specifi c tissues. Irradiation 
with a Q-switched millisecond pulsed laser (1,064 nm) was used to generate the 
acoustic wave triggering a micro-explosions at tumor site (Fig.  19.5 ). This resulted 
in the death of 85 % of cells within 20 s with nanotube (folate targeted) uptake, 
while 90 % of cells without the nanotubes survived. Such a photoacoustic method 
for inducing cell death using carbon nanotubes can be proven to be superior to the 
photothermal method due to the fact that much less energy is required in the former. 
This in turn prevents excessive heating and negates chances of any non-targeted 
damage to the surrounding tissue [ 77 ,  78 ]. Such photothermal studies were also 
 carried out by Zhou et al. in which SWCNTs were functionalized with PL-PEG-FA 
and PL-PEG-FITC and their in vitro and in vivo performance was studied using 
EMT6 cells and tumor-bearing mice respectively [ 66 ].  

 Infrared stimulation applied in the presence of nanotubes for approximately 10 s 
reduces cell survival to such low levels that it was comparable to cells incubated at 
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42 °C for 2 h. Oxaliplatin uptake has also been demonstrated to increase after 
achieving rapid hyperthermia with nanotubes since the increase in temperature 
enhances cell permeability. This property could be advantageous in peritoneal dis-
semination of colorectal cancer. In such a case, nanotube solution can be injected 
intraperitoneally, and could be easily removed from the abdomen following hyper-
thermic chemotherapy by fl ushing the abdomen with saline. This approach has an 
excellent potential that can be explored for a rapid bench-to-bedside transition as a 
high impact clinical therapeutic agent in the surgical treatment of colorectal cancer 
since intravenously introduced nanotubes lack the ability to deliver therapeutic 
agents from the bloodstream to the peritoneum [ 70 ]. 

 DNA-encased MWCNTs when irradiated with NIR resulted in a threefold 
reduction in the concentration of MWCNTs required to impart a 10 °C tempera-
ture increase in bulk solution temperature. Amount of heat generated increases 
with a linear dependence on irradiation time and laser power. A single intratu-
moral injection of MWCNTs (100 μl of a 500 μg/ml solution) followed by laser 
irradiation at 1,064 nm, 2.5 W/cm 2  completely eradicated PC3 xenograft tumors in 
8/8 (100 %) of nude mice with no damage to normal tissue This was contrary to 
control that received only MWCNT injection or laser irradiation which exhibited 
growth rates indistinguishable from nontreated control tumors. Although no spe-
cifi c mechanism was proposed for enhanced heating due to DNA, the probable 
reason seems to be improved dispersibility as well as the extended chromophoric-
ity imparted by DNA which enabled the large surface area of MWCNTs to interact 
with NIR [ 67 ]. Representative examples of photothermal therapy using CNTs are 
detailed in Table  19.3 .

  Fig. 19.5    Selective targeting 
and killing of cancer cells 
through photoacoustic 
effects. Modifi ed and 
reprinted after permission 
from ref. [ 77 ]       
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   In summary, the demonstration of photothermal transduction effect by nanotubes, 
has led to their exploration as photothermal agents employed in cancer killing by 
heating the nanotube to 50–70 °C through continuous laser irradiation at high power 
density (3.5–35 Wcm 2 ) for 3–4 min [ 77 ]. As photothermal effects result from con-
tinuous irradiation likewise photoacoustic effects materialize by employing a pulsed 
light source, causing transduction from light energy to acoustic pressure. Various 
studies conducted so far have reported the use of mainly SWCNTs for both photo-
thermal and photoacoustic therapy. Fewer studies have been reported for MWCNTs 
relative to SWCNTs, in spite of the large chromophoric surface area displayed by 
MWCNTs owing to the presence of concentric tubes unlike the single tube present 
in SWCNTs. This warrants extensive comparative studies.  

19.8     Carbon Nanotubes in Cancer Diagnostics and Imaging 

 The upsurge in the growth of diagnostic agents coupled with the integration of 
highly specifi c therapies has led to improvements in the outcome of therapeutic 
courses. So far, resection of the tumor at its early stage is the only effective cure for 
the disease, hence early screening and detection are of vital importance, but this is 
limited by the fact that most cancers are dormant during their early stage and do not 
reveal any overt signs. Conventional clinical cancer imaging modalities like X-ray, 
CT and MRI cannot detect subtle morphologic changes in the majority of early 
neoplastic disorders. Currently, positron emission tomography (PET) is a sensitive 
and accurate imaging technology available to identify early-stage alterations in 
molecular biology, even before there is any morphologic change, as it relies on 
changes in tissue biochemistry and metabolism [ 79 – 82 ]. 

 Diagnosis of cancer in its early stages depends on the recognition of subtle 
changes in tissue properties such as, mechanical properties, optical absorption, and 
Rf absorption. A majority of diagnostic techniques translate such changes to give a 
detectable and visible output; for instance, a change in the ionic concentration 
affects the Rf absorption. Subsequent review sheds light on how nanotubes have 
been tuned to different diagnostic principles and used to develop new tools for early 
cancer detection. For a detailed account of the use of CNT in biosensing applica-
tions, the reader is referred to the review by Strano et al. [ 83 ]. 

 CNT-based photoacoustic (PA) imaging is a novice modality offering higher spa-
tial resolution and imaging of deeper tissues in comparison to most optical imaging 
techniques (e.g., absorbance and scattering of the emission light observed in fl uo-
rescence imaging). Principally, PA imaging is based on the fact that the laser pulses 
are absorbed by light-absorbing molecules, like endogenous molecules or contrast 
agents present in the biological milieu to generate heat and since most of the diseased 
tissue do not exhibit a natural photoacoustic contrast, there is no interference from 
tissue. The absorption of light induces transient thermoelastic expansion that leads 
to wideband ultrasonic emission, which can be traced by an ultrasound microphone 
to construct 2D or 3D images. Many nanoscale contrast agents for photoacoustic 
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imaging are currently available, which have strong absorbance in the NIR region, 
but suffer from the inability to target a diseased site in living subjects. As described 
in preceding sections, both MWCNTs and SWCNTs have been envisaged as pho-
tothermal agents due to their strong NIR absorbance. Intravenous administration of 
RGD (Arg-Gly-Asp) conjugated SWCNT-PL-PEG to target integrin α v β 3  receptors 
on tumor-bearing mice exhibited eight times greater photoacoustic signal in the 
tumor than mice injected with non-targeted nanotubes, which was corroborated 
further ex vivo using Raman microscopy [ 57 ]. SWCNTs have been widely used 
for photoacoustic imaging as they give maximal signal-to-noise ratio over other 
carbon materials like MWCNT, fullerenes, and graphitic microparticles, making 
them ideal agents in this arena of diagnostics, as has been demonstrated in in vivo 
models [ 84 ,  85 ]. 

 Co-administering the contrast agents to enhance the photoacoustic signal seems 
to be a valid strategy in augmenting the signals from CNTs. Steering in a similar 
direction, indocyanine green (ICG) molecules have been loaded on PEGylated 
SWCNTs through pi–pi stacking. This increased the optical density of the nano- 
probe about 20-fold at 780 nm which exhibited strong and separated absorbance 
spectra. Such a complex with tethered RGD had the ability to target cells and was 
shown to exhibit twentyfold better contrast than SWCNT without dye [ 86 ,  87 ]. The 
above fi ndings suggest that targeted single-walled/multiwalled carbon nanotubes 
can be harnessed to image cancer tissue. 

 New diagnostic tools are often sought after to enable investigation of unstudied 
biological phenomena and improve clinical treatments. A reliable and early detec-
tion of cancer from biological fl uids using novel technologies that possess suffi cient 
spatial resolution based on the molecular signatures of cancer cell proteins via mini-
mally invasive methods is still a high priority. Carbon nanotube fi eld effect transis-
tors (CNTFETs) are a novel class of diagnostic agents which are cost effective, 
require minimal sample volume, enable direct electrical readout, and have the abil-
ity to perform multiple detection of biomarkers based on Ag–Ab reactions between 
CNT conjugated Ab and cancer antigens [ 88 ]. 

 A schematic representation of a prototype device structure of nanotube based 
sensor is demonstrated in Fig.  19.6 . Device displaying p-type transistor behaviour 
with biomolecules immobilized on CNTs was produced using conducting channel 
made up of nanotubes, which connected the source and drain electrodes. IGF1R-
(specifi c and nonspecifi c) mAbs when applied to such a device resulted in a decrease 
in the electrical conductance of the device. Application of BT474 breast cancer cells 
or MCF7 breast cancer cells to IGF1R-specifi c mAb-CNTFETs dramatically 
increased the conductance of the device. The density of IGF1R expressed on the 
surfaces of the breast cancer cells roughly correlated with the increase in conduc-
tance of the device.. Human BT474 breast cancer cells increased the conductance of 
the IGF1R-specifi c mAb–SWCNT devices by threefold, as compared to nanotube 
devices with nonspecifi c mAb. Greater IGF1R expressing Human MCF7 breast 
cancer cells increased the conductance by eightfold, which was not observed for 
R-cells lacking IGF1R [ 89 ]. Further, the surface charge affects the conductance of 
the SWCNTs, as the conductance of SWCNTs is very sensitive to surface charge 
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fl uctuations and hence it has been observed that the charge transfer process leads to 
a change in conductance of the device during the interaction of antibodies and breast 
cancer cells mediated by the CNTs. Receptor-specifi c mAb represented specifi c 
nanoswitches which complete the circuit between the SWCNT and the cell surface 
receptors, leading to surge in the device conductance. Such modalities have tremen-
dous potential as point of care devices in detecting circulating breast cancer cells in 
blood samples [ 90 ].  

 Prostate-specifi c antigen (PSA) is considered to be the best biomarker currently 
available for diagnosing and monitoring prostate cancer which is a glycoprotein 
consisting of 93 % peptide and 7 % sugar is produced exclusively by prostatic tissue 
[ 91 ]. The early stage detection of prostate cancer is the best hope for an increasing 
mortality rate, since there has been no curative therapy available [ 92 ]. Nano- 
transistors made from nanotubes spanning a gap between two metal contacts has 
been used by Yu et al. to demonstrated highly sensitive and selective electrochemi-
cal detection method for PSA. Compared to commercial immunoassays like ELISA 
which generally achieve detection limits from 10 to 100 pg mL −1  for many proteins 
in serum, such an approach had a detection limit of 4 pg mL −1 , for prostate specifi c 
antigen (PSA) with the least requirement of 10 μL of undiluted calf serum, and 
hence can be useful in clinical screening of cancer biomarkers and point-of-care 
diagnostics [ 69 ,  93 ]. 

 Bareket et al. have developed a biosensor for the detection of formaldehyde 
based on coupling the selectivity of the enzyme formaldehyde dehydrogenase 
(FDH) with the highly effi cient NADH detection system using a CNT-modifi ed 
screen-printed electrode (SPE). Cancerous cells released formaldehyde when 
treated with formaldehyde based prodrugs. Based on the amperometric response to 
formaldehyde the signal was fi vefold greater on the SPE/CNTs than on an unmodi-
fi ed SPE biosensor. This analytical tool for formaldehyde detection described herein 
can be useful to investigate the pharmacodynamics of formaldehyde-releasing pro-
drugs in cell cultures and bio-fl uids [ 94 ]. 

  Fig. 19.6    Diagnostic electronic device based on carbon nanotube based transistors. Modifi ed and 
reprinted after permission from ref. [ 89 ]       
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 Possessing distinct opto-electronic properties, carbon nanotubes are very 
s ensitive to external stimuli, as a result the electronic structure of CNT is perturbed 
when they are subjected to molecular adsorption, which can be transduced into an 
optical signal either as a change in emission band intensity or wavelength, fi nding 
applications in a diagnostic space [ 95 ]. Different molecules interact differently with 
the nanotube surface depending on their spectroscopic signatures. If the degree of 
interaction between different analytes and the nanotubes is distinct, the former can 
be leveraged to concurrently perform multimodal analysis of chemotherapeutic 
drugs and reactive oxygen species or other biomarkers, with good sensitivity. The 
above concept has been exemplifi ed by the real time detection and identifi cation of 
such analytes within live 3T3 cells, the group demonstrated multiplexed optical 
detection from the fi rst label-free nanoscale biosensor l to optically discriminate 
between genotoxins. Such a tool can be useful in prognosis as well as therapeutic 
monitoring to better control cancer therapy [ 96 ]. 

 A group from Qingdao University have developed and reported an immunoassay 
for detection of AFP (alfa feto protein), a cancer biomarker based on signal ampli-
fi cation strategy using enzyme multilayers assembled multiwall carbon nanotubes 
(MWCNTs). The enhanced chemoluminescence system comprises luminol–H 2 O 2 - 
HRP (horseradish peroxidase)-BPB (bromophenol blue) utilizing MWCNTs as 
template carriers. The electrostatic layer-by-layer (LBL) self-assembly of nega-
tively charged HRP and polycation PDDA onto MWCNT carriers achieved signal 
amplifi cation with a detection limit of 8.0 pg/mL which is certainly more sensitive 
and two orders of magnitude lower than the standard ELISA method [ 97 ]. The 
above studies provide evidence that electrochemical methods utilizing CNT-based 
amplifi cation strategies present many more advances over existing methods and are 
likely to infl uence the fi eld of cancer diagnostics.  

19.9     Conclusions and Prospective Remarks 

 Several technologies have made tremendous advancements in cancer research, but 
the perfect therapy is still a distant goal. Hence, the use of nanotechnology strate-
gies to develop target-specifi c carriers which achieve better pharmacological pro-
fi les is gaining importance in the pharmaceutical and other industries. Nanohybrid 
materials are poised to emerge as a new avenue in cancer therapeutics. CNTs have 
not undergone the rigor of extensive investigations unlike the other nanocarriers, 
warranting more preclinical studies correlating the physical–chemical properties 
and biological response. The distinct properties of carbon nanotubes have made 
them a point of interest for many laboratories across the globe which have revealed 
improved biocompatibility and multimodal functionality to expect a better thera-
peutic outcome particularly for cancer therapy using CNTs. Cell internalization, 
higher drug loading capacity, photothermal response and electrochemically induced 
diagnostic capability are the critical features that make drug delivery systems mul-
tifunctional to be used effectively for cancer “theragnosis.”    
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 Physical and Biophysical Characteristics 
of Nanoparticles: Potential Impact 
on Targeted Drug Delivery 
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      Abbreviations 

   DMAB    Didodecyldimethylammonium bromide   
  DMAB    Didodecyldimethylammonium bromide   
  NPs    Nanoparticles   
  PEG    Poly(ethylene glycol)   
  PLA    Polylactide   
  PLGA    Polylactide- co -glycolide   
  RES    Reticuloendothelial system   
  TAB    Cetyltrimethylammonium bromide   
  TAT     Trans -activating transcriptor   

20.1           Introduction 

 In  nanomedicine  , targeting refers to directing therapeutics to pathological sites 
using nanocarriers as a delivery mechanism [ 1 ]. Nanotechnology-based targeted 
therapies are promising because (a) they potentially offer effective treatment at 
lower doses of therapeutics, thereby avoiding or reducing side effects, and (b) with 
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sustained-release nanoparticles (NPs), therapeutic drug levels can be maintained for 
a prolonged period, thus minimizing the frequency of dosing, improving effi cacy 
and patients’ compliance with the treatment [ 2 ,  3 ]. Here, for simplicity’s sake, we 
have categorized different types of nanocarriers used for drug delivery as NPs. First- 
generation NPs demonstrated promising results in achieving safe and effective 
treatment compared with conventional chemotherapeutic agents in clinical settings. 
The effi cacy of NPs has primarily been attributed to their ability to deliver higher 
doses of drugs than drugs alone without increasing toxicity. This ability was par-
ticularly noticeable with  anticancer drugs  , whose use must be carefully limited due 
to their increased toxicity at doses high enough to achieve tumor regression or con-
trol metastatic progression. For instance, the FDA-approved anticancer nanomedi-
cines Doxil ®  (a liposomal formulation of doxorubicin) and Abraxane ®  (a nanoscale 
albumin-bound form of paclitaxel) have been administered via NPs with signifi -
cantly reduced side effects to patients [ 4 – 6 ]. Second-generation NPs are aimed at 
achieving precise delivery of therapeutics to the targeted tissues or cells. It is 
expected that the amount of drug required to achieve therapeutic effects with 
second- generation NPs may be quite low, thus eventually reducing side effects and 
providing better effi cacy. In addition, intracellular drug delivery can overcome the 
most critical limitation of drug actions, i.e., multidrug  resistance  , which has been a 
major hurdle in cancer chemotherapy [ 7 ]. 

 NP targeting strategies can be broadly classifi ed into two categories: passive and 
active targeting [ 8 ]. Passive targeting depends on physicochemical properties of 
NPs and disease pathology, which may preferentially aid in the accumulation of 
NPs in the target tissue and hence reduce nonspecifi city [ 9 ]. For instance, passive 
targeting of NPs can be achieved in tumors and infl amed tissues [ 10 ]. In tumors, 
vascular leakiness is the result of increased angiogenesis [ 11 ]; therefore, NP accu-
mulation in tumor tissue is relatively higher than in normal tissues, a condition 
commonly known as the enhanced permeation retention or  EPR effect  . Similarly, 
under infl ammatory conditions, there is increased vascular/tissue permeability, such 
as in arthritic joints, due to an excessive amount of infl ammatory cytokines pro-
duced [ 12 ]. In active targeting, NP delivery is mediated through targeting ligands 
such as antibodies, peptides, and so on. This strategy aims at intracellular delivery 
of NPs due to specifi c interactions of the targeting moiety with a cell-surface anti-
gen or receptor [ 13 – 16 ]. NPs are coupled to one or multiple ligands that facilitate 
several drug molecules encapsulated in NPs to be imported into the target cell popu-
lation by means of receptor–ligand interaction. 

 In general, in the passive targeting strategy,  physical properties   of NPs such as 
size, shape, surface charge, hydrophilicity, hydrophobicity are modifi ed, whereas in 
active targeting, NPs are conjugated to ligands for receptors that are overexpressed 
in diseased cells or tissue. Currently approved NP formulations are made without 
any targeting ligand; however, 13  ligand-targeted   formulations, primarily conju-
gated to antibodies and developed for cancer therapy, have progressed to Phase I/II 
clinical trials. Although ligand-targeted NPs have been proven safe and effi cacious 
in preclinical models, their effi cacy in clinical studies has not been unambiguously 
proven yet [ 17 ]. 

C. Peetla and V. Labhasetwar



651

 One emerging approach entails developing targeted NPs without using targeting 
ligands. This method is based on understanding how physical and biophysical prop-
erties of NPs infl uence their interactions with biomolecules (such as proteins and 
the cell membrane), cells, and tissues, and the biodistribution, targeting, and clear-
ance of these NPs from the body. Such an approach can potentially avoid complex 
conjugation chemistry with targeting ligands. Such biochemical constructs have, in 
part, limited the translation of potential therapies into clinical practice because of 
the challenges presented in manufacturing them, as well as in confi rming their 
reproducibility, managing their high cost, and complying with additional regulatory 
requirements [ 18 ].  

20.2     Impact of Physical Characteristics of NPs 
on Cellular Uptake, Biodistribution, and Targeting 

 Targeting approaches can be developed by understanding the effects of physical 
and/or chemical characteristics of NPs, such as size, geometry/shape, surface 
charge, surface chemistry, hydrophilicity/hydrophobicity, roughness, rigidity, com-
position on cellular uptake, biodistribution, and hence ease of targeting. 

20.2.1     Role of NP Size in Cellular Uptake and Targeting 

 The effects of NP size (diameter) on targeting ability have been extensively investi-
gated with spherical NPs. It has been shown that NP size affects protein adsorption, 
blood circulation half-life, and renal clearance, as well as their ability to deliver 
therapeutics to the target site. For instance, Choi et al. [ 19 ] showed that only NPs 
below 5.5 nm in diameter clear from the blood circulation via the kidneys. As their 
size increases, NPs usually show a greater propensity to accumulate in the liver and 
spleen. No one particular NP size suits all clinical applications; however, generally 
for in vivo applications, NPs are prepared in the size range 10–300 nm. 

 Toy et al. [ 20 ] showed that tumor blood fl ow infl uences the localization of intra-
venously injected liposomes within the tumor in a size-dependent manner. The studies 
demonstrated that large liposomes (100 nm) effectively extravasate in fast-fl ow 
regions of the tumor, whereas smaller liposomes (65 nm) localized better in slow- 
fl ow regions. The study also showed that retention of actively targeted liposomes 
within the tumor varies with liposome size. In this case, liposomes of 100 nm 
showed no benefi ts at any fl ow rate, but active targeting substantially increased 
deposition of 30-nm liposomes in slow-fl ow tumor regions (∼12-fold increase) 
compared with nontargeted 30-nm liposomes. The results of these studies clearly 
demonstrate that not only the characteristics of NPs but also the biological environ-
ment around the disease condition infl uences targeting of NPs. 
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 Reddy et al. [ 21 ] showed that by controlling the size, NPs can be delivered to 
antigen-presenting cells, specifi cally dendritic cells, following their interstitial 
injection. In this study, the authors investigated the delivery of poly(ethylene glycol) 
(PEG)- stabilized poly(propylene sulfi de) NPs (of 20, 45, and 100 nm diameter) to 
dendritic cells in the lymph nodes. The results demonstrated that, compared to 100- 
nm NPs, NPs of 20 and 45 nm were effectively retained by lymph nodes for at least 
5 days, without requiring the use of any specifi c targeting ligand. The small NPs 
were shown to have internalized exclusively by nodal resident dendritic cells and 
other antigen-presenting cells. In a separate study, Manolova et al. [ 22 ] showed that 
NPs are drawn toward the draining lymph node in a size-dependent manner. For 
comparison, polystyrene fl uorescent NPs of different sizes (20–1,000 nm) were 
injected into the footpads of mice. The authors showed that large NPs (>500 nm) 
remained associated mostly with dendritic cells at the injection site, whereas small 
NPs (20–200 nm) were found in lymph node-resident dendritic cells and macro-
phages, suggesting free drainage of small NPs to the lymph nodes [ 22 ]. Thus the 
optimal size of NPs may depend on the target tissue or cell population or the route 
of administration. 

 A recent study aimed at determining the optimal size for maximum NP uptake by 
various tumor cell types suggested that even a 10-nm deviation from the optimal 
size can signifi cantly affect NP uptake [ 23 ]. In an in vivo study, Schadlich et al. [ 24 ] 
showed the signifi cance of tumor vascularity and the effect of narrow NP size dis-
tributions on targeting effi ciency. Furthermore, the study investigated the size- 
dependent accumulation of fl uorescently labeled polylactide (PLA)-PEG polymeric 
NPs using two different tumor xenograft models: HT20 colon and A2780 ovarian 
carcinoma. These two models showed quite different tumor structures, growth rates, 
and microenvironments. Using an in vivo fl uorescence imaging technique, the pat-
tern of accumulation of PLA-PEG NPs was found to be signifi cantly different in 
both tumor types; fl uorescence was observed primarily from the core region in the 
case of the HT29 tumor but not the A2780 tumors [ 24 ]. The results thus clearly sug-
gest that NP accumulation in tumors depends on the tumor type, which can also 
affect the effi cacy of the NP-mediated drug therapy. 

 We evaluated the effect of heterogeneity of NPs in two formulations. Most NP 
formulations comprise different NP populations that have distinctly different phys-
ical properties. To mimic this situation, we monitored the biodistribution of two 
different sized polylactide- co -glycolide (PLGA)-NPs (small and large, mean 
diameter = 70 nm and 202 nm, respectively), formulated using the same composi-
tion of polymer and emulsifi er, mixed at a 1:1 w/w ratio and injected intravenously 
in a prostate tumor xenograft mouse model. Two formulations were labeled with 
two different near-infrared dyes with emission wavelengths that can easily be 
distinguished from each other. This method allowed us to monitor biodistribution of 
small and large  PLGA-NPs   simultaneously. The results demonstrated notably 
different biodistributions; small NPs showed longer circulation time than large NPs 
( t  1/2  = 96 min vs. 13 min), accounted for 75 % of total NPs accumulated in the 
tumor, and showed a 13-fold greater tumor-to-liver signal intensity ratio than large 
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NPs [ 25 ] (Fig.  20.1 ). The data thus underscore the importance of formulating NPs 
with specifi c properties to enhance their targeting effi cacy and minimize nonspe-
cifi c distribution.  

 At the cellular level, NP size has been shown to affect the rate of cellular uptake 
of NPs, as it infl uences the mechanisms of internalization. Phagocytosis and pino-
cytosis (or fl uid-phase uptake) are two major endocytic mechanisms by which 
cells take up NPs [ 26 ]. Large NPs (>1 μm diameter) are generally internalized by 
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  Fig. 20.1     Quantifi cation of  in vivo  signal of small and large NPs.  Equal doses of large and small 
NPs loaded with different amounts of near-infrared dye were mixed and injected intravenously in 
prostate tumor-bearing mice. ( a ) Region of interest (ROI) created over the anatomic location of 
tumor. ( b ) Tumor accumulation of NPs. IV injection results in rapid uptake of NPs, which gradu-
ally drain out of tumor.  p  = 0.03 at 4 h post injection in tumor. Data are shown as mean ± s.e.m, 
 n  = 6. ( c ) Clearance of large and small NPs from blood. ( d ) Ex vivo imaging of tissues excised from 
mouse 48 h post intravenous injection of large and small NPs. Mice were perfused with heparin-
ized saline to remove NPs remaining in blood vessels before ex vivo imaging.  Red  indicates small 
NPs and  green  large NPs; white indicates autofl uorescence. Large NPs show a greater uptake into 
organs of the RES but little accumulation in other tissues. Small NPs show a greater uptake into 
tumor, kidneys, lungs, and heart. ( e ) Average signals from excised tissue after imaging with 
Maestro Ex were determined by drawing ROIs around each tissue. Large NPs showed a fi vefold 
accumulation in liver compared with small NPs. Small NPs showed a threefold accumulation in 
tumor with increased uptake by kidney. * p  ≤ 0.03, ** p  ≤ 0.01. Data are shown as mean ± s.e.m, 
 n  = 6. Reproduced from ref. [ 25 ]       
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phagocytotic mechanisms [ 27 ]. Pinocytosis is more relevant to NP cellular uptake 
and can occur either via adsorptive pinocytosis or via receptor-mediated endocyto-
sis [ 28 ]. It appears that NPs <50 nm accumulate in lymphatics and NPs of 70–200 nm 
 accumulate effectively within tumor tissue and that the upper limit for extravasation 
into solid tumors is ~400 nm [ 29 ]. 

 NPs of only one size are not optimal for targeting different tumor types, and the 
extent of a tumor’s vascularity must also be taken into account. In addition, the 
optimal size of NPs depends on the cells/tissue of interest and the route of adminis-
tration. Thus it can be stated that one standard formulation of NPs cannot be optimal 
for all disease conditions.  

20.2.2     Role of NP Geometry in Cellular Uptake and Targeting 

   Champion     et al. [ 30 ] have shown the ability to form nanoparticles and microparti-
cles of different shapes using two different techniques (Fig.  20.2 ). Several studies 
have reported that NP geometry affects the cellular uptake, blood-circulation time 
(due to differences in adhesion to blood vessels), and biodistribution of NPs [ 31 ]. 
For instance, Decuzzi et al. [ 32 ] reported that spherical and nonspherical NPs have 
varying distributions following intravenous injection. This study also found that 
compared with rod-shaped and spherical NPs, discoidal NPs showed less accumula-
tion in the liver. Kolhar et al. [ 33 ] demonstrated that the specifi city of endothelial 
targeting can be enhanced by engineering the shape of ligand-displaying NPs. Using 
in vitro microfl uidic systems that mimic the vasculature, the study predicted that 
compared with their spherical counterparts, rod-shaped NPs would show greater 

  Fig. 20.2     Nanoparticles and microparticles with different shapes.  Two different methods were 
developed to make nanoparticles and microparticles of different shapes. Micrographs of shapes 
made by one of the following techniques: ( a ) spheres; ( b ) rectangular disks; ( c ) rods; ( d ) worms; 
( e ) oblate ellipses; ( f ) elliptical disks; ( g ) shapes like “unidentifi ed fl ying objects”; and ( h ) circular 
disks. (Scale bars: 2 μm). The group has extensively studied the effect of shape on cellular uptake 
and biodistribution (reproduced from ref. [ 30 ]       
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accumulation in vascular endothelium. Based on a mathematical modeling of 
NP–surface interaction, the group has attributed higher specifi city of nanorods to 
endothelial cells due to their favored adhesion and reduced shear-induced detach-
ment than spherical NPs [ 34 ,  35 ]. In another study, Chauhan et al. [ 36 ] demon-
strated that rod-shaped NPs are transported through porous media more rapidly than 
spherical NPs of the same hydrodynamic size (34–36 nm). This group also revealed 
that nanorods diffuse more quickly (by up to an order of magnitude) than nano-
spheres through pores similar in size (100–400 nm) to those of tumor vasculature. 
The follow- up in vivo study demonstrated that nanorods penetrate tumors 4.1 times 
as rapidly as nanospheres.  

 At the cellular level, adhesion strength is lower for spherical NPs, but their inter-
nalization rate is higher than for nanorods. Studies have also shown that among NPs 
of either rod or sphere design, spherical NPs are taken up by cells more readily, 
whereas disk-like, cylindrical, and hemispherical NPs are more effi cient than spher-
ical ones at evading phagocytic cellular uptake [ 37 ]. Shape, volume, contact area, 
local curvature of NPs at the contact point, and initial orientation of NPs are all criti-
cal to the nature of the interaction between NPs and the lipid bilayer [ 38 ]. DeSimone 
et al. [ 39 ] found that, in contrast to cylindrical NPs, the internalization of rod-like 
NPs with high aspect ratios (depth: 150 nm, height: 450 nm, and volume: 
0.00795 μm) occurs more rapidly in HeLa cells, regardless of NP volume. In an 
interesting study, Peiris et al. [ 40 ] demonstrated that chain-shaped NPs (comprising 
four iron oxide nanospheres chemically linked in a linear assembly) target meta-
static tumors better than spherical NPs do. Using multimodal in vivo imaging, the 
authors showed that the chain confi guration of NPs enhances multivalent docking to 
the α v β 3  integrin receptors, which are overexpressed on tumor vasculature. Discher’s 
group [ 41 ] has extensively studied the effects of NP shape. They have shown that 
fl exible, worm-like fi lomicelles increase the amount of drug delivered to tumors and 
shrink tumors more effectively than spherical micelles do [ 41 ]. All these examples 
clearly demonstrate the role that NP shape plays in cellular uptake, biodistribution, 
and targeting of NPs. However, the shape effect in vitro and in vivo may differ and 
could very much depend upon cell type and target organ.  

20.2.3     Role of NP Surface Charge in Cellular Uptake 
and Targeting 

 The surface charge of NPs has been shown to infl uence their cell-entry, circulation 
half-life, and tissue retention capabilities. Cationic NPs are known to have short 
half-lives in vivo due to their interactions with blood proteins; this results in com-
plement activation and recognition of injected NPs by circulating monocytes and 
rapid clearance via the  reticuloendothelial system   (RES) [ 28 ]. It is believed that at 
the cellular level, compared with anionic NPs, cationic NPs show greater cellular 
uptake in the absence of serum in the media; this effect has been attributed to their 
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electrostatic interaction with the cell membrane. Cationic surfaces on NPs can interact 
with the negatively charged phospholipid head groups, proteins, and glycans on the 
cell surface, therefore NPs with cationic surfaces promote cellular binding, result-
ing in either uptake through endocytosis or direct penetration through the cell- 
surface membrane [ 27 ,  42 ]. Highly cationic NP surfaces could also bypass endocytic 
modes of entry, as the NPs can enter cells by creating holes in the cellular bilayer, 
but that might also cause cytotoxicity due to the diffusion of cytoplasmic content 
and interactions with intracellular components [ 27 ]. Anionic NPs show better 
cellular uptake than neutral NPs [ 43 ]. NPs with neutral methoxy surface groups 
have been found to be more immunocompatible than NPs with carboxy or amino 
surface groups [ 44 ]. The immunocompatibility properties of lipid-polymeric NPs 
with different surface charges were investigated by measuring the effects of car-
boxy, amino, and methoxy terminated  PEGylated NPs   on the degree of complement 
system activation, human plasma protein binding, and coagulation system activa-
tion. The study demonstrated that neutral methoxy surface groups are more immu-
nocompatible than NPs with anionic or cationic surface charges [ 44 ]. In general, 
NPs with a surface charge of <15 mV demonstrate minimal macrophage uptake, 
and hence longer circulation times and greater retention once in tumor tissue [ 45 ]. 
Cationic NPs show improved cellular uptake but cause nonspecifi c interactions 
in vivo [ 46 ]. It would be ideal to design NPs that at fi rst would carry a negative or 
neutral surface charge for a longer  circulation half-life   but which could then reverse 
their surface charge to cationic at the site of action to facilitate uptake of NPs into 
the targeted cell [ 47 ]. 

 Understanding the effects of even one physical parameter on biodistribution is 
quite complex because that parameter also simultaneously changes other character-
istics of NPs. For instance, in our recent study, we demonstrated that PLGA-NPs of 
different sizes also show different surface charges. Although both small and large 
NPs were prepared using the same composition of polymer and emulsifi er, each 
acquired a different zeta potential. Small NPs were less negative (almost neutral 
[ ζ  = -0.81 mV]) than large NPs ( ζ  = -16.15 mV) [ 25 ]. In summary, investigators have 
achieved a general understanding of the effects of the surface charge of NPs on their 
cellular uptake, interactions with proteins, immunocompatibility, and circulation 
half-life.  

20.2.4     Role of Hydrophilicity and Hydrophobicity in Cellular 
Uptake and Targeting 

 Surface hydrophobicity infl uences protein adsorption and cellular uptake of NPs, 
hence their ability to deliver therapeutics to targeted sites. Normally, NPs that are 
more hydrophobic than the cell-surface  membrane   are easily taken up by cells [ 27 ]; 
however, opsonins, which cause NP blood clearance by cells of the immune system [ 48 ], 
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also have a high affi nity for hydrophobic surfaces [ 49 ]. To prevent unwanted  protein 
binding   from plasma, NP surfaces are coated with PEG, a highly hydrophilic poly-
mer. PEG coating is known to prolong the circulation half-life of NPs [ 50 ]. In 
addition, the density and confi guration of PEG on the NP surface has been found to 
affect opsonization and biodistribution of NPs [ 51 ]. PEG confi gurations on the sur-
faces of NPs can exist as either extended brush-like structures or coiled mushroom 
or mushroom/brush intermediates. Of these two confi gurations, predominant brush-
like PEG surfaces have been shown to sterically suppress binding of opsonins such 
as the C3 protein. In addition, surface effects (such as nanoscale “roughness”) have 
been shown to minimize repulsive forces between cells and NP surfaces [ 52 ,  53 ]. 
However, several studies have recently reported opsonization and uptake of certain 
PEGylated NPs by the RES, indicating that PEGylation is not entirely effective in 
preventing protein adsorption [ 54 ]. It is possible that desorption of PEG or displace-
ment of PEG with proteins may occur over time [ 55 ,  56 ].   

20.3     Impact of NP Interfacial Interactions on Cellular 
Uptake, Biodistribution, and Targeting 

 By virtue of advances in material and colloidal sciences, NPs can be prepared with 
different size, shape, surface property, drug loading, and release features. However, 
targeted drug therapy remains a challenge. This may in part be due to the gap 
between the in vitro methods used for NP characterization and their relevance to 
in vivo conditions. The in vitro models used do not provide information about bio-
physical responses of cells upon contact with NPs, which may be involved in the 
cellular uptake process. For example, the NP uptake process may include NP bind-
ing with the cell membrane, conformational changes in membrane proteins, and 
changes in local membrane lipid arrangement [ 57 ]. Basically, current characteriza-
tion techniques do not account for interactions occurring at the interface between 
NPs and biological systems. In particular, we have very limited knowledge about 
the role of dynamic interactions between NP and proteins or between NP and cell 
membrane lipids and their relevance to the biodistribution and targeting of NPs. 

20.3.1     Biophysical Characterization of NP–Protein 
Interactions for Targeting Tissues 

 Following intravenous injection, the NP surface is covered by a protein corona. The 
adsorbed protein corona can alter the NP’s size, surface charge, aggregation state, 
and other characteristics. Furthermore, the NP–protein interface undergoes continu-
ous changes because of the dynamic nature of NP–protein interaction. NP fate and 
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destination are greatly affected by the thickness, density, and affi nity of the protein 
corona, which in turn depends on NP characteristics such as size, surface charge, 
physiological environment (blood, interstitial fl uid, etc.) [ 58 ]. It is now clearly 
understood that besides size and shape of NPs, the protein corona is the other 
primary defi ning element of NP transport kinetics in biological media [ 59 ,  60 ]. 
For instance, adsorption of opsonins such as IgG, complement factors, and fi brinogen 
leads to removal of NPs from the systemic circulation via cells of the RES [ 61 ]. NPs 
adsorbed by opsonin tend to sequester in the RES organs very rapidly and concen-
trate in the liver and spleen [ 62 ]. In contrast, the presence of dysopsonin seems to 
prolong blood circulation times of NPs. For instance, albumin-bound forms of 
paclitaxel (Abraxane ® ) have been shown to target tumors because of the drug’s pro-
longed circulation time as it avoids clearance by the RES [ 63 ]. 

 Lundqvist et al. [ 64 ] studied the effects of NP size on the formation of the long- 
lived (“hard”) protein corona from human plasma. To perform systematic studies of 
the effects of surface properties and size on the detailed protein corona, six polysty-
rene NPs that differed in surface chemistry (plain, carboxyl-modifi ed, or amine- 
modifi ed) and size (50 nm vs. 100 nm) were used. The study demonstrated that NP 
size alters the nature of the biologically active proteins in the corona. At nanoscale, 
the surface curvature infl uences protein adsorption, so that protein-binding affi nities 
for the NP surface will differ with NP size [ 65 ]. 

 Fibronectin has been shown to form a complex with polystyrene NPs, thereby 
allowing these NPs to be primarily taken up by Kupffer cells [ 60 ]. Another study 
showed that an increase in the amount of C3 and IgG on the surface of lecithin- 
coated polystyrene NPs was correlated with an increase in hepatic uptake by Kupffer 
cells [ 66 ]. In addition, studies have shown that the attachment of apolipoproteins 
(Apo), such as ApoE, ApoA-I, and ApoB-100, to poly(butylcyanoacrylate) NPs 
facilitates drug transport into the brain by enabling NP interaction with brain 
endothelial cells. In terms of specifi c apolipoproteins, ApoE binding was shown to 
be important for the transport of drugs across the blood–brain barrier [ 67 ,  68 ]. 

 In general, studies have shown that the type, thickness, quantity, and conforma-
tion of the adsorbed proteins infl uence the protein structure on the NP surface. 
Therefore, it is critical to understand the relationship between NP surface character-
istics and the protein corona to guide and control in vivo NP behavior [ 69 ]. Currently, 
several in situ or ex situ techniques are being used to analyze each of the above 
parameters of the protein corona. Basically, in situ techniques measure the protein 
corona while NPs are dispersed in a physiological environment. For instance, the 
thickness of the protein corona can be measured by using either dynamic light scat-
tering or colorimetric protein assays, which measure the density of the adsorbed 
protein layer [ 70 ]. Most other methods used require the isolation of proteins from 
the NP surface. 

 The conformation of adsorbed proteins is measured using circular dichroism or 
tryptophan fl uorescence quenching [ 71 ]. The affi nity of NP–protein interactions can 
be assessed using isothermal titration calorimetry or surface plasmon resonance. 
Isothermal titration calorimetry provides additional information on the thermody-

C. Peetla and V. Labhasetwar



659

namics of protein adsorption, and surface plasmon resonance provides information 
on adsorption kinetics [ 72 ]. Typically, either differential centrifugation or size 
exclusion chromatography is used for isolation of bound proteins [ 73 ]. These tech-
niques exploit differences in the size and/or density of nanomaterials relative to the 
unbound protein. 

 Besides experimental techniques, NP–protein interactions are also studied by 
computer simulation studies. These simulation studies provide information about 
protein orientation and conformation with exceptionally high spatial and temporal 
resolution. Several studies have used in silico simulation to study protein adsorption 
to nanomaterials as a function of surface ligand structure, surface curvature, and 
other factors [ 74 ,  75 ]. 

 However, current methods used for the biophysical characterization of NP–
protein interactions also have several drawbacks. For instance, ex situ measure-
ments require isolation of proteins; therefore they do not accurately refl ect the 
protein corona in vivo. Very few techniques are capable of providing information on 
the structure of the protein corona. Current computational power is not suffi cient to 
handle the complexity of competitive protein adsorption in a physiological environ-
ment [ 76 ]. To overcome these barriers, current research is focused on improving the 
techniques and strategies by which to study the protein corona with structural details 
and molecular resolution. There is an emerging fi eld to characterize proteins bound 
to NPs as a function of their characteristics, study biodistribution, and identify 
which particular protein or group of proteins are responsible for targeting of NPs to 
a particular tissue.  

20.3.2     Biophysical Characterization of NP–Cell Membrane 
Lipid Interactions for Targeting Cells 

 To develop NPs that can effectively deliver drugs to intracellular locations, one 
needs to understand the interactions occurring between NP and cell membranes. 
Recently, there is growing evidence that the cell membrane’s biophysical proper-
ties infl uence cellular functions in regard to drug transport by NPs [ 7 ]. For 
instance, the cell membrane’s biophysical properties have been shown to affect 
endocytic functions, which play a critical role in NP uptake [ 77 ,  78 ]. The com-
plexity of the processes involved in NP uptake by cells and the intricacy of cell 
membranes make the study of these biophysical interactions more diffi cult to per-
form in live cells and in real time. Therefore, simplifi ed artifi cial membrane 
systems, which mimic the natural bilayer lipid membrane, have been developed to 
study these interactions [ 79 ]. 

 In our initial studies, we focused on understanding the interactions of NPs and 
cell model membranes and how these interactions correlate to cellular uptake of 
NPs [ 80 ]. In a subsequent series of experiments, we have studied the specifi city of 
interactions of NPs with the membrane lipids of cancerous vs. normal cells and 
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whether that specifi city leads to better targeting of NPs to tumor in vivo. We dem-
onstrated a remarkable difference in biophysical interactions of the  trans -activating 
transcriptor (TAT) peptide-modifi ed and scrambled  TAT peptide  -modifi ed NPs with 
model membrane, despite the fact that both types of NPs were of similar size and 
surface charge [ 81 ]. Using a  Langmuir fi lm   balance, we found that TAT peptide- 
modifi ed NPs showed an increase in surface pressure of the membrane, whereas the 
scrambled TAT peptide-modifi ed NPs did not. Also, TAT peptide-modifi ed NPs 
showed increased cellular uptake over unmodifi ed NPs, whereas scrambled TAT 
peptide-modifi ed NPs did not show any signifi cant differences vs. unmodifi ed NPs. 
In a similar set of experiments, we demonstrated that the molecular structure of 
 cationic surfactants   infl uences the cellular uptake of surfactant-modifi ed NPs. 
Dichain didodecyldimethylammoniumbromide (DMAB)-modifi ed NPs showed 
greater biophysical interaction with  model membranes   and greater cellular uptake 
than single-chain decyltrimethylammoniumbromide (DTAB)-modifi ed NPs, 
although both types of NPs were of similar size and surface charge [ 82 ]. Further 
analysis of model membranes by atomic force microscopy following interaction 
with modifi ed NPs demonstrated that DMAB-NPs penetrated the model membrane, 
whereas single-chain cationic cetyltrimethylammoniumbromide (CTAB)-modifi ed 
NPs anchored to the membrane, suggesting their ionic interactions with anionic 
headgroups of lipids (Fig.  20.3 ). Both studies suggest that the molecular structure of 
the peptide and surfactant rather than the surface charge of NPs infl uences biophysi-
cal interactions with the lipid membrane.  

 Using biophysical characterization methods, we have shown that the membrane 
lipids of doxorubicin-resistant  breast cancer   cells (MCF-7/Adr) form a rigid mem-
brane, which could be responsible for impaired endocytic function in resistant cells. 
On the other hand, the membrane lipids of doxorubicin-sensitive cells (MCF-7) 
formed a fl uid membrane, which showed endocytic uptake of NPs and a dose- 
dependent antiproliferative effect with doxorubicin-loaded NPs. Resistant cells did 
not demonstrate the same dose-dependent antiproliferative effect due to impaired 
endocytic function in these cells, which affected intracellular drug delivery [ 77 ,  78 ]. 
The results of this study clearly suggest the signifi cance of biophysical interactions 
of NPs with the cell membrane in the NP uptake process. 

 In a separate study, we demonstrated that DMAB-modifi ed NPs showed greater 
biophysical interaction with the membrane lipids of prostate cancer cells than with 
those of normal endothelial cells. This specifi city of interaction of DMAB-modifi ed 
NPS with cancer cell lipids correlated to their increased effi cacy in inhibiting tumor 
growth using a p53 gene-loaded modifi ed NPs vs. unmodifi ed p53 gene-loaded NPs 
[ 83 ]. To predict and understand the dynamic interactions of NP surfaces with bio-
logical environments, computational simulation techniques such as all atom Monte 
Carlo, molecular dynamics methods, and coarse-grained methods have recently 
been used [ 84 ,  85 ]. Based on our results, it seems feasible to explore biophysical 
interactions to design NPs with the ability to target particular cells/tissue.   
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20.4     Impact of Physical and Biophysical Targeting 
Approaches on Clinical Translation of NPs 

 Targeting approaches based on physical and biophysical characteristics of NPs 
will be advantageous in clinical translation and the subsequent path to commer-
cialization. For instance, conventional preparation of targeted NPs involves NP 
core formation, followed by bioconjugation with a targeting ligand to the NP sur-
face [ 86 ]. Multiple chemical processing steps are involved in the formulation of 

  Fig. 20.3     Surfactant structure on NP surface infl uences NP biophysical interactions with mem-
brane lipids . Changes in Langmuir-Schaefer fi lm morphology of endothelial model membrane 
following interactions with different surfactant-modifi ed polystyrene-NPs (PS-NPs). Langmuir–
Schaefer fi lms were transferred onto a silicon substrate following interaction with PS-NPs for 
20 min, and imaging was carried out using tapping-mode atomic force microscopy in air. ( a ) 
Endothelial model membrane transferred at surface pressure 30 mN/m. ( b ,  c ,  d , and  e ) Images of 
endothelial model membrane following interaction with DMAB-, CTAB-, DTAB-, and polyvinyl 
alcohol (PVA)-modifi ed NPs, respectively. Phase angle scale for all images was 50°. Height scales 
for images:  a ,  d  = 3 nm;  b ,  c ,  f  = 50 nm;  e  = 200 nm. Section analysis was carried out on atomic 
force microscopic height images across the white line. Height scale for 3-D height images = 50 nm. 
Scan size = 2 μm. Reproduced from [ 82 ]       
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ligand- conjugated NPs and their purifi cation. These processing steps infl uence the 
reproducibility of NP surface properties, resulting in batch-to-batch variability that 
may substantially increase the level of diffi culty in predicting behavior of NPs in a 
biological system [ 87 ]. By developing targeting approaches using physical charac-
teristics, one can eliminate these multiple steps in processing, thereby improving 
the chances of reproducibility. Indeed, using PRINT ®  (Particle Replication In Non- 
Wetting Templates, Liquidia, Research Triangle Park, NC) and other similar 
technologies, one can produce NPs that vary narrowly from each other in their bio-
physicochemical properties [ 39 ]. In addition, a physical targeting approach reduces 
the number of components required compared with the multicomponent nature of 
ligand-targeted NPs.  

20.5     Conclusions 

 It is clearly evident that the physical characteristics of NPs play a signifi cant role in 
their interactions with proteins, cells, and tissues and also infl uence biodistribution. 
Although it is a complex correlation, we have achieved some generalized under-
standing of NP characteristics and their effects on in vivo disposition. The complex-
ity is partly due to variations in the NPs being investigated, which affect their 
interactions with the biological environment. Another cofounding variation comes 
from differences in the biology of target tissues or pathological variations in 
diseased tissues. A better understanding of the role of physical and biophysical 
characteristics and their signifi cance in  biodistribution   in vivo could potentially 
offer a new approach to designing targeted NPs, ultimately improving patient care.   
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    Chapter 21   
 In Vivo Imaging Techniques 
of the Nanocarriers Used for Targeted 
Drug Delivery 

             Sudha     Rana    ,     Amit     Tyagi    ,     Nabo     Kumar     Chaudhury    , 
and     Rakesh     Kumar     Sharma    

21.1             Introduction 

 There has been keen interest in the development of a novel drug delivery system 
with aims to deliver the drug at a rate needed by the body during the period of treat-
ment, and also to direct the active entity to the site of action. However, at present, 
no available drug delivery system behaves ideally achieving all the lofty goals, a 
sincere attempt is underway to achieve them through different novel approaches in 
drug delivery [ 1 ,  2 ]. Among them, encapsulation or entrapment of the drug in vesic-
ular or microparticulate/nanoparticulate structures is one such system widely inves-
tigated actively over the last 3–4 decades. These systems are designed with 
possibility to prolong the existence of the drug in systematic circulation, and reduce 
the toxicity, if selective uptake can be achieved [ 3 – 5 ]. Many limitations identifi ed 
in conventional chemotherapy like ineffective permeation across biomembranes, 
lack of selective uptake leading to very high volume of distribution in the body 
could be overcome by use of targeted drug delivery (TDD) systems [ 6 ]. Particulate 
systems, such as nanoparticles and dendrimers could be used for site-specifi c and 
sustained delivery of drugs. Such delivery systems will likely modify the disposi-
tion of drugs at the target site, sustain drug release, reduce toxicity to the other tis-
sues, and increase intracellular levels of the drug. Advent of the nanotechnology 
paved the way to develop various nanoparticles prepared out of polymers, lipids, 
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inorganic substances like calcium phosphate, silicates and from carbon nanotubes. 
Nanocarriers are playing a major role in modelling biological membranes and in the 
transport and targeting medicinal agent for the TDD. 

 Noninvasive imaging techniques are becoming popular in drug delivery/evalua-
tion process for target organ. These methods are including gamma scintigraphy, 
functional magnetic resonance imaging (fMRI/MRI), X-ray computed tomography, 
optical imaging, positron emission tomography (PET), and fl uorescence imaging. 
In PET, the radionuclides used are elements such as carbon ( 11 C), oxygen ( 15 O), 
nitrogen ( 13 N), and fl uorine ( 18 F), which have made the technique of pharmacoscin-
tigraphy broader in application but, at the same time, more expensive for routine 
purposes. On the other hand, MRI exploits the differences in relaxation rates of 
water protons in tissues, translating them into three-dimensional anatomical infor-
mation. MRI is generally used to generate anatomical information; however, during 
last 10 years, MRI has demonstrated impressive capabilities for perfusion imaging. 
At the present time, the capabilities for MRI imaging of biochemical processes, 
such as receptor binding, have not yet been demonstrated. Figure  21.1  represents the 
different advanced noninvasive in vivo imaging technologies.  

 The fi eld of nuclear medicine has progressed tremendously. Application of the 
short-lived radiation emitting radionuclides in routine medicine for therapeutic or 
diagnostic purposes is well established. In vivo imaging using radionuclides has 
been studied for the determination of physiology rather than the anatomy, which 
serves the purpose of being functional in nature. Gamma radiation has also been a 
part of this progress over the years for drug delivery assessment. The quantitative 

     Fig. 21.1    Representing 
noninvasive in vivo imaging 
techniques for the evaluation 
of the nanocarrier based 
targeted drug delivery       
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nature of the imaging techniques makes them a viable tool for investigation, wherein 
correlations can be drawn regarding the pharmacology of the molecule, the pharma-
cokinetics related, and in drawing a proof of concept for a delivery system in a tar-
geted organ. The reliability and reproducibility of the imaging techniques employed 
make them an acceptable technique in the advent future.  

21.2     Nanocarriers 

 Nanotechnology-based drug delivery systems (i.e., nanoparticles and liposomes) 
have been investigated at large. Nanocarriers are nanomaterial being used as a trans-
port module for targeted drug delivery TDD, useful in the drug delivery process 
because they can deliver drugs to specifi c sites, certain cells or organs but not in 
others. Their unique characteristics demonstrate potential use in chemotherapy drug 
interaction with the diseased tissues. The advantages of this system is the reduction 
in the frequency of the dosages taken by the patient, having a more uniform effect of 
the drug with reduced drug’s side effects and fl uctuation in circulating drug levels [ 7 ]. 
Nanocarriers such as polymer conjugates, polymeric nanoparticles, lipid-based car-
riers, dendrimers, carbon nanotubes, gold nanoparticles, gold nanoshells and nano-
cages are currently using for TDD [ 8 ,  9 ]. TDD using nanocarriers to its site of action 
has been attributed to a signifi cant reduction in the drug toxicity, and reduces the 
dose required by the individual at the same time. As a result, the therapeutic goals 
can be achieved with signifi cantly less amounts of drug on a weight basis. In cases 
where site targeting of drugs is performed, it is quite diffi cult to assess pharmacoki-
netics at the site of action or at the level of the targeted organ. In such cases, where 
the process of assessment is a challenge, scintigraphic techniques can help propel 
the development of novel products that otherwise would fail at some point in the 
development pipeline. Another factor responsible for the failure of novel products 
is the inability of innovators to develop an in vitro—in vivo co-relationship for the 
complex release mechanism of these products. This can be overcome by scinti-
graphic techniques, which enable us in demonstrating the release mechanisms in a 
more realistic way. 

21.2.1     Nanocarrier Targeted Drug Delivery 

 The use of nanoparticulate carriers to enhance the in vivo effi ciency of many drugs 
is well established itself over the past few decades. Surface modifi cation of phar-
maceutical nanocarriers such as liposome, micelles, nanocapsules, polymeric 
nanoparticles, solid lipid particles, niosomes, and others is commonly used for 
delivery of drugs in different targeted organs to improve its effectiveness. 
Nanocarrier TDD provides an opportunity to provide maximum chance of success of 
simultaneously perform various therapeutically or diagnostically important functions. 
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The most important results of such modifi cation include an increased stability and 
half-life of nanocarriers in the circulation, specifi c biodistribution, passive/active 
targeting into the targeted organ, responsiveness to local physiological stimuli such 
as pathology- associated changes in local pH and/or temperature, and ability to 
serve as imaging/contrast agents for various imaging modalities (gamma scintigra-
phy, magnetic resonance imaging, computed tomography, fl uorescence). 

 Currently used pharmaceutical nanocarriers such as liposomes, micelles, nano-
emulsions, polymeric nanoparticles, and others demonstrate a variety of character-
istics such as longevity/retention in the blood allowing for their accumulation in 
targeted/pathological areas or organs with compromised vasculature. TDD involves 
various specifi c targeting ligands attached to the surface of the nanocarriers that 
enhanced intracellular penetration with the help of surface-attached cell-penetrating 
molecules, contrast properties due to the carrier loading with various contrast mate-
rials allowing for direct carrier visualization in vivo and stimuli-sensitivity allowed 
for drug release from the carriers under certain physiological conditions. Similarly, 
the engineering of multifunctional pharmaceutical nanocarriers combining several 
useful properties in one particle can signifi cantly enhance the effi cacy of many ther-
apeutic and diagnostic procedures. Site-specifi city is a major therapeutic benefi t 
avoids from being delivery of drugs to the wrong places. Nanocarriers show prom-
ise for use in chemotherapy because they can decrease the adverse, broader-scale 
toxicity on healthy. Generally most of the chemotherapy drugs are extremely toxic 
in nature obligate to deliver the drugs to targeted organs, e.g., tumor or brain without 
being released into other parts of the body. Nanocarrier based drug delivery for the 
hydrophobic drugs are major advantages because the human body contains mostly 
water is a major therapeutic benefi t. Some nanocarriers contain nanotube arrays that 
may allow them to deliver both hydrophobic and hydrophilic drugs [ 10 – 12 ].   

21.3     In Vivo Noninvasive Imaging 

 Noninvasive imaging techniques have provided valuable insights into a variety of 
complex systems and processes and increasingly being used in basic, preclinical 
and clinical research. It allows measurement of tiny changes in the body. Imaging 
technologies have improved their sensitivities to image different types of noninva-
sive cancers such as ovarian cancer, breast cancer by using the noninvasive imag-
ing technologies such as gamma scintigraphy, MRI, PET, CT, fl uorescence, and 
optical imaging. Since these devices are almost identical for animals and humans, 
they are becoming increasingly popular. Photoacoustic Tomography (PAT) is a rap-
idly emerging noninvasive imaging technology that integrates the merits of high 
optical contrast with high ultrasound resolution. Multifunctional and water-soluble 
super paramagnetic iron oxide (SPIO) nanocarriers are developed for targeted drug 
delivery using PET/MRI, routinely used as a tool of clinical radiology [ 13 – 16 ]. 
These techniques provide a handy tool for evaluating targeted drug delivery using 
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novel drug carrier systems. This paper considers current status and possible future 
directions in the emerging area of multifunctional nanocarriers those are specifi -
cally studied for specifi c characteristics as longevity, targetability, intracellular 
penetration, and contrast loading. Figure  21.2  represents the different modes of 
drug targeting for tumor.   

21.4     In Vivo Noninvasive Imaging Techniques 

 Advanced noninvasive in vivo imaging technologies used for TDD are presented in 
and briefl y discussed here as follows: 

21.4.1     Gamma Scintigraphy Technique 

 Gamma scintigraphy imaging technique has been used in medicine for diagnostic 
or therapeutic purposes, an emerging and advanced technology. Over the last few 
years, this functional imaging technique has been utilized for the evaluation of tar-
geted drugs/drug delivery systems that provides rapid and accurate information of 
drugs. The principle of this technique involves tagging of suitable γ-emitting/
positron- emitting radionuclide with the active constituent or excipient of the formu-
lation. The dosage form is then administered via the intended route and the subject 
is scanned under a gamma camera. Thus, real time information regarding the site, 
extent and rate of drug release could be obtained giving qualitative (scintigraph) 
and quantitative data (radioactivity counts). Gamma scintigraphy method presents 
the best opportunity for characterization of fl uid distributions in 2D and 3D at the 
Darcy scale. 

  Fig. 21.2    Tumor targeted 
drug delivery       
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 Technetium ( 99mTc ) is one of the most popular isotopes. It has a relatively short but 
optimum half-life of 6 h, during which the imaging can be completed. On the other 
hand, thorium ( 201 Th) is not used despite its very long half-life of 3 days. Short half- 
life isotopes, such as krypton ( 81m Kr), do not allow the preparation of the test formu-
lation and subsequent administration and imaging to be carried out. Moreover, the 
signal–noise ratio drops to a level where the later images are of poor quality. To 
overcome this problem, initial activity levels may be rose, which results in a larger 
absorbed radiation dose for the subject. On the other hand, isotopes with a longer 
half-life also show a greater absorbed radiation dose. For the purpose of pharmacos-
cintigraphy, another class of isotopes that can be used includes those that do not 
spontaneously emit gamma radiation, but are activated by a neutron fl ux to release 
gamma radiation. Both enriched and naturally abundant forms are used in neutron 
activation–based gamma scintigraphy. Table  21.1  lists radionuclides commonly 
used in traditional gamma scintigraphy.

   A good marker for neutron activation-based gamma scintigraphy must possess 
certain properties in that (1) the cross-section for neutron capture must be large, (2) 
the gamma quanta emitted by the daughter nuclide must have energies suitable for 
gamma imaging (100–400 keV), and (3) neutron irradiation must not produce sig-
nifi cant amounts of alpha or beta-emitting daughter nuclides. The most commonly 
used isotopes for neutron activation–based gamma scintigraphy are barium ( 138 Ba), 
samarium ( 152 Sm), and erbium ( 170 Er). These isotopes are expensive for research 
purposes, and hence natural abundant forms have been used with good results. 

 Nanotechnology-based nanocarriers such nanoparticles and liposomes are being 
investigated for various novel applications at large scale. In cases where site targeting 
of drugs have to perform is quite diffi cult to assess pharmacokinetics at the site of 

      Table 21.1    Properties of the radionuclides commonly used in traditional gamma scintigraphy   

 S. no.  Radionuclide 
 Type of 
decay 

 Principal 
photon energy 
(keV) 

 Physical 
half-life 

 Type(s) of 
radiation 
emitted 

 Mode of 
decay 

 1  Technetium 
( 99m Tc) 

 Electron 
capture 

 140  6 h  γ radiation  -to  99 Ru 

 2  Krypton ( 81m Kr)  Isomer 
transition 

 191  13 s  positron, γ 
radiation and β 
particles 

 -to  83 Ru 

 3  Indium ( 111 In)  Electron 
capture 

 173, 247  2.8 days  β particles  -to  201 Pb 

 4  Iodine ( 123 I)  Electron 
capture 

 160  13 h  γ radiation and β 
particles 

 –to  131 Xe 

 5  Iodine ( 131 I)  Beta 
emission 

 360  8 days  γ radiation and β 
particles 

 –to  131 Xe 

 6  Thorium ( 201 Th)  Electron 
capture 

 78  73.1 h  α and β particles  -to   201  Pb 

 7  Thallium ( 201 Tl)  Gamma 
emission 

 135–167  72.912 h  γ radiation  –to  201 Pb 
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action or at the level of the targeted organ by conventional techniques. In such cases, 
scintigraphic technique can be used which enables us to demonstrate the release 
mechanisms in a more realistic way. Another approach is targeting the drug(s) to its 
site of action, attributing it to a signifi cant reduction in drug toxicity, and reducing 
the dose required by an individual at the same time. 

 Gamma scintigraphy offers a great advantage over conventional pharmacoki-
netic methods for assessment of inhaled drug delivery systems for differences in 
regional lung deposition. Researchers worldwide have made use of gamma scintig-
raphy [ 17 ]. The most effi cient method currently available for assessing the equiva-
lence of inhaled medications in the lung region (central, intermediate, and peripheral 
sections) which branched into the respiratory tree, mixed, and alveolar region [ 18 ]. 
Ventilation scintigraphy technique involves radiolabeling of the drug, usually with 
 99m Tc, validating the particle size of the drug. After radiolabeling the drug with suit-
able radiotracer, the respiratory fraction for any inhaled medication, i.e., the fraction 
of drug deposited in the central, intermediate, and peripheral lung, can then be cal-
culated from serial scintigraphic scans. Visual comparison between the lung images 
can be done to record movement of the deposited drug with time from one compart-
ment to another. This technique has been successfully used in development, charac-
terization, and comparison of a number of respiratory nano-formulations [ 19 ,  20 ]. 

 Drug delivery to ocular region is a challenging task because only 1–2 % of drug 
remains available in eye for therapeutic action and rest of the drug drains out through 
nasolachrymal drainage system and other ocular physiological barriers. To overcome 
these problems of conventional dosage form, novel ocular drug delivery systems are 
being explored all over the world. Pharmacoscintigraphy can be a powerful tool to 
evaluate ocular drug delivery systems too. Precorneal retention and lacrimal clear-
ance could be studied successfully employing this technique. Pharmacoscintigraphy 
can be used to study the exact site of release, integrity of the formulation and 
percentage of drug released and absorbed into the systemic circulation. Figure  21.3  
is depicting the Atropine sulfate- 99m Tc DTPA formulation release studies and 
real time absorption into the systemic circulation using Pharmacoscintigraphy 
technique. Figure  21.4  is the presentation of gastric emptying studies after oral 
administration of 99mTc-DTPA suspension employing scintigraphic technique [ 21 ] 
(data unpublished).   

 Site-specifi c targeted drug delivery negotiates an exclusive delivery to specifi c 
pre-identifi ed compartment with maximum intrinsic activity of the drug and con-
comitantly reduced access of the drug to other irrelevant non-target cells/sites. A 
number of strategies are followed to target various body tissues and organs such as 
liposomes, colloidal systems, and dendrimers for TDD research. Incorporation of 
drugs into delivery carriers prevents degradation, targets drugs to the site of action, 
and reduces toxicity or side effects by modifying their in vivo distribution. In the 
process of targeting, systemic toxicity is avoided and the amount of drug reaching the 
site of action is also increased. As a consequence, the required dose may be reduced. 
Active investigation in this fi eld has been observed in recent years. 117 Radiolabeling 
of drugs and their carriers to study their in vivo distribution has been widely 
attempted. In addition to being noninvasive, this evaluation method also has the 
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advantage of monitoring the movement of the formulation to the targeting site, where 
it remains localized. The model drug, an antiretroviral called stavudine, is rapidly 
excreted by the renal route and the scintigrams observed were in accordance with this 
fact. When a liposome-based formulation was used, the formulation was evenly 
accumulated in the liver and spleen, which reduced the renal excretion of the drug.  

21.4.2     X-Ray Computed Tomography Imaging Technique 

 X-ray computed tomography (CT) is a well-established noninvasive imaging 
technique employed for a variety of research as well as clinical applications. 
Specifi cally, CT imaging as a diagnostic tool allows for 3D visual reconstruction 

  Fig. 21.3    Atropine sulfate- 99m Tc DTPA formulation release studies and real time absorption into 
the systemic circulation using pharmacoscintigraphy technique       
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and segmentation of the tissues of interest. High resolution CT systems can be used 
to perform non-destructive 3D imaging of a variety of tissue types and organ sys-
tems, e.g., gastrointestinal tract, cardiovascular system, renal tract, liver, lungs, 
bone, cartilage, tumorous tissue. It is one of the most prevalent diagnostic tools in 
terms of frequency-of-use and hospital availability. The CT contrast agent should 
localize or target the tissue of interest, improve the visualization of the target tissue, 
its longer tissue retention-time possess favorable bio-distribution and pharmacoki-
netic profi les. Contrast agent should be readily soluble or form stable suspensions at 
aqueous physiological conditions at appropriate pH and osmolality with low viscos-
ity with least toxicity of metabolites. In order to achieve higher levels of X-ray 
attenuation than observed for biological tissue, elements of higher atomic number 
( Z ) are incorporated into the contrast agent molecule. Iodine ( Z  = 53) has historically 
been the atom of choice for CT imaging applications. Sodium and lithium iodide 
were among the fi rst water-soluble imaging agents [ 14 ]. 

 Nanoparticles preferably accumulate in solid tumors by means of passive convec-
tive transport through leaky endothelium (extravasation) with the pore size of approx-
imately 100–800 nm enhance the permeation and retention effect. PEGylated 
liposomes (100 nm), carrying iodinated contrast agents such as iopamidol, or iodixa-
nol can be used as blood-pool imaging agents for visualization of breast tumor lesions. 

  Fig. 21.4    Scintigraphic evaluation of gastric emptying after oral administration of 99mTc-DTPA 
suspension       
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Utility of these liposomal contrast agents for imaging of tumor angiogenesis was 
successfully demonstrated in rodents. The X-ray imaging obtained can be used to 
predict the proper therapeutic gap fi lling and the effective of treatment by nano fi lled 
composite resin as presented in Fig.  21.5  [ 22 ] (data unpublished).  

 Gold nanoparticles (AuNPs) are an ideal radiopaque nanoparticulate contrast 
media because gold has both a high density and a high atomic number and thus 
AuNPs possess favorable X-ray attenuating properties. Gold provides about 2.7 
times greater contrast per unit weight than iodine. AuNPs have been investigated 
since many years as a nanocarrier for the targeted drug delivery and also for other 
clinical applications. AuNPs are using widely due to the relative ease of synthesis 
and good control over their size, ease of surface modifi cation with various biologi-
cally or diagnostically important molecules along with and good bio-tolerability 
and non-toxicity [ 23 ]. Current clinical CT scanners are capable of acquiring high 
resolution 3D isotropic images of the body within few minutes, less time consum-
ing, less expensive and more readily available than other medical imaging technolo-
gies like MRI and PET. 

 Although CT contrast agents offer safety and imaging effi cacy, they do suffer 
from several drawbacks, which prevent them from being used for all applications:

 –    They exhibit nonspecifi c biodistribution.  
 –   Due to their relatively small size they tend to undergo rapid renal clearance from 

the body.  
 –   The often high osmolality and/or high viscosity of the contrast media formula-

tions can lead to renal toxicity and adverse physiological effects.  

  Fig. 21.5    Radiograph (RVG) of tooth restored with nano fi lled composite resin       
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 –   High “per dose” concentrations are required.  
 –   High rates of extravasation and equilibration between intravascular and extra-

vascular compartments at the capillary level often make it diffi cult to obtain 
meaningful and clear CT images.     

21.4.3     Magnetic Resonance Imaging (MRI) Technique 

 MRI is a physical phenomenon in which nuclei in a magnetic fi eld absorb and re- 
emit electromagnetic radiation energy allowing the observation of magnetic proper-
ties of the atomic nucleus. Typically MRI is not capable of sensing biochemical 
activities. However, recently emerged activatable MRI contrast agents (CAs), whose 
relaxivity is variable in response to a specifi c parameter change in the surrounding 
physiological microenvironment, potentially allow for MRI to indicate biological 
processes. MRI provides anatomical images by measuring proton ( 1 H) relaxation 
processes of water and soft tissues in biological systems. MRI is routinely used in 
advanced medical imaging for disease diagnosis and treatment. Most commonly 
used compounds for contrast enhancement is   gadolinium    -based which alters the 
relaxation times of atoms within body tissues where they are present after oral or 
intravenous administration. In MRI scanners body exposed to a very strong   mag-
netic fi eld     then a radiofrequency pulse is applied causing some atoms (including 
those in contrast agents) to spin and then relax after the pulse stops. This relaxation 
emits energy which is detected by the scanner and is mathematically converted into 
an image. The MRI image can be weighted in different ways giving a higher or 
lower signal [ 8 ]. 

 Certain contrast agents are predominantly used to shorten the T(1) relaxation 
time and these are mainly based on low-molecular weight chelates of the gadolin-
ium ion (Gd 3+ ). The most widely used T(2) shortening agents are based on iron 
oxide (FeO) particles. Depending on their chemical composition, molecular struc-
ture and overall size, the in vivo distribution volume and pharmacokinetic properties 
vary widely between different contrast agents and these largely determine their use 
in specifi c diagnostic tests. 

 A number of MR modalities using either endogenous or exogenous agents are a 
more complete, less-invasive alternative to microelectrode-based pH measurements. 
Superparamagnetic iron oxide nanoparticles (SPIONs) are a class of MRI contrast 
agents having high biological tolerability and large magnetic moments, giving rise 
to high relaxivities, up to ˜10 2 –10 3  mM −1 s −1  per Fe ion). SPIONs are synthesized 
with surface modifi cations to improve aqueous solubility/stability, limit aggrega-
tion, and modulate biological uptake that improve the information content of the 
SPIONs’ MR response, thereby targeting specifi c tissue types. MRI presents the 
best option for 3D characterization of fl uid distribution, fl uid fl ow, colloid transport, 
and reaction in artifi cial porous media. 
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 Iron oxides (hydroxides or oxy-hydroxides including Fe(OH) 3 , Fe(OH) 2 , 
Fe 5 HO 8 ⋅4H 2 O, Fe 3 O 4 , FeO, fi ve polymorphs of FeOOH and four of Fe 2 O 3 ) are one 
of the most important transition metal that have been studied for the drug delivery. 
Characteristics of these oxide compounds include mostly the trivalent state of the 
iron, low solubility, and brilliant colors. All the iron oxides are crystalline (except 
Schwertmannite and ferrihydrite) can be synthesized by all known wet chemical 
methods. But tailoring these particles size in nano range and morphology towards a 
particular application still remains a challenging task. 

 Diagnostic application of MRI imaging is the main use. The nano size of mag-
netic particle with large surface area change some of the magnetic properties and 
exhibit superparamagnetic characteristics quantum tunnelling of magnetization 
which offer a high potential for several biomedical applications. Aqueous magnetic 
fl uids with small magnetic particles ( about 5–20 nm) covered with biocompatible 
functionalized shells were analyzed against a number of diseases, e.g., hyperther-
mia, immunoassays, imaging of organs, and as magnetic nanocarriers for identifi -
cation and isolation of blood cells and antibodies and for drug targeting. With 
proper surface coating, these magnetic nanoparticles can be dispersed into suitable 
solvents, forming homogeneous suspensions, known as ferrofl uids, interact with an 
external magnetic fi eld, and be positioned to a specifi c area, facilitating magnetic 
resonance imaging for medical diagnosis as well as AC magnetic fi eld-assisted 
cancer therapy [ 24 ]. 

 Magnetic nanoparticles have recently been used to treat bone diseases by using 
surface modifi ed magnetic nanoparticles such as osteoporosis and infection where 
magnetite (Fe 3 O 4 ) and maghemite (Fe 2 O 3 ) coated with calcium phosphate (CaP). 
Various applications of iron oxides/hydroxides/oxyhydroxides in nano form can be 
specifi c due to the difference in behavior of particles in nano scale when compared 
to their bulk counterparts. The nano particles usually have much larger surface area 
due to their smaller size and can reduce the volume required to achieve same effect 
when used as a catalyst. In case of mitigation of anions/cations from aqueous solu-
tions, iron oxides in nano form will have higher number of active sites for adsorp-
tion, thereby reducing the amount required per liter of solution. The adsorption 
process involves surface hydroxyl group interaction with adsorbents. 

 Optical based analysis can be used to visualize functional properties of various 
systems, e.g., changes in blood volume, oxygen consumption, and cellular swelling 
in relation to brain physiology and pathology. Nano iron oxides exhibit very differ-
ent magnetic properties which can be used for soft ferrites and biomedical applica-
tions including TDD and magnetic resonance imaging. Down to the nanoscale, 
superparamagnetic iron oxide nanoparticles can only be magnetized in the presence 
of an external magnetic fi eld, which makes them capable of forming stable colloids 
in a physio-biological medium. Their superparamagnetic property together with 
other intrinsic properties such as low cytotoxicity, colloidal stability, and bioactive 
molecule conjugation capability, makes such nanomagnets ideal in both in vitro and 
in vivo biomedical applications. In contrast to CT and PET imaging, MRI uses no 
ionizing radiation and it is therefore often deemed safer than the other two.  
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21.4.4     Positron Emission Tomography (PET) Imaging 
Technique 

  PET  is a nuclear medicine, functional imaging technique that produces a 
three- dimensional color image of the functional processes that uses a radioactive 
substance called a tracer to look for disease in the body. It is a specialized radiology 
procedure used to examine various body tissues to identify certain conditions. 
 Positrons are using as imaging agents and probes in nanotechnology i ntroduced in 
the early 1970s. It has now developed into a powerful medical diagnostic tool for 
routine clinical use as well as in drug development. Unequalled as a highly sensi-
tive, specifi c and noninvasive imaging tool, PET unfortunately lacks the resolution 
of Computer Tomography (CT) and MRI. As the resolution of PET depends signifi -
cantly on the energy of the positron incorporated in the radiopharmaceutical and its 
interaction with its surrounding tissue. 

 However, it was not until the 1990s that it has been used as a tool for imaging the 
physiology and pathology of the brain, and later the heart also. It is now been widely 
used, in many countries for the detection and staging of a variety of malignant dis-
eases. PET differs from other nuclear medicine procedures, e.g., single photon 
emission tomography (SPECT), by its ability to detect coincidence signals that 
allows the quantifi cation of regional tissue radioactivity. It could be achieved by 
injecting a PET imaging agent or radiopharmaceutical incorporating a positron- 
emitting radioisotope such as  11 C,  13 N,  15 O, or  18 F. These radioisotopes decay to emit 
a positron that loses suffi cient energy to form positronium, and undergoes annihila-
tion to emit two 511 keV gamma rays (more chance). Those positrons that do not 
form positronium will undergo an alternate process called free electron annihila-
tion. The ability to detect these gamma rays in coincidence in two detectors at 180° 
is the key to locating the position of the radiopharmaceutical in the body. 

 Compared with other noninvasive imaging tools, PET has greater sensitivity 
(<10 −8  M) and more specifi city for its target sites but it lacks the resolution of other 
noninvasive imaging agents, such as MRI and CT. An advantage of PET is the avail-
ability of an array of positron emitting radioisotopes, (with varying half lives and 
chemistries) which allow for the development of a wide range of PET radiopharma-
ceuticals for imaging many biological processes. PET unlike CT and MRI, which 
look at anatomy, studies metabolic activity or body function and scans are used to 
produce detailed three-dimensional images of the inside of the body. PET tracks a 
positron emitting radiopharmaceutical injected into the body and generates a three- 
dimensional image of its location. 

 In more recent times PET has been used in the risk assessment of new pharma-
ceuticals. Here the drug is radiolabeled with the positron emitter and the resultant 
product or probe is used to investigate where the drug (e.g., peptide, protein, or 
nanoparticles) goes in the body to monitor the uptake, distribution and pharmacoki-
netics of their drug in vivo. The ability to monitor the product movement noninva-
sively assists to make more accurate assessment of the drug’s therapeutic index and 
ultimately its effectiveness in the long term. At present, there are great increases in 
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the application of nanoparticles for molecular imaging that led to the development of 
both organic and inorganic nanoparticles functionalized to attach with radionuclides, 
targeting ligands, and polyethylene glycol. PET imaging provides the imaging signal 
for TDD and provides the information of the pharmacokinetics of the particle. The 
structure of the nanoparticle allows a broad range of radiolabeled chemistries to be 
used to attach various PET nuclides to the particle that allows the quantitation and 
the multifunctionality of nanoparticles to take advantage of this technique. 

 PET technology is using  11 C and  18 F radioisotopes for fast track of their distribu-
tion inside the body. For larger molecules, (such as peptides, antibodies, DNA and 
nanoparticles) that have slower clearance rates, a PET isotope with longer half-life 
is more appropriate. Copper-64 ( 64 Cu) is an emerging PET isotope that has positron 
energy similar to  18 F, but a longer half-life (7 fold) which makes it ideal for attaching 
to larger target agents (i.e., >1,000 s mol wt). It can be produced in a reactor (using 
natural copper or enriched zinc targets) and in a cyclotron (using enriched nickel or 
zinc targets). Unlike  11 C and  18 F,  64 Cu cannot be covalently attached or incorporated 
into the molecule and therefore needs to be attached through a bifunctional ligand. 

 Nanocarriers fi ll a critical position between the macroscopic and molecular level 
structure and can be designed to offer unique advantages when compared with both 
macroscopic materials and molecular systems. This characteristic has generated 
signifi cant interest in synthetic nanomaterials that can serve as vessels for the trans-
port and delivery of imaging and therapeutic agents. Nanocarriers are able to pos-
sess internal packaging capacity and a suffi cient surface area for presentation of 
multiple types and numbers of active elements that have an optimal balance of inter-
nal volume and external surface area. The promising attributes of nanomaterials for 
targeted imaging including their ability to deliver large number of imaging agents to 
achieve high-sensitivity imaging and their ability to deliver several different types 
of imaging agents to perform multimodality imaging [ 25 ,  26 ]. Figure  21.6  is depict-
ing the  18 F-FDG scan for staging evaluation of malignancy, with involvement of 
multiple lymph nodes in chest and abdomen using PET imaging technique.  11 C PET 
Methionine imaging for evaluation of brain tumor recurrence after radiotherapy as 
presented in Fig.  21.7  (data not published).   

 While the range of positron radioisotopes (Table  21.2 ) generates plenty of oppor-
tunity for developing radioactive mimics of drugs, the relatively poor resolution of 
PET hinders its wider deployment in patient management. The resolution of PET is 
highly dependent on the energy of the positron, as the annihilation process requires 
the positron to slow to energies below ~100 eV and form positronium or annihilate 
with free electrons [ 27 ].

21.4.5        Fluorescence Imaging Technique 

 In the past several years a new concept for super-resolution imaging based on the 
localization of individual fl uorescent molecules has emerged. The use of photo- 
switchable fl uorescent probes allows the overlapping images of many individual 
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  Fig. 21.6     18 F-FDG scan for staging evaluation of malignancy, with involvement of multiple lymph 
nodes in chest and abdomen       

  Fig. 21.7     11 C Methionine imaging for evaluation of brain tumor recurrence after radiotherapy       
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fl uorophores to be separated in time and enables precise fl uorophore localization on 
densely labelled samples. The positions of the fl uorophores are then plotted to con-
struct a high-resolution image. Fluorescence imaging is used in preclinical and 
clinical studies that enables fl uorescent probe to generate contrast in targeted organ. 
One of the major advantages of fl uorescence microscopy is its capacity for multicolor 
imaging which allows the relative organization and interactions between different 
biological structures or molecules to be visualized, e.g., co-localization of differ-
ently colored probes. Multicolor imaging requires multiple, optically distinguish-
able probes. This aspect of fl uorescence imaging is essential for probing interactions 
between biomolecules and acquiring invaluable insights into biological processes 
owning to its molecular specifi city and dynamic imaging capability. However, the 
spatial resolution of light microscopy, classically limited by diffraction to a few 
hundred nanometers, is substantially larger than typical molecular length scales in 
cells. Advantages of the fl uorescence imaging are to achieve chemical specifi city, 
single-molecule sensitivity, molecular-scale resolution, and dynamic imaging capa-
bility such as molecular interactions inside the cell can be directly visualized. 
Among the most useful aspects of fl uorescence microscopy is its ability to provide 
a 3D image of the sample [ 15 ].  

   Table 21.2    Selected positron radioisotopes and their physical characteristics   

 S. No.  Isotope  Half-life 
 Positron energy 
(average keV) 

 Gamma energy and 
probability (keV; %) 

 1.   82 Rb  72 s  1,535  776.5; 13 
 2.   13 N  9.97 months  10,000  Nil 
 3.   15 O  122.24 s  735  Nil 
 4.   11 C  20.39 min  385  Nil 
 5.   18 F  109.77 min  640  Nil 
 6.   22 Na  2.60 year  545  Nil 
 7.   26 Al  7.4e5y  960  1,808 
 8.   39 K 

  40 K 
 7.636 min 
 1.248(3) × 10 9  year 

 133 
 341 

 1,330 

 9.   55 Co  17.53 h  511  1,170 
 10.   68 Ga  67.63 min  836  1,077; 3 
 11.   61 Cu 

  62 Cu 
  64 Cu 

 12.7 h 
 9.74 min 
 12.7 h 

 278.2 
 880 
 1,330 

 1,345; 1.27 

 12.   63 Zn  38.47 min  3,366.2  3,366 
 13.   70 As 

  71 As 
  74 As 

 52.6 min 
 65.28 h 
 17.77 days 

 –  1,176 

 14.   82 Rb  1.27 min  3,150  511 
 15.   120 I 

  121 I 
  124 I 

 88.1 0 months 
 4.176 days 
 4.18 days 

 1,540 (max)  603; 62.9 
 1,691; 10.88 

 16.   110 In  4.9 h  –  Nil 
 17.   122 Xe  20.1 h  122  Nil 
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21.4.6     Optical Imaging (OI) Technique 

 The development of imaging probes is based on advances in nanotechnology. 
Optical-based techniques can detect early cancerous growth and metastasis in 
patients. Optical technologies require an exogenous agents (chemical or contrast) 
and endogenous agents. These agents (e.g., small molecules, peptides, antibodies, 
viral vectors, nanoparticles, and engineered antibodies) target tissues. To improve 
sensitivity and specifi city of optical imaging, the following areas need to be focused 
for cancer detection: improvement in processing, probe targeting, probe activation, 
and use of genetic reporters that are more specifi c for target location. Endogenous 
target could be probed by auto fl uorescence methods; the major goal is to increase 
fl uorescence intensity. Exogenous contrasts are strategies to identify targets and 
screen target specifi c probes. The target might be identifi ed by genomic, proteo-
nomic, physiological (tissue/cellular or subcellular), and/or histological analyses. 
The selected target can be used in high throughput in vitro screening assays, where 
thousands of chemical molecules can be screened to identify targets at cellular or 
subcellular levels based on regulatory interactions with cellular molecules, altera-
tions in cellular functions, etc. It offers a number of important advantages over 
existing radiological imaging techniques because it employed non-ionizing radia-
tion, which signifi cantly reduces patient radiation exposure and allows for repeated 
studies over time. It also offers the potential to differentiate among soft tissues, and 
between native soft tissues and tissue labelled with either endogenous or exogenous 
contrast media by using their different photon absorption or scattering profi les at 
different wavelengths. Imaging presents photon absorption and scattering differ-
ences and specifi c tissue contrasts, offers potential capabilities for studying func-
tional and molecular level activities that are the basis for health and disease. 

 Optical imaging is very amenable to multimodal imaging extends over a wide 
range on the imaging resolution scale, often complementary to and easily combin-
able with other imaging techniques. Optical imaging methods are generally least 
expensive and easiest options for imaging in artifi cial two-dimensional (2D) porous 
media, multiphase fl uid distribution, fl uid fl ow, solute transport and mixing, colloi-
dal transport, toxicology, deposition, and reactions. Advancements in protein engi-
neering and materials sciences have enabled novel nanoscale targeting approaches 
that may bring new hope to a number of diseases [ 16 ,  24 ,  28 ]. 

 The advantages of nanocarrier based targeted drug delivery are as follows:

 –    Protects the drug from premature degradation.  
 –   Prevents drugs from prematurely interacting with the biological environment.  
 –   Enhances absorption of the drugs into a selected tissue (e.g., solid tumor).  
 –   Controls the pharmacokinetic and drug tissue distribution profi le;  
 –   Improves intracellular penetration.    

 Advancements over conventional drug delivery of optical imaging include:

 –    To be made from a material that is biocompatible, well characterized, and easily 
functionalized.  

21 In Vivo Imaging Techniques of the Nanocarriers Used for Targeted Drug Delivery



684

 –   To exhibit high differential uptake effi ciency in the target cells over normal cells 
(or tissue).  

 –   To be either soluble or colloidal under aqueous conditions for increased 
effectiveness.  

 –   To have an extended circulating half-life, a low rate of aggregation, and a long 
shelf life.      

21.5     Limitations of the Techniques Studied 

 TDD getting delivers drugs to their targets in a controlled manner. Imaging tech-
niques based on optical contrast can be used to visualize dynamic and functional 
properties. Functional imaging techniques other than functional MRI and PET are 
needed to advance the fi eld of drug delivery. The short half lives and the require-
ment for specialized skills to incorporate these isotopes have limited the application 
of PET to small molecules (i.e., < 500 mol wt) with fast biological clearance rates. 
Pure optical imaging, however, has signifi cant drawbacks including poor spatial 
resolution as a result of the overwhelming scattering of light in biological tissues. 

 Although the literature suggests that MRI and magnetic resonance angiography 
(MRA) are accurate and rapid methods but used with increasing frequency, both are 
associated with a high likelihood of false-positive results [ 29 ]. In fl uorescence 
imaging fl uorophores lose their ability to fl uoresce as they are illuminated (  photo-
bleaching    ). Photobleaching occurs as the fl uorescent molecules accumulate chemi-
cal damage from the electrons excited during fl uorescence. Photobleaching can 
severely limit the time over which a sample can be observed by fl uorescent micros-
copy. Several techniques exist to reduce photobleaching such as the use of more 
robust fl uorophores, by minimizing illumination, or by using photoprotective scav-
enger chemicals. Furthermore fl uorescent molecules have a tendency to generate 
reactive chemical species when under illumination which enhances the phototoxic 
effect [ 30 ]. In optical imaging technique, surface light passes through different 
types of tissue, thereby leading to scattering and absorption of light. Therefore, 
exact spatial localization and quantifi cation of signal intensities are impaired and 
the bioluminescent image obtained represents only a two-dimensional refl ection of 
the three-dimensional and deeper located signal sources [ 31 ].  

21.6     Conclusion 

 Development of suitable screening methodologies for determining optimal charac-
teristics of nanocarriers for targeted drug delivery is the demand of time. The 
design and optimization of carriers in the way of addressing questions of a particu-
lar application, TDD and of keeping them very fl exible and reliable for general 
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applications represent an important step in drug delivery approaches that would 
ultimately infl uence the therapeutic effi cacy. Furthermore, the systemic therapies 
using nanocarriers require methods that can overcome nonspecifi c uptake by mono-
nuclear phagocytic cells/non- targeted cells. Improved therapeutic effi cacy of tar-
geted nanocarriers has been well established in different experimental models and 
more than 100 clinical trials are underway using nanocarrier formulations. The 
imaging technologies described above could be extensively employed for noninva-
sive imaging in preclinical and clinical stages. It results in improved therapeutic 
outcomes and reduced costs.   
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    Chapter 22   
 Evaluation of Lung Toxicity of Biodegradable 
Nanoparticles 

             Nadège     Grabowski    ,     Hervé     Hillaireau    ,     Juliette     Vergnaud    , and     Elias     Fattal    

      Abbreviations 

   7-AAD    7-Aminoactinomycin D   
  BAL    Bronchoalveolar lavages   
  BALF    Bronchoalveolar lavage fl uids   
  BALT    Bronchial associated lymphoid tissue   
  CLSM    Confocal laser scanning microscopy   
  DPI    Dry powder inhaler   
  DPPC    1,2-Dipalmitoyl-sn-glycero-3-phosphocholine   
  ELISA    Enzyme linked immunosorbent assay   
  IL    Interleukin   
  IPL    Isolated perfused lung   
  LDH    Lactate dehydrogenase   
  MDI    Metered dose inhaler   
  PEG    Polyethylene glycol   
  PLA    Poly(lactic acid)   
  PLGA    Poly(lactide-co-glycolide)   
  PMN    Polymorphonuclear   
  PVA    Polyvinyl alcohol   
  RNS    Reactive nitrogen species   
  ROS    Reactive oxygen species   
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  SLN    Solid lipid nanoparticles   
  SP    Surfactant proteins   
  TEM    Transmission electronic microscopy   
  TNF-α    Tumor necrosis factor-α   

22.1           Introduction 

 The term “nanotoxicology” was introduced in 2004 by Donaldson and coworkers    
[ 1 ] and defi ned as “a new frontier in particle toxicology relevant to both the work-
space and general environment and to consumer safety.” The concept was aiming to 
create a new subdiscipline in toxicology, meeting specifi c aspects of nanoparticle 
toxicity and modifying the existing tests to adapt them to the evaluation of risks 
associated to nanoparticles (Fig.  22.1 ).  

 Nanoparticles are nowadays being used in a large variety of manufactured prod-
ucts, such as electronic components, textile, or cosmetics [ 2 ]. In addition, very 
promising applications in medicine have been highlighted in diagnostic and thera-
peutic. For such purposes, nanoparticles can enter the organism using different 
routes such as inhalation, oral ingestion, dermal or parenteral route. Despite a high 
number of promises for therapeutics and diagnosis, nanoparticles are potentially 
able for each of these routes of administration to induce adverse effects and toxicity. 
Among all the tissues susceptible to be affected by nanoparticle interaction are 
the lungs which have been widely explored, mostly for inorganic nanoparticles [ 3 ]. 
A large number of in vitro and in vivo studies have reported cytotoxic effects, 
infl ammatory and oxidative stress responses from lung cells after exposure to 
 particulate matter, silica [ 4 ], titanium dioxide [ 5 ,  6 ], gold and silver [ 7 ] nanoparti-
cles. The involuntary inhalation of these materials through accidental exposure 
therefore represents a potential high source of toxicity. Nevertheless, the pulmonary 
route is also an interesting noninvasive route of administration for drug delivery [ 8 ]. 
Both local and systemic treatments can be considered taking advantage of the lungs’ 
large absorption surface area, and high vascular permeability with continuous 
exchanges between alveoli and blood [ 9 ]. In addition, the weak enzymatic activity 
present in lungs is relevant for administration of poorly stable drugs (peptides/ 
proteins). Administration of drug loaded nanoparticles can lead to several advan-
tages. Ideally, nanoparticles will not only protect drug against degradation and 
transport it to target cells, but also allow a sustained drug release, decreasing the 
frequency of administration and subsequent risk of side effects [ 10 ]. Nanomedicine 
can be delivered to the lungs by nebulization of an aqueous nanoparticle suspension 
or aerosolization of a dry powder of nanoparticles [ 11 ]. 

 A large variety of nanoparticles made of polymers or lipids can be used to  prepare 
nanomedicines [ 12 ]. Most of them have been investigated for lung delivery of anti-
biotics, anti-infl ammatory, anticancer drugs, or hormones. 

 The question of whether nanomedicines are safe remains debated. For this 
 purpose, toxicity studies should be carried out in vitro, in vivo or ex vivo after expo-
sure to nanomedicine. Toxicity encompasses different mechanisms, from cellular 
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 viability, to infl ammatory response, oxidative stress induction, and DNA damage 
that should be deeply investigated. 

 In the present chapter, the pulmonary tract architecture and its defense barriers 
are fi rstly presented. Secondly, the nanoparticles used for lung delivery, and their 
administration modes are detailed. The toxicity tests used to investigate toxicity of 
nanoparticles and the variety of pulmonary tract models developed so far are then 
illustrated by their application for the evaluation of nanoparticle toxicity.  

22.2     Structure of the Respiratory Tract 

22.2.1     Anatomy 

 The respiratory tree is in charge of bringing oxygen to the body and removing 
 carbon dioxide through continuous gas exchanges with blood circulation. The lung 
volume is included in the range of 2.5 (children) to 7 l (adults) depending on the 
lung size [ 13 ]. According to the model proposed by Weibel [ 13 ], the respiratory tree 
is a hierarchical and symmetric network, divided into 24 generations, beginning 
with the trachea (generation 0) and ending with alveoli (generation 23). Each air-
way is divided into two airways increasing the specifi c surface, to carry the air up to 
alveolar ducts where gas exchanges occur. During each breath, inhaled air is 

  Fig. 22.1    General roadmap to assess lung toxicity of nanoparticles       
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transported to the conductive zone (generations 0–4), including the trachea and 
bronchus that divides into two distal bronchi (dichotomy), in order to reach the 
respiratory zone. As reviewed by Shelly et al. [ 14 ], the temperature and the moisture 
of alveolar gases are essential parameters in normal lungs to maintain physiological 
conditions. Conditions of optimal inhaled air were determined as 100 % of humid-
ity, and a temperature closed to the body [ 15 ], modulated by the nose and the upper 
respiratory tract. 

 While the conductive zone represents 10 % of the lung volume, the respiratory 
zone represents the lasting 90 % [ 13 ]. The respiratory zone is composed of 3–500 
million alveoli and 14 million alveolar ducts. The average alveolar diameter in 
human lungs is in the range of 250–290 μm, among the lung volume. With an aver-
age diameter of 400–450 μm, 3–4 generations of alveolar ducts are terminating in 
alveolar sacs that have exactly the same structure. In addition, three generations of 
respiratory bronchioles, with an average diameter of 500 μm, are proximal to alveo-
lar ducts. Blood vessels follow exactly the same pattern than the bronchial tree, with 
similar dimensions. The pulmonary arteries divide into 28 generations, with an 
average diameter of 15–25 μm. In the respiratory zone, 277 billions of capillary 
 segments, with an average diameter of 8.3 μm create a total tissue–blood interface 
(or alveolar–capillary surface) of 60–80 m 2  for the whole lungs.  

22.2.2     Histology 

 The bronchial epithelium is pseudostratifi ed and is composed of three cell types: 
basal cells, ciliated cells (allowing mucus elimination), and goblet cells (secreting 
mucus) (Fig.  22.2 ). The epithelium thickness is close to 60 μm and covered with 
2–10 μm of an airway fl uid [ 16 ,  17 ]. The latter is composed of two layers cleared by 
ciliary beating, the mucus and the periciliary fl uid (consisting of water layer that 
cover cilia cells on apical surface) separated by a surfactant layer [ 18 ]. Mucus from 
healthy human lungs is nonhomogeneous and viscous (rheology of a cross-linked 
gel) with a pH ranging from 7 to 8.5. Biochemical analyses have shown that human 
mucus samples are mostly made of water, containing 7 % solids, 8–20 % mucins, 
and less than 1 % DNA. Secreted mucins (glycoproteins) form a 3-dimensional 
polymer meshwork able to trap particles [ 17 ], with pores from 10 to 100 nm [ 19 ]. 
Mucins are made of 70–80 % carbohydrates, 20 % proteins, and 1–2 % sulfates. 
Eight proteins encoded as MUC are present in mucus layer, with a large majority of 
MUC5AC (~80 %) and MUC5B (~20 %) [ 17 ] expressed by goblet cells and glan-
dular mucous cells respectively [ 20 ]. In terminal bronchi, the epithelium has a 
cuboid shape with a thickness of 10 μm, is covered with 3 μm of airway fl uid and is 
composed of ciliated and Clara cells (producing mucus, pulmonary surfactant pro-
teins and cytokines, and involved in epithelium regeneration) [ 16 ].  

 Alveolar type I cells (8 %) involved in gas exchanges coexist with alveolar mac-
rophages (3–5 %, up to 19 % in smoker subjects), alveolar type II cells (16 %, cover 
7 % of the alveolar surface), capillary endothelial cells (30 %) and cells in the inter-
stitial spaces (37 %) [ 21 ,  22 ] (Fig.  22.2 ). The alveolar macrophages perform phago-
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cytosis of foreign particles or pathogens. The endothelial cells, lining lung blood 
vessels, are highly metabolic and are involved in the circulation of bioactive sub-
stances such as peptides, lipids, and prostaglandins. Alveolar type II cells produce 
lung surfactant components and are involved in the regeneration of type I pneumo-
cyte cells by differentiation. In alveolar ducts, the thickness of the epithelium is 
around 0.1–0.2 μm and covered with 0.07 μm of pulmonary surfactant [ 16 ]. The 
pulmonary surfactant is composed of lipoproteins, 90 % of which are phospholipids 

  Fig. 22.2    Structure of the respiratory tract and cellular composition of human lung bronchial/
terminal bronchial and alveolar epithelia ( ATI/II  alveolar type I/II cells)       
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and 10 % are surfactant proteins (SP), secreted by type II alveolar cells [ 22 ]: SP-A 
(the most abundant), SP-B, SP-C, SP-D. SP-B and SP-C, very small and hydropho-
bic proteins, reduce the surface tension at the air–liquid interface of the lung, that is 
essential to avoid collapse. SP-A and SP-C, members of collectin family, participate 
to the innate immunity, before induction of an antibody-mediated response [ 22 ,  23 ]. 
SP-A and SP-C, present also in non-pulmonary sites, are involved in viruses and 
bacteria uptake by phagocytes [ 24 ]. SP-A was also shown to be involved in the 
uptake of nanoparticles covered with different polymers [ 25 ].   

22.3     Clearance Mechanisms in Lungs 

 Defense mechanisms are both immunological and physiological. The Bronchial 
Associated Lymphoid Tissue (BALT) plays a major role in the immune response to 
all kinds of antigens, with a local response faster and more protective than those 
initiated by the systemic system [ 26 ]. Absent in the lungs of healthy newborn 
babies, the BALT starts its development after meeting the fi rst antigens. Generally 
located along the bronchial airways and the airway bifurcations, the BALT contains 
essentially B lymphocytes, dendritic cells, macrophages, T lymphocytes, and M cells. 
M cells present the antigen to dendritic cells that participate in maintaining the alert 
BALT. 

 A major clearance mechanism is also achieved physiologically by the mucocili-
ary escalator. Between 2 and 24 h after inhalation, most of the foreign particles are 
expectorated, with a rate closed to 5 mm/min in peripheral zone and 20 mm/min in 
trachea [ 27 ]. The second clearance pathway consists in phagocytosis performed by 
resident alveolar macrophages. Particles are then enzymatically degraded or driven 
out by the mucociliary clearance, or brought to trachea-bronchial lymphatic canals 
by translocation. Phagocytosis is modulated, not only by particle size, but also by 
particle geometry [ 28 ]. Some inhaled particles can be metabolized thanks to detoxi-
fi cation enzymes, such as cytochrome P450, but compared to other organs such as 
the liver, this pathway is negligible [ 29 ]. 

 One other barrier is the size of the inhaled material [ 30 ]. For lung delivery, the 
geometric diameter, particle shape, and density are taken into account resulting in 
the so-called aerodynamic diameter. The effective aerodynamic diameter of the 
 particles affects the magnitude of forces acting on them. While inertial and gravi-
tational effects increase with increasing particle size, diffusion produces larger dis-
placement as particle size decreases. Large particles (>5 μm aerodynamic diameter) 
usually impact on airway wall at bifurcations. They usually deposit higher up in the 
airway such as the back of the throat or pharynx [ 31 ]. When the aerodynamic 
parameter of particles ranges from 1 to 5 μm, they undergo sedimentation by gravi-
tational force that occurs in smaller airways and respiratory bronchioles. For small 
particles (<1 μm aerodynamic diameter), their movements are controlled by 
Brownian motion. The optimal particle size for effi cient deposition at the lower 
respiratory tract is considered to be between 1 and 3 μm [ 11 ,  32 ]. As the particle size 
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further decreases, deposition in the lung increases again due to the increasing mobility 
through diffusion [ 30 ]. However, only nanoparticles that are less than 100 nm, 
appear to settle effectively to the alveolar region with a fractional deposition of 
around 50 % [ 16 ,  33 ]. When the diameter gets larger in the nanoscale range, a high 
proportion, up to 80 %, can be exhaled [ 34 ,  35 ].  

22.4     Nanoparticles for Drug Delivery 

22.4.1     Nanoparticles and Lung Delivery 

 Nanoparticles have been extensively used for lung drug delivery for the administration 
of a large variety of drugs (antibiotic, anticancer, anti-infl ammatory, peptide, pro-
tein, or nucleic acid drugs) that have been loaded into lipid or polymeric nanopar-
ticles (Fig.  22.3 ) (for review see [ 10 ,  12 ,  36 ]). Nanoparticles can induce both local 
and systemic delivery after release of the encapsulated drug. Major successes were 
obtained with lipid or polymer nanoparticles. For instance, unilamellar or multila-
mellar liposomes ranging from 100 nm to 1 μm made from the self organization of 
glycerophospholipids or non-ionic surfactants were produced for lung delivery. One 
of their major advantages for pulmonary administration is their biocompatibility 
due to their natural origin and their lipid composition quite often close to the one 
of the lung surfactant. Liposomes were used to deliver peptides and proteins to the 

  Fig. 22.3    Nanoparticles used for lung drug delivery       
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lungs [ 37 ] and were already investigated in phase II clinical trials to deliver 
amikacin [ 38 ] or ciprofl oxacin [ 39 ]. Furthermore, several studies investigated the 
potential of solid lipid nanoparticles (SLN) composed of a solid lipid core (dis-
persed in water) and a shell of stabilizers (soy lecithin or poloxamer) [ 40 ]. SLN 
have shown a great potential for insulin delivery towards lungs [ 41 ].  

 Last but not least, polymeric nanoparticles are of great interest for lung drug deliv-
ery [ 42 ] since they can be tailored from a range of biodegradable polymers, such as 
poly(lactic acid) (PLA), poly(lactide-co-glycolide) (PLGA), chitosan [ 43 ], gelatin or 
alginate [ 44 ]. Stabilizers like polyvinyl alcohol (PVA), chitosan, or poloxamers are 
often required, in order to obtain spheres in the size range of 100–250 nm. However, 
their presence at the surface can modify cell–nanoparticle interactions and should be 
carefully investigated. For instance, a large amount of PVA signifi cantly decreases 
cellular uptake [ 45 ] or the presence of chitosan modulates dendritic cell recognition 
[ 46 ]. Other surface modifi cation such as PEGylation (using polyethylene glycol 
(PEG)) of polymeric nanoparticles has been shown to decrease the time of mucus 
layer crossing [ 19 ].  

22.4.2     Administration Modes in Lung Delivery 

 Nanomedicines can be delivered to the lungs by two modes, under liquid (using 
nebulizers or Metered Dose Inhalers—MDIs) or solid form (using Dry Powder 
Inhalers—DPIs). Knowing the administration mode is crucial before conducting a 
nanotoxicity study, since nanoparticle biodistribution will be different according to 
their mode of entry, which might impact the type of cells that will be fi rst in contact 
with nanoparticles. 

22.4.2.1     Delivery Under Liquid Form 

 Nebulization is the easiest administration mode to deliver aqueous suspensions of 
nanoparticles or liposomes around 200 nm [ 47 ], but it is not convenient for the deliv-
ery of large particles (0.3–3 μm) that can provoke nasal obstructions or be fi ltered by 
the nasal mucosa [ 48 ]. To achieve nebulization, two devices are available: nebulizers 
(delivery under controlled rate) and MDIs. The MDI is a pressured device that allows 
the delivery of uniformed doses of suspension/solution to the patient [ 49 ]. Droplets 
are formed under pressure and further inhaled by the patient. MDI were originally 
developed to deliver anti-asthmatic treatments. Although there are a small number of 
applications of MDI for the delivery of nanoparticles, they have demonstrated an 
interest for the delivery of chitosan nanoparticles to the deep lung [ 50 ]. On the con-
trary, nebulization is the preferred mode that in most cases is achieved in vivo in 
small animals (rats and mice) with a specifi c device, for example the MicroSpray™ 
aerosolizer (Penn-Century for liquid) which was fi rst used to deliver an aerosol of 
fl uorescent nanoparticles to mice [ 51 ]. No mortality was induced by the technique, 
and one day after administration, the mice showed full recovery [ 51 ].  
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22.4.2.2     Delivery Under Solid Form 

 Reproducible doses of solid particles can be delivered using DPI [ 52 ]. A special vet-
erinary device is available, called Dry Powder Insuffl ator™ Pulmonary Aerosol Kit 
(Penn-Century for solid) for in vivo studies in small animals [ 53 ]. However, solid 
nanoparticles are never used as such in DPI because they are too small to be delivered 
in a great amount in deep lung regions (i.e., alveolar ducts), most of them being 
exhaled. To overcome this constraint, different methods have been employed to deliver 
nanoparticles micro-aggregates that turn into the native nanoparticles once reaching 
the target (Fig.  22.4 ). Tsapis et al. have proposed to spray-dry nanoparticles into con-
trolled micro-aggregates, called Trojan microparticles [ 11 ]. Trojan particles have 
 several advantages, such as reduction of the delivered dose, increasing the drug bio-
availability, controlling the release, reducing the toxicity, and as a result improving the 
therapeutic index and patient compliance [ 54 ]. In these “aggregates,” insulin was 
loaded into chitosan nanoparticles [ 55 ] whereas rifampicin [ 56 ], TAS-103 (anticancer 
drug) [ 57 ], or dexamethasone [ 58 ] were associated to PVA-coated PLGA nanoparti-
cles. The nanoparticles were spray dried in the presence of trehalose [ 56 ,  57 ] or 
1,2-dipalmitoyl-sn-glycero-3- phosphocholine (DPPC) and hyaluronic acid [ 58 ] form-
ing microparticles ranging from 2 to 5 μm. For such aerodynamic diameter values, the 
deposition in deep lung is favored [ 55 ]. The effi cacy of the decomposition of mic-
roparticles into nanoparticles in contact with water is dependent on the spray-dried 
optimal temperature and the ratio of primary nanoparticles [ 56 ]. The size of micropar-
ticles is in addition dependent on the diameter of primary nanoparticles. Conversely, 
when the spray- drying process is performed at optimal temperature, the fi ne particle 
fraction is 20–30 times higher than those of primary nanoparticles, and is almost not 
affected by the ratio and the size of primary nanoparticles [ 57 ]. However, compared to 
primary nanoparticles, the drug was released more rapidly. Indeed, during the spray- 
drying process, samples can become amorphous, a phenomenon which accelerates 
moisture absorption and thus the drug release [ 59 ]. Shi et al. have formed PLGA 
nanoparticle fl ocs [ 60 ]. In this process, PLGA nanoparticles were pre-formulated by 
emulsion/solvent extraction with two oppositely charged polyelectrolytes (PVA vs. 
poly(ethylene-maleic anhydride)) and then mixed in water under controlled rate. 
Following electrostatic interactions, fl ocs were formed with a large superstructure and 
were then freeze-dried to obtain a dried powder formulation. To be delivered in deep 
lungs, tobramycin was loaded in pre-formulated PLGA nanoparticles embedded into 
microparticles after a bath in lactose aqueous solution [ 42 ]. Microparticles were 
fi nally freeze dried to be intratracheally delivered to rats. Last, but not least, the use of 
large porous effervescent microparticles to deliver ciprofl oxacin [ 61 ] or doxorubicin 
[ 62 ,  63 ] to the lung was reported. Primary drug-loaded polymeric nanoparticles (poly-
cyanoacrylate, PLGA) were spray dried with, among other excipients, lactose 
(charge), ammonia (to ensure pH to 8) that were mixed to citric acid and sodium car-
bonate that cause effervescence in contact with water. Results have shown that the 
shape, the size, the density and the fi ne particle fraction of microparticles are mediated 
by amounts of lactose, PEG, leucine [ 61 ] and bicarbonate [ 64 ]. Moreover, thanks to 
the effervescence of the mixture, the release rate of the ciprofl oxacin was demon-
strated higher than with lactose microparticles.  
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 Recently, several in vitro studies have proposed to spray powders within cell 
cultures using as receptor the cascade impactor, described in the European pharma-
copoeia, which is designed to mimic the respiratory tract. Under pressure, a breath 
is simulated. Bronchial or epithelial cells have been cultivated on Transwell ®  at the 
air–liquid interface and, once the confl uence was reached, they were incorporated to 
the impactor system and exposed to dry powder. The complex system allowed 
studying the effect of active drugs [ 65 ] or diesel particles [ 66 ] that reached cell cul-
tures by impaction.   

  Fig. 22.4    Modifi ed nanoparticles for an aerosol delivery. To form nano-embedded microparticles, 
the mainly used excipient is lactose, but the use of mannitol, gum arabic, 1,2- dipalmitoylphosphat
idylcholine (DPPC), hyaluronic acid, polyvinyl alcohol, or whey protein is also reported (for 
review see [ 54 ])       
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22.4.3     Fate of Nanomedicine After Lung Delivery 

22.4.3.1     In Vivo Biodistribution 

 Biodistribution studies have been performed after nanoparticle delivery in several 
animal species (mainly mice and rats), and tissue distribution has been limited to the 
pulmonary regions or extended to peripheral organs. Fluorescent or radiolabeled 
nanoparticles have been mostly utilized for this purpose. Ungaro et al. [ 42 ] have 
administered to rats, through the Dry Insuffl ator device™, spray-dried PLGA nano- 
embedded microparticles (in lactose) containing rhodamine. After administration, 
the animals were anesthetized, the abdominal cavity incised and lung infused, fi rstly 
with phosphate buffer and then with formaldehyde. Respiratory tissues were 
removed, cut into thin slices to be observed and analyzed by fl uorescence micros-
copy [ 67 ]. The results have demonstrated that in vivo nanoparticle distribution was 
mediated by surface covering [ 42 ]. Indeed, the microparticles were found in tra-
chea, bronchia, and bronchioles when the primary nanoparticles were stabilized 
with PVA, whereas the microparticles were mainly found in alveolar ducts when the 
primary nanoparticles were stabilized by chitosan (Fig.  22.5 ).  

 Other biodistribution studies have shown that after lung delivery into healthy 
or tumor-bearing mice, nanoparticle fate differs. Indeed, when fl uorescent gelatin 
nanoparticles were delivered by nebulization, healthy mice rapidly eliminated 
nanoparticles towards kidneys, whereas tumor-bearing mice retained them in lungs, 
until 24 h [ 68 ]. Moreover, 30 min after administration, most of the nanoparticles 
were found in association with epithelial cells lining the trachea. Gelatin nanopar-
ticles were also indentifi ed in blood vessels, heart, spleen, brain and liver. After 
aerosolization of effervescent microparticles [ 62 ,  63 ] containing radiolabeled 
nanoparticles loaded with doxorubicin, the latter were disseminated in the lung 
whereas the heart, a tissue sensitive to the toxicity of doxorubicin, remained free of 
nanoparticles. 

 Finally, free or SLN-loaded radiolabeled amikacin (170 nm, spherical) was 
delivered to rats by nebulization or intravenous (iv) administration [ 69 ]. While after 
lung delivery of SLN, sustained concentrations were obtained in the lungs, with all 
other conditions, the rate of amikacin reaches a maximum 30 min following the 
delivery, after which it started to be cleared. Moreover, 6 h after delivery of SLN by 
pulmonary route, a signifi cant amount of amikacin was found in the stomach, most 
likely because the animal swallowed exhaled SLN. As far as the amikacin rate in 
blood is concerned, the delivery of SLN, either by pulmonary route or iv administra-
tion, led to lower drug concentration than after the administration of free drug.  

22.4.3.2     Translocation 

 It is suggested that a small fraction of nanoparticles that are not trapped in alveolar mac-
rophages or in lung epithelial cells have the potential to cross the lung blood–air barrier 
to reach extrapulmonary spaces and blood circulation [ 70 ]. Kunzli and Tager [ 71 ] 
have reviewed the impact of inhaled air nanoparticles on the cardiovascular system. 
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Adverse effects, such as heart rate, blood pressure, or infl ammatory state, were  attributed 
to nanoparticle translocation from lung to the blood circulation. An in vivo comparative 
study including inorganic (silica, quantum dots)/organic (polystyrene, human serum 
albumin) hybrid nanoparticles have demonstrated that translocation is size- and sur-
face-dependent, whereas the composition of the core (organic/inorganic) does not have 
any infl uence [ 72 ]. Regarding the size, it was shown that below 34 nm, nanoparticles 
rapidly translocate from the alveolar space to the lymph nodes, followed by a second 
translocation towards the bloodstream. Secondly, zwitterionic, anionic and polar 

  Fig. 22.5    In vivo biodistribution of Rhodamine-PLGA nano-embedded microparticles in rat 
lungs. Photomicrographs show localization of fl uorescent nanoparticles ( red ) in section of trachea 
( a ), left primary bronchus ( b ), lobar bronchus ( c ), and alveolar ducts ( d ). (Modifi ed from [ 67 ])       
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nanoparticles are able to translocate, whereas cationic nanoparticles are probably 
trapped by epithelial cells or macrophages which slow down the translocation. Finally, 
zwitterionic nanoparticles with an aerodynamic diameter under 6 nm can be found in 
lymph nodes within 3 min after exposure. After 30 min they start accumulating in the 
kidney before being excreted [ 72 ].  

22.4.3.3     Mechanisms of Cellular Uptake In Vitro and In Vivo 

 Cellular uptake results from the ability of nanoparticles to cross cell barriers. 
Nanomedicines are generally taken up by cells following endocytosis mechanisms, 
either phagocytosis or pinocytosis. Phagocytosis is generally performed by phagocytic 
cells such as macrophages, whereas pinocytosis is performed by all kind of 
cells. Pinocytosis mechanisms can be clathrin-dependent endocytosis or clathrin- 
independent endocytosis. This last pathway is classifi ed as caveolae-dependent 
endocytosis, clathrin and caveolae-independent endocytosis, and macropinocytosis 
[ 28 ,  73 ]. To address the question of uptake by endocytosis, a simple method consists 
in performing uptake studies simultaneously at 37 and 4 °C (Fig.  22.6 ). A nanopar-
ticle uptake at 4 °C similar to the one at 37 °C characterizes a non-energy dependent 
mechanism such as adsorption, whereas differences of uptake results from endocy-
tosis. To further determine the endocytosis pathways, various chemical (amiloride, 
chlorpromazine, genistein, or fi lipin) or biological (AP180 or caveolins) inhibitors 
can be used to block one or more pathways [ 75 ]. For instance, genistein can inhibit 
several tyrosine kinases that inhibit caveolae pinching, or caveolin can stabilize 
receptors in caveolae.  

 In order to visualize nanoparticle traffi cking within cells and their exact location, 
two microscopic modes may be used, which are confocal laser scanning microscopy 
(CLSM) as well as transmission electronic microscopy (TEM). In the fi rst case, 
fl uorescent nanoparticles are required. For that reason, polymeric nanoparticles can 
be loaded with fl uorescent compounds, such as 6-coumarin [ 76 ] or for ensuring 
greater stability, covalently labeled with rhodamine [ 77 ], fl uorescein derivates [ 43 ], 
or near infrared emitting fl uorescent probe [ 78 ]. For more accuracy and complete 
details, each cell compartment, i.e., endoplasmic reticulum, endosome, Golgi appa-
ratus, lysosome, mitochondria, nucleus, or plasma membrane, can be labeled with 
specifi c commercial fl uorophores (Cell Staining Simulation Tool Life Technologies 
[ 79 ]). In the case of transmission electronic microscopy, nanoparticles must be elec-
tron dense. Otherwise, it is diffi cult to discriminate between nanoparticles and cell 
vesicles. For this purpose, in one study, polymeric nanoparticles have been loaded 
with osmium tetraoxide, to be detectable [ 76 ]. 

 The quantifi cation of the in vitro [ 80 ] cellular uptake is performed by fl ow 
cytometry but some studies use radioactivity sampling or fl uorescence intensity 
measurements [ 53 ,  81 ]. 

 Nanoparticle cellular fate after pulmonary delivery is a crucial point to be inves-
tigated when carrying out toxicity analyses. Indeed, the same type of nanoparticle 
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can be taken up by all the previously described ports of entry. Clearance of 
radioactive- labeled ultrafi ne nanoparticles was followed after rat intratracheal intu-
bation [ 82 ,  83 ]. The nanoparticles were mostly retained in lungs up to 6 months 
after exposure, and the clearance was mainly performed by excretion. The small 
fraction of free nanoparticles found in bronchoalveolar lavages is mostly associated 
with alveolar or epithelial cells. Translocation into the circulation and accumulation 
in other organs were also reported, but nanoparticle levels in the extrapulmonary 
spaces quickly decreased within 7 days [ 82 ]. According to the size, nanoparticles 
were either retained by epithelium or sequestered by alveolar macrophages.    

  Fig. 22.6    Confocal 
microscopy imaging 
(section showing interior of 
cells) of primary pulmonary 
epithelium cells after 
exposure to gelatin 
nanoparticles at 37 and 
4 °C. The cell membrane is 
bounded with TRITC- 
concanavalin is coded red 
and nanoparticle of gelatin 
bound with FITC is coded 
green, at 37 and 4 °C. 
(Modifi ed from [ 74 ])       
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22.5     Toxicity Endpoints 

 The term toxicity is very large and embraces several parameters (Fig.  22.7 ). This 
section provides an overview of the different in vitro, in vivo or ex vivo tests reported 
in the literature to study nanoparticle-related toxicity.  

22.5.1     Cell Integrity 

 Cell integrity can routinely be estimated by trypan blue, eosin or acridine 
orange which are stains that selectively color damaged cells [ 84 ]. MTT 
(3-(4,5-dimethylthiazol- 2-yl)-2,5-diphenyltetrazolium bromide) assay, or equiva-
lents [MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium), XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-
tetrazolium-5-carboxanilide), WST-1 (Water Soluble Tetrazolium salts)] [ 85 ] are 

  Fig. 22.7    Nanotoxicology can be expressed by several endpoints: evaluation of mitochondrial 
activity evolution, membrane integrity, infl ammatory response, oxidative stress (apoptosis/necrosis 
detection, analyses of the complement activation, and DNA damage). Tests are performed in super-
natants, or inside lung cells ( GSH/GSSG  glutathione sulfhydryl/oxidized disulfi de forms,  ROS  
reactive oxygen species,  RNS  reactive nitrogen species,  SOD  superoxide dismutase)       
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widely used to assess the in vitro metabolic activity of cells. In these tests, the 
 tetrazolium dye is reduced to formazan purple crystals in living cells by Nicotinamide 
Adenine Dinucleotide Phosphate-Oxidase-(NADPH) dependent oxidoreductase enzy-
mes. The measurement of the absorbance of the colored solution is directly related 
to the cellular metabolic activity. 

 Membrane integrity can also be evaluated by different methods. One of the most 
commonly used tests is the lactate dehydrogenase (LDH) release assay, suitable for 
both in vitro and in vivo models [ 86 ]. When cell membrane gets disrupted, the intra-
cellular LDH is released in extracellular medium. The released LDH reduces NAD+ 
into NADH which catalyzes the reduction of a tetrazolium salt to form a formazan 
crystal with an absorbance wavelength of 540 nm. By the use of a different  principle, 
the Live/dead ®  test—or equivalent—also allows investigating membrane integrity. 
To achieve these tests, cells are collected and put in contact with two fl uorescent 
probes able to link nucleic acids, (1) one red-orange, generally propidium iodide 
(or 7-Aminoactinomycin D (7-AAD)), an intercalating agent, able to penetrate the 
cells with damaged membrane, and (2) one green, such as the acetomethoxy deri-
vate of calcein or Syto ®  24, able to penetrate all the cells. The cells can then be 
observed by microscopy, or the intracellular fl uorescent level can be determined by 
fl ow cytometry.  

22.5.2     Apoptosis 

 Apoptosis corresponding to programmed cell death is generally opposed to necrosis 
that is “accidental” cell death [ 87 ]. In apoptotic cells, membrane phospholipids 
undergo a “fl ip-fl op” event in which phosphatidylserine molecules are translocated 
to the outer leafl et, to be recognized by macrophages, without disruption of the 
membrane in the early stages [ 88 ], whereas the necrotic cell membrane is disrupted. 
Quantifi cation of apoptotic cells can be performed by detecting caspase-3, an acti-
vated protease in apoptotic cells [ 89 ], or by fl ow cytometry after staining of phos-
phatidylserines with annexin V, an anticoagulant [ 90 ]. To discriminate apoptotic 
cells from necrotic and intact cells, annexin V, coupled with FITC (green fl uores-
cence) is combined with propidium iodide (or 7-AAD) (red fl uorescence) [ 91 ]. 
Annexin V is introduced in cell culture medium for a short time. Detached cells 
are pooled with harvested cells (in case of adherent cells), and propidium iodide 
(or 7-AAD) is added. Intact, early apoptotic, necrotic, and late apoptotic cells are 
respectively untagged, fl uorescent in green channel, fl uorescent in red channel, 
simultaneously fl uorescent in both green and red channels. Quantifi cation of each 
cell population is performed by fl ow cytometry. Fluorescent microscopy can give 
supplementary morphology-based information concerning the cellular viability of 
epithelial or bronchial cells. Indeed, apoptotic cells are characterized by membrane 
blebbing.  
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22.5.3     Genotoxicity 

 Nanoparticles can penetrate inside cells, causing damage to DNA by single or 
 double strands breaking. The single cell gel assays (SCG) also called “comet assay” 
are able to detect DNA single strand breaks, alkali labile sites or incomplete exci-
sion repair sites with a strong sensitivity to determine the lower DNA damage [ 92 ]. 
However these tests require the extraction of single-strand DNA, obtained after 
 different steps including: (1) cells loading into an agarose gel slice, (2) treatment 
with a lysis solution, and (3) DNA unwinding with an alkaline buffer [ 93 ]. The 
staining is generally achieved after a neutralization step with fl uorescent compounds 
such as ethidium bromide, propidium iodide, or 4′,6′-diamidino-2-phenylindole 
(DAPI), or nonfl uorescent dyes such as silver nitrate. Quantitative analysis can be 
performed by determining the proportion of cells with altered migration onto the 
agarose gel, or by classifying them according to the length of migration. The ability 
of lung cancer cells to form colonies is another relevant endpoint of cytotoxicity and 
genotoxicity [ 94 ]. A very small amount of treated cells are seeded on plates in order 
to perform single cell forming colonies. After a long incubation period (few days), 
cells are fi xed to fi nally count colonies after trypan blue staining [ 95 ].  

22.5.4     Oxidative Stress 

 Oxygen is required for all aerobic organisms, but it is also a strong oxidant molecule 
that can be responsible for undesirable oxidations in cells. This hazardous phenom-
enon is called oxidative stress [ 96 ] and can be caused by free radicals, reactive oxy-
gen species (ROS) or reactive nitrogen species (RNS), such as superoxide anion 
(O 2  ·− ), hydroxyl radical (OH · ), nitric oxide (NO · ), peroxyl radical (ROO · ), hydrogen 
peroxide (H 2 O 2 ), ozone (O 3 ), hypochlorite anion (ClO − ), peroxynitrite (NO 3  − ), and 
also copper and iron ions (Cu 2+ , Fe 3+ ) that catalyze Haber–Weiss and Fenton reac-
tions [ 97 ] (Fig.  22.8 ). In physiological conditions, reactive species are neutralized by 
antioxidants, such as superoxide dismutase (SOD), catalase, glutathione peroxidase 
(GPX), reductase (GPR) and S-transferase (GST), ascorbic acid (vitamin C), reti-
noids (vitamin A), carotenoids, tocopherols (vitamin E), and selenium. However, when 
the organism is exposed to hazardous compounds like pollutants, ultraviolet, tobacco 
smoke, or nanoparticles, the oxidant–antioxidant balance is destabilized, and ROS 
and RNS are formed.  

 As it was widely shown in the literature, lungs are the site of several oxidative 
stress reactions [ 98 – 100 ]. For instance, one of the causes of emphysema or acute 
respiratory distress syndrome is related to oxidant release in alveolar tissues or pul-
monary endothelium [ 101 ], and SOD plays an antioxidant key role in asthma and in 
chronic obstructive pulmonary disease [ 102 ]. 
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22.5.4.1     Reactive Oxygen Species 

 To quantify intracellular located ROS, cells are shortly incubated, before exposure 
to nanoparticles, with 2′,7′-dichlorodihydrofl uorescein diacetate (H2DCFDA) that 
penetrates inside cells [ 103 ] and which upon cleavage of the acetate group by intra-
cellular esterase is converted into 2′,7′-dichlorofl uorescein (DCF) that expresses a 
high fl uorescent intensity after ROS oxidation. Quantifi cation is achieved by fl ow 
cytometry.  

22.5.4.2     Reactive Nitrogen Species 

 Contrary to ROS, cells release RNS in the extracellular medium. The most common 
method to quantify them is the Griess reagent [ 104 ,  105 ] containing sulfanilic acid 
and α-naphthylamine in acetic acid. In presence of RNS, a pink compound that 
absorbed at a wavelength of 560 nm will be formed. However, this method has 
a poor sensitivity, the nitrite concentration being detectable in the range of 
1–5 μM. The 2,3-diaminonaphthalene is also able to react with nitrites forming a 
fl uorescent compound (excitation at 355 nm and emission at 460 nm) allowing the 
detection of lower nitrite concentrations (from 0.02 to 10 μM) [ 106 ]. Moreover, this 
method can quantify the nitrates, by pre-converting them into nitrites with NADPH.  

  Fig. 22.8    Oxidants (in red) and antioxidants (in green) species involved in oxidative stress reac-
tions.  ROS  reactive oxygen species,  RNS  reactive nitrogen species,  SOD  superoxide dismutase, 
 GSH/GSSH  reduced sulfhydryl/oxidized disulfi de glutathione (modifi ed from [ 97 ])       
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22.5.4.3     Superoxide Dismutase 

 The SOD catalyzes the dismutation of superoxide radicals (2O 2  ·−  + 2H + ⋄ O 2  + H 2 O 2 ) 
[ 107 ]. Its increase in the extracellular medium characterizes the presence of super-
oxide radical that is immediately neutralized by the enzyme. To quantify SOD, 
superoxide radical anions are formed in situ. They are either neutralized by the 
SOD, if it is present in the extracellular medium, or they react with nitroblue tetra-
zolium forming colored nitroblue tetrazolium-formazan (NBT-formazan) (absor-
bance at a wavelength of 540 nm) [ 108 ,  109 ]. In presence of SOD, production of 
NBT-formazan is inhibited and the quantity of SOD is accessible by a colorimetric 
assay.  

22.5.4.4     Glutathione 

 Physiologically, glutathione exists within the cell under, both, the reduced sulfhy-
dryl form (GSH) and the oxidized disulfi de form (GSSG). In healthy cells, GSSG is 
quickly reduced by glutathione reductase into GSH, but in presence of high number 
of free radicals, GSSG cannot be reduced. GSH can react with the 5,5′-dithio-bis 
(2- nitrobenzoic acid) (DTNB) to form the 5-thio-2-nitrobenzoic acid (TNB) (absor-
bance at a wavelength of 412 nm) and a glutathione derivate (GS-TNB) [ 110 ]. The 
addition of glutathione reductase allows the reduction of GS-TNB into GSH, and 
the reduction of GSSG into two molecules of GSH. The total quantity of glutathione 
is [GDH]total = [GSH] + 2[GSSG]. To determine the exact amount of each glutathi-
one form, a second assay can be performed: the excess of 2-vinylpyridine reacting 
with GSH is neutralized by triethanolamine. GSSG assay is then performed as 
 previously described.   

22.5.5     Infl ammatory Response 

22.5.5.1     Cytokine Production 

 The immune system is composed of the innate system that is nonspecifi c and the 
acquired system that is antibody mediated. After even a slight perturbation in lungs, 
the immune response is activated and regulated (amplitude and duration) thanks to 
low molecular weight proteins, called cytokines, released in response to cellular 
signals [ 111 ]. Cytokine denomination includes chemokine, interleukin (IL), growth 
factor, and interferon (IFN). Every cytokine—that can be secreted in cascade—can 
cause multiple effects on growth and differentiation (mitosis, chemotaxis, angio-
genesis, cytoskeleton arrangement, immunomodulation, and extracellular produc-
tion) in a large variety of cells, even at low concentration [ 111 ,  112 ]. Pro-infl ammatory 
chemotactic chemokines (IL-8, Monocyte Chemoattractant Protein (MCP)-1) are 
able to attract primarily neutrophils and cells of the innate immune system, regulate 
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cell traffi cking [ 113 ], and can be produced by macrophages or alveolar type-II 
epithelial- like cells [ 114 ,  115 ]. By regulating the migration and infi ltration of mono-
cytes, MCP-1 is also involved in various diseases [ 116 ]. The tumor necrosis factor-α 
(TNF-α), IL-1, IL-6, mostly secreted by alveolar macrophages, are involved in 
 pulmonary diseases; TNF-α increase transitory, with high levels in a short time, but 
will cause important injuries in lung and fever or tachycardia [ 111 ]. 

 The infl ammatory response can be quantifi ed by assaying released cytokines in 
extracellular medium. Cytokines have been historically quantifi ed by ELISA (Enzyme 
Linked Immunosorbent Assay) based on cytokine recognition with specifi c antibodies 
linked to an enzyme detected by a colorimetric reaction. However by ELISA, only one 
cytokine per sample can be quantifi ed. More recently new methods have been devel-
oped to assay several cytokines (until 30) simultaneously [ 117 ]. Among them, BD™ 
CBA (Cytometric Beads Array—BD Biosciences) [ 118 ,  119 ], Luminex ®  System 
(Invitrogen) and BioPlex cytokine assays (Bio-Rad) were successfully used. Such sys-
tems use calibrated beads of different sizes and fl uorescence wavelengths that specifi -
cally recognize cytokines. The fi nal addition of antibodies that also recognize each 
cytokine allows for quantifying the amount of each cytokine. These methods lead to 
important improvement and a higher sensitivity compared to ELISA tests [ 117 ,  120 ].  

22.5.5.2     Complement Activation 

 The complement system is a multicomponent triggered enzyme cascade that attracts 
phagocytes to microorganisms increasing capillary permeability, neutrophil chemo-
taxis and adhesion [ 112 ]. As previously shown, epithelial lining fl uid contains the 
complement system proteins [ 121 ]. In one example of complement activation deter-
mination, bovine heat-inactivated serum exposed to nanoparticles was loaded into 
the bottom of 96-well neuroprobe chemotaxis chamber, equipped with polycarbonate 
fi lter with 5 μm pores. Murine macrophages were placed at the top of the insert, in 
serum free media. The positive control employed was rich in chemotaxis comple-
ment proteins C3a (recognized by phagocytes that will proceed with engulfment of 
nanoparticles) and C5a (chemotaxis for polymorphonuclear). After incubation, the 
insert was removed and cells were stained with Romanowsky reagent (a mixture 
of eosin and methylene blue). Absorbance measurement allows the assessment of 
the amount of macrophages passed through the fi lter, which number was function 
of complement activation.  

22.5.5.3     Polymorphonuclear Counting in Bronchoalveolar Lavages 

 Polymorphonuclear (PMN) are locally recruited in lungs and an increased number 
characterizes a disorder. By collecting the bronchoalveolar lavages (BAL) on ani-
mals, cells can be characterized and counted on a hemocytometer. After nanoparti-
cle lung delivery, BAL are withdrawn from anesthetized animals. Bronchoalveolar 
lavage fl uids (BALF) are then stained with Romanowsky reagent to estimate the 
number of PMN present.   
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22.5.6     Mucus Interactions 

 As the mucus is a strong defense barrier in the pulmonary tract, interactions with 
inhalable nanoparticles are important, and different parameters can be investigated 
to characterize mucus alterations. To begin with, an overproduction of mucus is 
synonym of airway infl ammation. Four mucins are generally quantifi ed: MUC2, 
MUC5AC, MUC5B, and MUC19. The quantifi cation of these proteins or their 
respective mRNA expression can give essential information about the mucus state. 
The quantity of mucin in BALF can be obtained by ELISA [ 122 ,  123 ] or electro-
phoresis [ 124 ]. Both methods use multiple anti-mucin antibodies, specifi c of each 
mucin proteins. To investigate the passage of insoluble fl uorescent particles across 
the mucus layer, artifi cial mucus composed of water, DNA, egg yolk emulsion, 
mucin, pentetic acid (DTPA), NaCl, KCl, and cell culture medium (RPMI) [ 125 ] 
can be prepared and then coated on a gelatin layer [ 42 ]. The measurement of the 
turbidity of the gelatin layer is related to the quantity of particles able to cross the 
mucus layer. On the other hand, the muco-adhesion of particles can be estimated by 
mixing them with a known mucin solution [ 47 ]. The suspension is then centrifuged, 
and the supernatant isolated to quantify the free mucin by a Bradford assay. Finally, 
mucus layer can be labeled with fl uorescent wheat germ agglutinin, to be observed 
in confocal microscopy, after incubation with fl uorescent particles [ 126 ]. 

 Taken all these methods into account, it is obvious that complete studies are 
required to deeply understand nanoparticle effects, fi rstly because all toxicity end-
points are linked, and secondly because eventual interferences of nanoparticles with 
the assay can lead to false results [ 127 ]. All tests have shown their interest to  evaluate 
the toxicity of nonbiodegradable nanoparticles [ 128 ] and are subsequently relevant 
for investigating the safety of biodegradable nanoparticles. For example, titanium 
dioxide nanoparticles were proved to induce DNA damage [ 129 ], oxidative stress 
[ 5 ], infl ammatory response [ 130 ], and apoptosis [ 131 ]. However, these tests have to 
be taken with caution. For instance artifacts associated to MTT test have been 
reported [ 132 ].   

22.6     Models for Lung Nanotoxicology: In Vitro, 
Ex Vivo, In Vivo 

 The complexity of the respiratory tract explains the high number of in vitro/in vivo/
ex vivo models available to mimic all physiological or histological conditions  present 
in lungs (Table  22.1 ). Several reviews draw a complete list of in vitro (primary cul-
tured cells; human and animal cell lines isolated from human cancer or transformed 
from normal cells; cell cocultures), ex vivo (isolated perfused lung—IPL), and 
in vivo (rodents such as rats, guinea pigs, or mice; larger animals such as  rabbits, 
dogs, monkeys, and sheep) models that can be used to assess pulmonary toxicity 
[ 32 ,  133 ]. Most of these models were used to study the impact of nonbiodegradable 
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nanoparticles—also called manufactured or engineered nanoparticles and particulate 
matter, and only some of them were applied to study effect of nanoparticles used as 
drug carriers in lung drug delivery.

22.6.1       In Vitro Cell Culture for Nanoparticle Toxicity Studies 

 A lot of cell lines used to investigate potential effects after particle exposure 
are commercially available [ 134 ]. The majority of these cell lines are established 
from cancer tissues and others are immortalized with Epstein-Barr viral coinfection. 

   Table 22.1    In vitro, ex vivo, and in vivo models used for nanotoxicity studies   

 Models  Organ/origin 

  In vitro cells  
 Epithelial 

 Bronchial  Primary  Isolated from bronchial 
spaces—human or rodents 

 NHBE ( primary 
cells ) 

 Isolated from normal human 
lung 

 Beas-2B  Transformed from normal 
human lung 

 16HBE14o-  Transformed from normal 
human lung 

 Calu-3  Human lung adenocarcinoma; 
derived from metastatic site: 
pleural effusion 

 Alveolar type II  A549  Human lung adenocarcinoma 
 RLE-6 TN  Rat lung 
 Primary AT I/II  Isolated from alveolar 

spaces—human or rodents 
 Alveolar type 
II/Clara 

 NCI H441  Human papillary 
adenocarcinoma 

 Lymph node  H2009  Human lung 
 Macrophages  Alveolar  Primary  Isolated from human or 

murine BAL 
 NR8383  Rat lung 

  Ex-vivo  
 Isolated 
perfused lung 

 Rat 
 Rabbit 
 Guinea pig 

  In vivo  
 Small rodent  Rat  Wistar, Sprague-Dawley 

 Mice  Balb/c 
 Guinea pig 

 Mammal  Sheep 
 Dogs  Beagle 

   AT I/II  alveolar type I/II epithelial cells,  BAL  bronchoalveolar lavages  

N. Grabowski et al.



711

In most cases, cell lines are well characterized and present the advantage to be not 
expensive and easy to use. However, to stay as close as possible to the physiological 
response, the use of primary cells can be performed as a second approach. Handling 
these cells is however more complicated than the use of cell lines since they have to 
be well characterized after sampling and before their use. Moreover, their stability 
is generally limited to a small number of passages. To mimic the lung, human or 
murine epithelial cells (bronchial, alveolar, lymph nodes), endothelial cell lines, and 
murine macrophages are available. Human primary macrophages can be obtained 
from BAL or by monocyte differentiation. 

 The delivery to the bronchus can be studied on bronchial epithelial cell lines, 
such as 16HBE14-o cells, human bronchus cells [ 74 ,  135 ] or Calu-3 cells [ 136 ], 
isolated from a human lung carcinoma [ 137 ]. Both these cell lines can be cultured 
at the air–liquid interface, to form a confl uent monolayer with good transepithelial 
electrical resistance (TEER) values, due to polarized tight junctions [ 138 ] and a 
dense mucus layer [ 139 ]. Using these models, good correlations with in vivo results 
were shown [ 140 ]. Gelatin and human serum albumin nanoparticles were prepared 
and stabilized with glutaraldehyde to deliver drug or gene into primary lung cells 
(isolated from lobectomies) or 16HBE14o- cells [ 74 ]. Previous confocal micros-
copy observations have evidenced that nanoparticles were taken up according to an 
endocytic mechanism. Then, toxicity studies on both cell types have shown that 
membrane integrity was not affected (LDH), even after the highest tested concentra-
tion (50 μg/mL), and no IL-8 secretions were detected. Another study has investi-
gated the potential gene delivery polyethylenimine (PEI)-coated PLGA nanoparticles 
[ 136 ]. Nanoparticle uptake was observed within Calu-3 cells with a lysosomal 
 co- localization. The uptake level was shown to be PLGA/PEI ratio-dependent, as 
demonstrated by the levels of gene expression. 

 Beas-2 B cells, isolated and modifi ed from normal human bronchial cells [ 141 ], 
were widely used to study the effect of nonbiodegradable nanoparticles such as the 
infl ammatory response after particulate matter exposure [ 142 ], the oxidative stress 
after exposure to silica nanoparticles [ 143 ] and complete toxicity studies (oxidative 
stress, apoptosis, gene expression, DAPI staining) after exposure to titanium diox-
ide nanoparticles [ 144 ]. In most of these studies the model was relevant to demon-
strate toxicity properties of the tested particles. 

 Major studies that focused on alveolar conditions used the A549 cell line. These 
cells are isolated from a human carcinoma [ 145 ] and constitutes a good model of type 
II pneumocytes [ 146 ,  147 ], giving the possibility to test, after exposure to biodegrad-
able nanoparticles, several previously detailed toxicity endpoints. As an example, the 
uptake of fl uorescent chitosan nanoparticles was shown to be an endocytosis mecha-
nism initiated by adsorptive steps [ 43 ], while the SLN (loaded with paclitaxel) endo-
cytosis was PEG or folate coating-mediated [ 148 ]. The low cytotoxicity of SLN based 
on 6-lauroxyhexyl lysinate and complexed to DNA allowed to induce a similar rate of 
gene transfection comparable with those obtained with Lipofectamine (commercial 
reagent) [ 37 ]. Finally, liposomes loaded with ciprofl oxacin have shown a good anti-
bacterial effect without leading to LDH release [ 149 ]. Moreover, after exposure of 
A549 cells to inorganic nanoparticles, apoptosis detection, cell proliferation assay, 
ROS quantifi cation and infl ammatory response were observed [ 3 ]. 
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 To expand alveolar condition studies, human primary alveolar type II cells were 
isolated after lung resection of carcinoma [ 150 ]. Such cells express an alveolar cell- 
type phenotype and can be immortalized [ 151 ] showing an increased internalization 
of latex beads [ 152 ].  

22.6.2     Coculture of Lung Cells in Nanotoxicology 

 Coculture systems have provided signifi cant advances in cell biology. Indeed, by 
mixing different cell types (two or more), interactions occur and culture conditions 
are closer to physiology than classic in vitro cell line models. Coculture models can 
be established with direct or indirect contact between the cells (Fig.  22.9 ). Models 
with indirect contact require the use of cell culture inserts (such as Transwell ® ) 
equipped with porous membranes allowing communication between different cell 
types placed in wells. Each cell type is then seeded on each side of the insert. 
To mimic pulmonary tract, a large variety of cells have been used: bronchial, alveo-
lar, epithelial, fi broblast, dendritic, and macrophages. However, in each case the 
relevance of cocultures needs to be validated by deep comparisons between cells in 
monoculture and in coculture.  

  Fig. 22.9    Models used to mimic the pulmonary tract using cell for cell co   cultures       
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 Bronchial conditions were reproduced by a coculture of 16HBE14o- cells 
or human primary bronchial cells (apical compartment) with lung fi broblast cells 
Wi-38 (basolateral compartment) at the air–liquid interface [ 153 ]. The use of pri-
mary cells has shown interest. Indeed, in coculture with fi broblasts, primary bron-
chial cells (which are continuously differentiated) mimic the structure of a native 
polarized bronchial epithelium showing mucus-producing, basal, and ciliated cells. 
Such model was used from 3 weeks to 3 months [ 153 ]. 

 Epiairway™ (MatTek Corporation [ 154 ]) and MucilAir™ (Epthelix [ 155 ]), two 
commercial differentiated pulmonary epithelium, are available to perform toxicity 
tests after exposure to chemical compounds [ 156 ] or manufactured nanoparticles 
[ 157 ,  158 ]. Composed of human primary cells isolated from trachea, bronchus, and 
nose, MucilAir™ device is cultivated at the air–liquid interface and presents char-
acteristics of airway tissues (available for healthy or damaged conditions). Indeed, 
the device contains basal, ciliated, and mucosal cells and displays a regular ciliary 
beating, tight junctions, ion transport, and metabolic activity. The epithelium 
remains in homeostasis state for more than 1 year, allowing long term studies after 
single or repeated exposure. After 28 days repeated exposure to chemical com-
pounds, cytochrome expression was modulated [ 156 ]. After delivery of nanoparti-
cles on apical surface, transepithelial resistance, LDH and cytokine released were 
quantifi ed [ 157 ]. It was shown that the epithelium has the potential to recover after 
low nanoparticle concentration exposure. EpiAirway™ and MucilAir™ present an 
interesting potential to drive environmental studies, as the ones responding to EU 
regulations in the REACH (Registration, Evaluation, Authorization and Restriction 
of Chemicals) programme [ 159 ]. 

 Alveolar conditions were simulated by different coculture models. For example, 
the indirect coculture of A549 cells or NC H441 with primary human pulmonary 
microvascular endothelial cells allowed developing a model of an alveolar–capillary 
barrier [ 160 ]. This model has been used to study environmental cadmium exposure 
side-effects and has shown that whereas viability of epithelial cells largely decreases, 
the viability of endothelial cells remains unaffected [ 161 ]. To investigate the 
 predominant role of resident macrophages following air particulate exposure, lung 
alveolar epithelial cells, A549 [ 95 ,  162 ], L132 [ 163 ], RLE-6N [ 164 ], were cocul-
tured with macrophages [differentiated from THP-1 monocytes [ 162 ,  165 ], Mono 
Mac 6 [ 162 ] or human [ 163 ]/murine [ 164 ] alveolar macrophages isolated from 
BAL] in direct or indirect contact. In coculture with A549, macrophages differenti-
ated from THP-1 monocytes acquire alveolar macrophage phenotypic characteris-
tics [ 166 ], and after exposure to ultrafi ne nanoparticles, coculture synergistic effects 
were observed for the release of IL-6 and IL-8 [ 162 ], while no modifi cation of ROS 
and DNA damage levels were noticed [ 95 ]. The defensive role of alveolar macro-
phages against particulate matter was proved in coculture with L132 cells [ 163 ]. 
In coculture, the levels of particulate matter metabolizing enzymes produced were 
higher than in monoculture. The signifi cant attenuation of IL-1β and IL-6 cytokines 
secretions after exposure to jet fuel on a coculture of rat alveolar cells and macro-
phages compared to monoculture of each cells confi rmed that interactions between 
cells exist [ 164 ]. 
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 Rothen-Rutishauser et al. [ 167 ] have established a tri-culture of (1) A549 
cells seeded on the apical compartment of Transwell ® , (2) differentiated dendritic 
cells seeded on the basal side of the turned insert, and (3) differentiated macro-
phages added on the apical surface of the epithelial cell monolayer. This tri-culture 
was used to investigate effects of nonbiodegradable nanoparticles in alveolar condi-
tions [ 168 ]. Following TEM observations, TiO2 nanoparticles were found in all cell 
types, whereas carbon nanotubes were present only in epithelial cells. After expo-
sure to carbon nanotubes, ROS production was observed in majority of cells, with 
a higher level than in monoculture of epithelial cells, whereas IL-8 and TNF-α 
quantifi cation (ELISA) did not show any synergistic effect. 

 In order to deeply understand toxicity mechanisms, and more particularly the 
infl ammatory response after exposure to particulate matter, Alfaro-Moreno and 
coworkers have deeply investigated monoculture and coculture of epithelial cells 
(A549), macrophages (differentiated THP-1 monocytes), mast cells (HMC-1), and 
endothelial cells (EAHY926) [ 169 ]. Different coculture combinations were per-
formed: mast cells or macrophages with epithelial cells in direct contact; mast and 
epithelial cells and macrophages in direct contact, with or without endothelial cells 
in indirect contact. Cytokine release profi le was modifi ed according to the combina-
tion and the key role of mast cells and macrophages was demonstrated (a large 
increase of several cytokines in coculture), as well as the activation of endothelial 
cells by the coculture. The cytokine release profi le of the system composed of the 
four cell types was in accordance with in vivo profi le and correlated to asthmatic 
patients who were exposed to such particulate matter.  

22.6.3     Ex Vivo Models 

22.6.3.1     Isolated Perfused Lungs 

 The isolated perfused lung (IPL) system represents an interesting alternative when 
considering all cell–cell interactions that occurred within the isolated organ [ 170 ]. 
This technique consists in extracting the respiratory system (lungs and/or trachea) 
from rats, guinea pigs, or rabbits, and keep it as close as possible to the physiologi-
cal conditions [ 171 ]. The pulmonary circulation (air fl ow rate, temperature, blood 
circulation) is maintained in a complex track of pumps to provide isolation, perfu-
sion and ventilation of isolated lungs. IPL are not much used in nanotoxicology 
even though the radioactive tracking of iridium particles to an isolated perfused rat 
lung has shown a similar particle distribution to the one occurring in vivo, confi rm-
ing the pertinence of such models [ 172 ]. 

 PLGA or branched polyester-based nanoparticles were loaded with a fl uorescent 
compound [ 173 ] or salbutamol [ 174 ], for the delivery to the isolated perfused 
rat lung. Kinetic spectroscopic studies on the IPL have confi rmed the presence of 
nanoparticles in deep lungs up to 2 h after administration, and the release of active 
compounds in two phases, the fi rst corresponding to a constant increasing of 
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 compounds in the IPL, and the second being the phase of absorption. Similar studies 
were performed with polystyrene nanoparticles, and confocal laser scanning micros-
copy imaging of lung slices has shown the presence of such nanoparticles in the 
deep lung, principally in alveolar macrophages and in free alveolar spaces [ 175 ] 
(Fig.  22.10 ), but no evidence of translocation from alveolar to the blood circulation 
was shown [ 176 ].  

 Studies carried out on IPL have certain advantages such as the possibility to 
achieve complete qualitative and quantitative studies of drug release, by frequent 
sample collection, but, unfortunately, in a short time duration, because structural 
and functional integrity of organs will quickly decline [ 177 ]. Moreover, physiologi-
cal conditions are not strictly respected, since lymph fl ow is altered, bronchial per-
fusion is suppressed, autonomic innervations are disconnected and blood cells are 
not present [ 172 ]. In addition, the technique of isolation is hard to control and the 
perfusion system is expensive.  

22.6.3.2     Mucus Models 

 Because of the rigidity of the mucin and the pore size distribution, mucus penetration 
is different for each nanoparticle. Indeed, interactions are surface coating- mediated 
[ 178 ]. It was for instance shown that PEG coating decreases mucus–nanoparticles 
interactions [ 19 ], while chitosan coating leads to a strong muco-adhesion [ 47 ]. 
Indeed, chitosan-coated nanoparticles displayed more interactions with mucins (con-
fi rmed by an increase of zeta potential values), and a more important passage through 
the mucus than equivalent PVA-coated PLGA nanoparticles [ 42 ,  126 ].   

  Fig. 22.10    Particle distribution in lungs after intratracheal administration in isolated perfused 
organs. ( a ) Microspheres in  red  were homogeneously distributed into the lungs. ( b ) Particles were 
located in macrophages (M) but free particles (Fp) were also observed. No particles were detected 
in pulmonary vessels (Ve). Bars indicate 50 μm. (Reproduced from [ 175 ]).       
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22.6.4     In Vivo Models 

 Compared to other models, in vivo models present the large advantage to be a whole 
organism. Moreover, as previously described, in vitro lung delivery can be easily 
performed with specifi c veterinary devices. 

 In most cases, small rodents have been employed to follow particle biodistribu-
tion and to perform assays on BAL after lung nanoparticle exposure. For example, 
insulin loaded into liposomes based on hydrogenated soybean phosphatidylcholine 
and cholesterol [ 179 ] or into SLN [ 180 ] were administered to diabetic mice or rats 
by inhalation. In addition of the expected sustained effect, analyses of BAL have 
shown no immunoreaction nor infl ammation (no leukocyte increase). Similarly, 
liposomes loaded with ciprofl oxacin did not induce toxicity after intratracheal 
delivery to rats [ 149 ]. SLN stabilized with PVA and loaded with several antibiotics 
were also demonstrated to be interesting for the treatment of tuberculosis in guinea 
pigs [ 181 ]. In addition to the sustained effect observed in peripheral organs (until 
7 days after delivery), the absence of alteration in serum bilirubin assays has con-
fi rmed the safety of the formulations. PVA-coated PLGA nanoparticles loaded with 
elcatonin have shown low lung retention in guinea pigs whereas chitosan-coated 
PLGA nanoparticles were more largely retained. The presence of chitosan causes 
high muco-adhesive properties, may also contribute to open intracellular tight junc-
tions [ 182 ] and increase the cellular uptake through strong electrostatic interactions 
with the negative charge of cellular membranes [ 81 ]. 

 Very few studies relate experiments with non-rodents for lung drug delivery of 
nanoparticles. Beagle dogs were used to follow X-ray contrast agent nanoparticles, 
stabilized by Pluronic F68 or F108 (poloxamers) in lung draining lymph nodes, and 
thus detectable with contrast agent radiographs [ 183 ]. After administration, the 
dogs were in good clinical conditions (good appetite, normal breathing, and active/
alert behavior) despite the presence of lung lesions detected during the autopsy. 
These lesions were described as infi ltrations of macrophages signing an infl amma-
tory response, more prevalent with Pluronic F108 than F68. Sheep have shown 
a good lung dynamic compliance after intratracheal administration of liposomes 
loaded with amikacin [ 184 ] and the therapeutic effect of the liposomal form was 
higher than the free drug without causing any irritation.  

22.6.5     Compared In Vitro/Ex Vivo/In Vivo 
Nanotoxicity Studies 

 Unfortunately, all the models cited previously rapidly reach some limits. Indeed, 
despite their human origin, in vitro cell models are more often immortalized by 
genetic modifi cations or originate from tumoral cancer which means they are quite 
far from the reality. Coculture models improve traditional in vitro cell culture 
by mimicking cell–cell interactions. Ex vivo and in vivo models represent an 

N. Grabowski et al.



717

interesting alternative, thanks to the presence of cell interactions or fl uid circulation. 
Yet the animal physiology is different from the human one. In order to improve our 
understanding of the behavior and interactions of nanoparticles towards human 
organism, compiling together the results obtained on different models may repre-
sent a strong interest. 

 For example, Dailey et al. [ 86 ] have fi rstly proved that polymeric nanoparticles 
(PLGA and branched PLGA) do not induce a signifi cant LDH release after 24 h 
exposure to A549 cells, whereas in Balb/c mice, 24 h and 14 days after instillation, 
LDH levels in BAL were slightly higher than for non-treated animals. In addition, 
nanoparticles did not provoke either PMN recruitment or macrophage infl ammatory 
protein secretion. Nassimi et al. [ 185 ] have used the same method to investigate the 
toxicity of SLN: fi rstly towards A549 cells, then ex vivo on isolated lung slices and 
fi nally on Balb/c mice. In vitro cytotoxicity results have given a higher IC50 than on 
ex vivo experiments, that was explained by the more basic model, and the cell–cell 
interactions that defi nitely play a role in ex vivo models. The three models have 
shown the absence of LDH release as well as infl ammatory response. 

 The effect of nanoparticle stabilizers (PVA, chitosan, Pluronic F68) coating 
PLGA nanoparticles was investigated towards bronchial and alveolar cells [ 77 ,  126 , 
 186 ]. Pluronic F68-covered PLGA nanoparticles penetrate more deeply the mucus 
layer on the top of Calu-3 cells compared to PVA- or chitosan-covered nanoparti-
cles [ 126 ], without causing more cytotoxicity, infl ammatory response, or mucus 
glycoproteins mRNA expression [ 77 ]. However, the same particles induce an 
increased infl ammatory response on A549 cells with a decrease of the mitochon-
drial activity, correlated with a higher internalization [ 186 ]. Chitosan-coated PLGA 
nanoparticles are also more cytotoxic than PVA-coated nanoparticles on A549 cells, 
without inducing other side effects (full membrane integrity, no infl ammatory 
response) [ 42 ]. The toxicity of these nanoparticles was explained by the own cyto-
toxicity of chitosan in aqueous solution. In addition, chitosan-coated nanoparticles 
caused a reversible decrease of TEER [ 126 ]. Additionally, an increase in cell marker 
membrane and in the IFN-γ production from dendritic cells after delivery of chito-
san nanoparticles to rats was reported [ 46 ]. 

 In vitro and in vivo comparisons were performed in order to evaluate the radio-
diagnostic tool potential of hematoporphyrin linked to albumin under nanoparticle 
form [ 44 ]. Accumulation was shown on A549 cells and correlated to a photody-
namic activity after UV exposure, without any toxicity. The accumulation was con-
fi rmed in mice-bearing lung tumors and nanoparticles have shown a better half-life 
in rabbits than the free drug. 

 As there are in fi rst line to face inhaled nanoparticles, alveolar macrophages should 
be widely studied, and particularly for phagocytosis (uptake) studies. Rifampicin was 
encapsulated into PLGA nanoparticles or microparticles [ 53 ]. Nanoparticles, or free 
drug as control, were spray-dried with mannitol to form microparticles. High aerosol 
performances of rifampicin/PLGA/mannitol microparticles were confi rmed with 
the cascade impactor. In addition, thanks to the immediate mannitol dissolution, 
rifampicin/PLGA nanoparticles were immediately released. Applied on rat alveolar 
macrophages (NR8383), PLGA nanoparticles were taken up in signifi cant quantity 
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but less than PLGA microparticles. When rats were intratracheally administered 
with the three different formulations, the uptake of rifampicin associated to PLGA/ 
mannitol microparticles was higher than from the other preparations. Microscopy 
observations of rat lungs evidenced that PLGA microparticles were rapidly excreted 
by the mucociliary clearance, whereas after mannitol dissolution, PLGA nanoparti-
cles were retained in lungs. In comparison, rifampicin was loaded in SLN of 850 nm 
and evaluated, in vitro on alveolar macrophages, primary epithelial cells (isolated 
from rats) and cell lines (NR8383 and A549), and delivered in vivo to rats [ 187 ]. 
As expected, according to the size criteria, alveolar macrophages were specifi cally 
targeted (in vitro and in vivo results), with a sustained effect up to 12 h, and without 
decreasing the mitochondrial activity. It is also important to highlight that no differ-
ences were observed on primary cells and cell lines in terms of uptake and cytotoxicity. 
Moreover, delivery of PVA-coated PLGA and PLA nanoparticles on rats have shown 
that the uptake is predominantly achieved by alveolar macrophages compared to 
 epithelial cells, without increasing the immune response [ 188 ].   

22.7     Conclusions 

 Because of their small size, nanoparticles present a specifi c potential toxicity 
towards biological systems. Faced with the need to consolidate all toxicity results 
obtained after nanoparticle exposure, toxicologists have created a new subdisci-
pline: nanotoxicology. As shown above, nanoparticle toxicity encompasses several 
endpoints, and in order to suggest a safe nanomedicine, complete toxicity studies 
should be performed. For this purpose, to deeply understand interactions between 
nanomedicine and living organisms, several toxicity endpoints and diverse in vitro, 
in vivo, and ex vivo models should be compared. 

 The use of nanoparticles in biopharmaceutical applications is constantly increas-
ing. Nanomedicines, obtained through the use of large variety of drugs and nanopar-
ticles, have a promising future in diagnostic and therapeutic (see Tables  22.2  and  22.3  
for summary). Two major types of nanoparticles are currently investigated for lung 
drug delivery: lipid and polymeric nanoparticles. Liposomes or SLN have the main 
advantages to be prepared with natural compounds, and loaded with insulin they have 
been shown as an interesting alternative to iv administration (Table  22.2 ), without 
causing important toxicity. As far as polymeric nanoparticles are concerned, the stabi-
lizer plays a key role in the interactions with biological systems (Table  22.2 ). According 
to the present report, lipid and polymeric nanoparticles are good candidates as 
nanocarriers.

    Finally, a small number of other nanoparticles (Table  22.3 ) are proposed for lung 
delivery. For example, the preparation of contrast agent nanoparticles, stabilized 
with poloxamers, has revealed a low toxicity. Further experimental and clinical 
studies are expected to understand human organism–nanoparticle interactions, 
and thus confi rm, or not, the therapeutic and diagnostic potential of such 
nanomedicine.         
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    Chapter 23   
 Nanotoxicology: Contemporary Issues 
and Future Directions 
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  mt DNA    Mitochondrial DNA   
  MWCNTs    Multi walled carbon nanotubes   
  NF-κB    Nuclear factor-κB   
  NIR    Near infrared   
  NPs    Nanoparticles   
  PARP    Poly ADP ribose polymerase   
  PDGF    Platelet derived growth factor   
  PLGA    Poly(lactic-co-glycolic acid)   
  QDs    Quantum dots   
  RES    Reticuloendothelial system   
  ROS    Reactive oxygen species   
  SEM    Scanning electron microscope   
  SWCNTs    Single walled carbon nanotubes   
  TEM    Transmission electron microscope   
  TNF-α    Tumor necrosis factor alpha   
  α-SMA    Alpha smooth muscle actin   

23.1           Introduction 

 Nanoparticles    (NPs) have existed in nature since antiquity: in volcanic ash [ 1 ], par-
ticulate matter suspended in air [ 2 ], stellar dust etc [ 3 ]. In recent years, there has been 
enormous excitement about the applications of nanotechnology in various disciplines 
of science, with plethora of speculated applications. The applications of nanotech-
nology are profound, ranging from information technology to nano- electronics, fuel 
cells, solar cells, building materials, sensors, gene delivery, drug delivery, tissue 
engineering, gas storage, microscopy, etc. With advances in material and chemical 
sciences and availability of methods to prepare/synthesize and characterize these 
materials, there is a global call for funding nanotechnology research. Nanotechnology 
is an emerging science involving manipulation of materials at nanometer scale and it 
offers enormous opportunities and applications in drug delivery and biomedical 
research. Nanotechnology refers to the structures with one or more dimensions in the 
1–100 nm size range. However, nanoparticles (NPs) applied as drug delivery systems 
are up to several hundred nanometers (<300 nm) in size and are made up of different 
materials such as polymers (poly(lactic-co-glycolic acid)-PLGA), metal NPs    (quan-
tum dots-QDs), and carbon nanotubes (CNTs) etc. [ 4 ,  5 ]. Various nanotechnological 
approaches are being used to achieve better therapeutic outcome. Application of 
nanotechnology in medical research and clinical practice for the treatment, diagno-
sis, monitoring and control of biological systems referred to as “nanomedicine” [ 6 ]. 
Nanomedicines propose solutions to the age old problems associated with the solu-
bility, bioavailability, cellular uptake, and toxicity of many of the classical drugs [ 7 ]. 
Most important areas that seem to have a lot of benefi ts from nanotechnology is 
oncology for cancer diagnosis, targeting, therapy and therapeutic monitoring of 
tumor progression and CNS disorders to deliver therapeutic agents to brain [ 8 – 10 ]. 
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 With the discoveries and improvements in nanotechnology and the projected 
growth rate, it is expected that the production and use of nanomaterials will increase 
considerably in near future. As the materials become available and their usage 
increase, the exposure to such materials will increase. Thus, the safety concerns 
about NP-containing materials are increasing. The NPs show different physico-
chemical properties when compared to corresponding bulk materials. The small 
size of NPs confers a large surface area which, in turn, leads to increased interac-
tions with the cells. Thus, in such a scenario, the toxic effects of NPs remain not a 
function of their mass (as in case of bulk materials) but become a function of the 
surface area [ 11 ].

    1.    Although there is a tremendous increase in applications of nanoparticles in med-
ical imaging, disease diagnosis and drug delivery, the possible toxic health 
effects of these nanoparticles associated with human exposure through various 
routes like inhalation, ingestion, dermal and intended injection have not been 
properly studied [ 12 ,  13 ]. To date, only few studies are available on the toxico-
logical effects of nanomaterials and no clear guidelines exist to carry out the 
nanotoxicity studies [ 14 – 20 ]. So there is a great need for the toxicological evalu-
ation of different nanoparticles in order to frame the regulatory guidelines [ 21 ].   

   2.    CNTs, due to their unique physicochemical properties and the ability to cross the 
cell membrane, have become attractive candidates for numerous biomedical 
applications [ 22 – 26 ]. Both single walled carbon nanotubes (SWCNTs) and mul-
tiwalled carbon nanotubes (MWCNTs) have been extensively explored for vari-
ous therapeutic applications [ 24 ,  27 – 30 ]. Various polymeric NPs, including 
PLGA NPs have shown a lot of promise in nanotechnology based drug delivery 
systems [ 31 – 33 ]. Quantum dots (QDs) with unique photophysical properties are 
found to be suitable for various biomedical applications including drug delivery 
and diagnostic agents [ 34 ,  35 ]. However, novel and emerging technologies have 
their own teething problems, and nanotechnology is no exception. The current 
information on the toxicity of NPs is equivocal as several studies reported on 
various types of NPs indicate contrasting toxicological outcomes [ 28 ,  36 – 41 ]. 
Thus, maximizing the use of nanomedicine is possible only after methodical 
analysis of the risk versus benefi t [ 42 ]. 

 It is strongly believed that NPs interact with the biological systems very 
strongly when compared to that of bulk material [ 12 ]. Nanomaterial safety is a 
growing concern due the lack of suffi cient information and these opinions lead 
to the origin of concept of “Smaller is not always better: Nanotechnology yields 
nanotoxicology” [ 43 ]. Hence, the emerging discipline of nanotoxicology has 
come up to address the new potential threats associated with NPs [ 44 ]. It has 
been hypothesized that due to smaller size, NPs can cross all the biological bar-
riers including the Blood–Brain Barrier (BBB) [ 45 – 47 ]. However, the effects of 
NPs on BBB function and related consequences are not properly studied and 
indicating the need of nanoparticle toxicity in brain. Thus, new investigations 
dealing with the effects of several kinds of nanoparticles on the CNS with special 
regard to BBB function is urgently needed [ 48 ,  49 ].   
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   3.    Nanotoxicology research not only provide data for safety evaluation of nanoma-
terials, but also help to advance the fi eld of nanomedicine by providing informa-
tion about their undesirable properties and means to avoid the toxic issues by 
modifi cations [ 50 ]. However, during last 10 years only limited numbers of stud-
ies were devoted to evaluate the toxicity of the nanoparticles [ 20 ]. Most of the 
nanotoxicological studies reported so far were based on in vitro cell culture sys-
tems [ 51 – 53 ]. Due to the complex biological environment, entirely different 
effects for the same NPs may be obtained in in vivo studies when compared to 
in vitro studies. Changed NPs characteristics, when they interact with biological 
tissues/fl uids cannot be interpreted from the in vitro cell culture tests [ 54 ]. 
Therefore, systematic in vivo toxicological studies are needed to ensure the 
nanomaterials to be suitable for drug delivery and other biomedical applications 
[ 55 ]. Thus, balancing the risk and benefi ts, maximizes the utility of these materi-
als in nanomedicine without compromising public health and environmental 
integrity.    

23.2       Introduction to Nanotoxicology 

 The unique physical and chemical properties that make nanomaterials so attractive 
may be associated with potentially adverse effects. Novel physicochemical proper-
ties of the nanomaterials cannot be predicted based on our current understanding of 
their behavior in larger bulk forms. The specifi c physicochemical properties of the 
nanoparticles are expected to result in increased reactivity with biological systems. 
However, in this era of nano-opportunities, one must not forget to assess any poten-
tial threats of nanotechnologies to human health [ 56 ]. The fast growing number of 
applications of engineered nanoparticles in drug delivery systems, medical devices, 
food products, consumer products and the subsequent disposal of engineered 
nanoparticles in the environment may increase the human exposure [ 57 ]. The emer-
gence of novel materials with new and unanticipated properties has prompted the 
emergence of a new subcategory of toxicology called nanotoxicology to address the 
potential threats that widespread use of new nanomaterials could bring [ 58 – 60 ]. 
Several studies indeed suggest that these nanoparticles have a different toxicity pro-
fi le compared with larger particles [ 44 ]. The safety of the nanoparticles, lead to 
concept that smaller is not always better: nanotechnology leads nanotoxicology [ 43 ] 
and it is considered that nanotechnology and nanotoxicology are the two sides of the 
same coin [ 61 ]. However, the rapid progress in nanotechnology has exceeded the 
progress of research on nanotoxicology [ 62 ]. 

 The novel materials can be safely applied in a clinical setting, if only their bio-
compatibility, biodistribution and biodegradation is carefully assessed [ 63 ]. The 
extensively used solution in assessing nanomaterial toxicology is by utilizing vari-
ous mammalian cells to test for viability or increase/decrease in a designated 
 inherent biological pathway against chosen engineered nanomaterials [ 64 ,  65 ]. 

 Emerging nanotechnologies are unlikely to succeed without appropriate research 
into understanding and managing potential risks to health, safety, and environment [ 66 ]. 
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However, specifi c mechanisms and pathways through which nanomaterials may 
exert their toxic effects remain unknown [ 61 ]. Nanoparticle toxicity depends on 
biocompatibility, biodistribution, and biodegradation of the particles inside the 
body [ 67 ]. 

 It has been demonstrated through both in vivo and in vitro studies that the prop-
erties that make nanomaterials so attractive from a commercial application point of 
view can also potentially be responsible for undesirable health effects [ 44 ]. Despite 
current research, signifi cant knowledge gaps exist in all areas of nanotechnology 
risk assessment. Several laboratories have reported potential toxic effects of 
nanoparticles on different types of cells in vitro conditions [ 13 ,  68 ]. However, 
reported in vitro cell culture mediated nanotoxicity studies may not correspond to 
in vivo results and sometimes NPs may interact with the cell culture medium to 
infl uence the outcome of the experiments [ 13 ,  69 ,  70 ]. There are only a few publica-
tions on in vivo toxicity of nanomaterials [ 71 ,  72 ], indicating the need for the more 
in vivo studies [ 55 ]. The pharmacokinetics and biodistribution of the nanoparticles 
largely defi ne their therapeutic effect and toxicity, which can be done in only animal 
models [ 73 ,  74 ]. Most of the nanoparticle animal toxicity studies are limited only to 
respiratory exposure [ 75 – 77 ]. In reported non-respiratory toxicity animal models, 
the doses used were too low to predict the possible human exposure [ 78 ]. 
Nanotoxicology is a relatively new fi eld and most of the reports have focused on 
acute toxicity. Therefore, in a toxicological point of view, a large range dose 
nanoparticle exposure at different exposure period covering acute and chronic expo-
sure needs to be evaluated. Interpretation of in vivo toxicity studies has proven to be 
challenging as several factors may be working in tandem to cause nanoparticle tox-
icity [ 12 ]. A detailed assessment of the factors that infl uence the biocompatibility 
and/or toxicity of nanoparticles is crucial [ 79 ]. 

 Nanoparticle toxicity not only depends on particle size but also on other physi-
cochemical parameters such as size, shape, purity, chemistry, solubility, surface 
properties, aggregation, and stability [ 80 – 86 ]. Although the mechanism underlying 
NPs induced cytotoxicity is not completely understood, but it has been suggested to 
be related to infl ammatory response, oxidative stress, p53 activation and apoptosis, 
etc. [ 18 ,  84 ,  87 – 94 ]. 

 Gold nanoparticles biodistribution resulted in the wide spread distribution with 
smallest size (10 nm), whereas the larger particles were only detected in blood, liver, 
and spleen [ 95 ]. The varied biodistribution may result in the different toxicity profi le 
of the nanoparticles with different particle size. In another study after intravenous 
administration of gold nanoparticles signifi cant biodistribution of Au in the body 
over 2 months period and accompanying gene expression changes were observed in 
targeted organs [ 96 ]. Liver accumulated with gold nanoparticles resulted in the 
altered metabolizing CYP enzymes, indicating the need for careful safety evalua-
tions [ 97 ]. The mechanism of gold nanoparticle toxicity was reported as autophagy 
and associated oxidative stress and autophagosome formation [ 98 ]. In contrast to 
QDs toxicity, where toxicity is reduced by surface coating, the silver nanoparticles 
coated with polysaccharide resulted in the signifi cant increase in the genotoxicity 
when compared to the uncoated silver nanoparticles on mouse embryonic stem and 

23 Nanotoxicology: Contemporary Issues and Future Directions



738

embryonic fi broblast cells [ 99 ], indicating that surface coating may not always result 
in the reduced toxicity. In a recent study, transfer of QDs from female pregnant mice 
to their fetus across the placental barrier has been reported [ 100 ]. Nanoparticle 
induced endothelial toxicity and endothelial dysfunction has been reported with dif-
ferent nanoparticles [ 101 ,  102 ]. Nevertheless, more in vivo experiments are needed 
to study the different types of characterized nanomaterials with relevant route of 
administration which closely refl ecting expected exposure levels to evaluate the tox-
icity of nanomaterials [ 103 ]. 

 Therefore, proper assessment of the risks associated with exposure to nanomate-
rials requires a much better fundamental understanding of the impact of these mate-
rials on biological systems [ 104 ]. The rapid commercialization of nanotechnology 
requires focused safety assessment to prevent the potential risks associated with 
nanotechnology [ 105 ]. However, to date, no conclusive links between engineered 
nanoparticles and a biological or health impact have been observed, and insuffi cient 
data exists to make generalizations about the biocompatibility or safety of the nano-
materials [ 106 ]. 

 Nanotoxicology relies on many analytical methods and techniques for the char-
acterization of nanomaterials as well as their impacts on in vitro and in vivo func-
tion [ 107 ]. Development of new techniques to study the in vitro and in vivo 
nanotoxicological studies is essential to accurately represent nanoparticle effects 
[ 108 ]. An integrated metabolomic approach may be useful for the development of a 
rapid in vivo screening method for nanotoxicity [ 109 ,  110 ]. Therefore, it has been 
considered that nanotoxicological studies are needed not only to protect human 
health and the environment, but also to avoid damaging the nanotechnology indus-
try in the longer term [ 17 ]. Despite of so many studies conducted on nanoparticle 
toxicity, the scientifi c community is yet to determine which nanomaterials are haz-
ardous to the environment or humans [ 57 ,  111 ]. From the regulatory point of view 
it is very diffi cult to make any general regulatory recommendations to conduct the 
risk assessment due to still limited safety data of nanomedicine [ 112 ]. It is recom-
mended that every nanomedical applications be evaluated based on a case-by-case 
approach until specifi c guidelines can be fi nalized [ 42 ]. The present challenge for 
the nanotoxicologist is to identify key factors to predict the nanomaterial toxicity 
and how to improve the toxicity by rational modifi cations and predictive toxicologi-
cal paradigm for the safety assessment of nanoparticles has been recently proposed 
based on the oxidative stress model [ 113 – 115 ].  

23.3     Carbon Nanotubes 

 Carbon nanotubes (CNTs) consist exclusively of carbon atoms often described as a 
graphene sheet rolled up into the shape of a cylinder. This novel nanomaterial 
belongs to the fullerene family, the third allotropic form of carbon along with graph-
ite and diamond. CNTs can be classifi ed into single walled carbon nanotubes 
(SWCNTs)-consist of one layer of cylinder graphene and multiwalled carbon 

C. Godugu et al.



739

nanotubes (MWCNTs)-contain several concentric graphene sheets. SWCNTs have 
diameters from 0.4 to 2.0 nm and lengths in up to few microns (μ), while MWCNTs 
diameters in the range of 1.4–100 nm and lengths up to few microns [ 28 ]. CNTs 
have fascinated scientists with their extraordinary physicochemical properties. 
These materials have become increasingly popular in various fi elds simply because 
of their small size and amazing optical, electric, and magnetic properties. CNTs 
exhibit exceptional mechanical properties (high tensile strengths, light weight, ther-
mal and chemical stability), which results in a number of potential applications in 
nanotechnology and in nanomedicine as biosensors, diagnostic agents, therapeutic 
devices, and drug delivery systems [ 116 ,  117 ]. CNTs are ideal nonbiodegradable 
materials; these are considered to be one of the least biodegradable man-made 
materials. 

 Unmodifi ed CNTs were called pristine CNT which are not routinely used for the 
drug delivery. Different functionalization strategies have been reported for various 
nanotechnological applications [ 22 ]. Functionalization and bioconjugation of CNTs 
for various biomedical applications have been reported [ 118 ,  119 ]. Functionalized 
CNTs (F-CNTs) enable variety of medicinal applications, including the diagnosis 
and treatment of cancer, infectious diseases, and central nervous system disorders 
and also useful in tissue engineering [ 26 ,  120 ]. F-CNTs are emerging as a new fam-
ily of nanocarriers for the delivery of different types of therapeutic molecules [ 27 , 
 121 ]. One key advantage of CNTs is their ability to translocate through plasma 
membrane, allowing them for the delivery of therapeutically active molecules [ 122 ]. 
CNTs based nano platform has been developed to deliver various agents into cells, 
including drugs, peptides, proteins, plasmid DNA, and small interfering RNA [ 29 , 
 123 – 126 ]. CNTs may afford a more effective and convenient delivery system com-
pared to the conventional systems [ 127 ]. 

 Functionalization renders the surface of CNTs water soluble, compatible with 
biological fl uids and leads to their rapid excretion through the renal route and mini-
mizing unwanted tissue accumulation [ 28 ] and thereby can be developed as 
nanomedicines. 

 CNTs owing to their unique physicochemical properties have become a popular 
tool in cancer diagnosis and therapy [ 128 ,  129 ]. These are considered one of the 
most promising nanomaterials with the capability of both detecting the cancerous 
cells and delivering drugs or small therapeutic molecules to these cells [ 130 ]. CNTs 
attached to antibodies or peptides represent important approach to targeting cancer 
cells [ 131 ]. Targeted and controlled delivery of various anticancer drugs with supe-
rior anticancer cancer activity has been demonstrated with CNTs [ 25 ,  132 ,  133 ]. 

 Biological systems are highly transparent to 700–1,100 nm near infrared (NIR) 
light [ 134 ]. The strong optical absorbance of SWCNTs in the NIR region can be used 
for optical stimulation of CNTs inside living cells. CNTs convert absorbed NIR light 
into heat, which can thermally ablate cells that have bound the CNTs [ 135 ]. Selective 
destruction of cancer cells with multifunctional SWCNTs containing targeting 
ligands (folate, RGD peptide, and EGFR antagonist), anticancer agents, and the 
imaging agents is proposed and few studies have already demonstrated the multi-
functional performance of CNTs [ 23 ,  136 – 138 ]. Rapid photothermal intracellular 
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drug delivery using MWCNTs was reported, where NIR irradiation of MWCNTs 
resulting in the increased intracellular delivery of anticancer agents has been 
achieved [ 46 ]. 

 Selective cancer cell destruction was achieved by functionalization of SWCNTs 
with a folate moiety. Thus, the transporting capabilities of CNTs combined with 
suitable functionalization chemistry and their intrinsic optical properties can lead to 
new classes of novel nanomaterials for drug delivery and cancer therapy [ 23 ,  139 ]. 
SWCNTs show an intense Raman peak produced by the strong electron photon 
coupling that causes effi cient excitation of tangential vibration in the nanotubes 
quasi one-dimensional structure upon light exposure. The robust Raman scattering 
property of SWCNTs can be used for the detection and in vivo imaging purpose 
[ 78 ]. Detection of Raman NPs in both superfi cial and deep tissues will be useful for 
targeting and imaging of tumors suggesting that CNTs may become promising 
molecular imaging agents for living subjects [ 140 ,  141 ]. 

 Even though signifi cant benefi ts have been proposed and demonstrated in vari-
ous experimental condition for promising therapeutic drug delivery and biomedical 
applications based on CNTs [ 142 ]. Much remains to be done before this can be a 
clinical reality and many factors need to be optimized, among which are biocompat-
ibility, pharmacokinetics, biodistribution, in vivo targeting effi cacy, the ability to 
escape the RES, and toxicity issues [ 143 ]. The toxicological and pharmacological 
profi le of such CNTs mediated drug delivery systems have to be determined prior to 
any clinical studies.  

23.4     Carbon Nanotubes Toxicity 

 CNTs have produced unusual toxicological properties owing to their unique physi-
cochemical properties [ 144 ]. The present knowledge on toxic effects of CNTs is 
still limited, in spite of the large number of ongoing studies [ 145 ]. Comparing the 
different studies is diffi cult because different CNTs types (MWCNTs and SWCNTs, 
difference in diameter, length, size, and surface area and functionalization, etc.) and 
model systems employed for the toxicological evaluation [ 146 ]. The exact method-
ology and CNTs characteristics are not described, which makes it diffi cult to com-
pare the data. Furthermore, CNTs contain contaminants which further complicates 
the comparison of different carbon nanotubes toxicity studies [ 147 ]. The toxicity of 
CNTs has been demonstrated in vitro and in vivo. In general, in vivo administration 
of small doses of CNTs (<10 mg/kg) was accompanied by accompanied by infl am-
mation and cell death. The in vitro studies complement the in vivo studies and show 
cytotoxicity and pro-infl ammatory potential of CNTs as observed in vivo. CNTs 
exhibit toxicity towards a variety of cell types; the toxicity being dependent on the 
CNT type and the cell type. However, in most of the primary cells and cells studied, 
cells were susceptible to cytotoxic effects of CNTs at concentrations of 100 μg/ml 
or lower. 
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23.4.1     CNTs In Vitro Toxicity Studies 

 Most of the CNT toxicity data and mechanisms of its toxicity was explained with 
in vitro cell culture experiments by using wide range of cell types including lung 
fi broblasts, keratinocytes, Hela liver cells, kidney cells, HUVEC cells, macro-
phages, microglial cells, etc. In vitro studies indicated a decrease in cell prolifera-
tion and cytotoxic effects associated with cell death [ 148 ,  149 ], induction of 
apoptosis or reactive oxygen species generation [ 150 ]. Conversely, other authors 
reported low or no cytotoxic and lack of toxicity in different cell types after treat-
ment with CNTs. Functionalization of CNTs by the addition of certain surface mol-
ecule groups can modify their toxicity [ 151 ]. 

 Exposure of human keratinocytes mimicking potential dermal exposure has 
shown that both SWCNT and MWCNT are capable of localizing within cells and 
causing cellular toxicity [ 148 ]. Manna et al. demonstrated a clear dose-dependent 
activation of NF-κB and oxidative stress in human keratinocytes along with IkB 
depletion and MAPK phosphorylation [ 150 ]. Human T lymphocytes a possible tar-
get cell for CNTs that gain access to lymphoid tissue were exposed to oxidized 
MWCNT and found to be killed in a time- and dose-dependent manner via an apop-
totic mechanism [ 152 ]. Similarly, other studies also reported the CNTs induced 
apoptosis [ 149 ,  153 ,  154 ]. CNT toxicity was also found to be mediated through 
oxidative stress [ 90 ,  155 ,  156 ]. However, in vitro nanoparticle toxicity study some-
times may lead to false positive or false negative endpoints. Infl ammatory cell medi-
ated toxicity, NP ADME, and long term toxicity studies are not possible with in vitro 
cell culture experiments [ 13 ,  55 ].  

23.4.2     CNTs In Vivo Toxicity Studies 

 In vivo toxicity studies are essential to prove the safety of any drug delivery sys-
tems. Pulmonary toxicity of CNTs has attracted much attention in recent years due 
to the occupational and environmental signifi cance of these materials [ 157 ,  158 ]. 
However, due to the diffi culties associated with generating aerosols of CNTs, sev-
eral in vivo pulmonary studies have employed intratracheal instillation as the expo-
sure method to study pulmonary toxicity [ 77 ,  88 ]. SWCNTs instilled into the lungs 
of mice produced granulomas in the pulmonary interstitium of the lungs [ 76 ]. Rats 
exposed to SWCNTs developed multifocal granulomas in the absence of any pul-
monary infl ammation or cellular proliferation [ 159 ]. Pulmonary toxicity studies of 
SWCNTs after pharyngeal aspiration in C57BL/6 mice have demonstrated a dose- 
dependent augmentation of biomarkers of cell injury, oxidative stress as evidenced 
by reduced level of GSH and total antioxidant reserve along with the accumulation 
of lipid peroxidation products in Bronchoalveolar lavage (BAL) fl uid and in the 
lung [ 144 ]. A subsequent study using C57BL/6 mice that were maintained on vita-
min E-suffi cient or vitamin E-defi cient diets further emphasized the importance of 
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oxidative stress and antioxidant depletion in the overall infl ammatory response in 
the toxicity of SWCNTs [ 160 ]. Muller et al. exposed rats intratracheally to whole or 
ground MWCNTs and characterized their biological activity. They also measured 
biopersistence at two time points and found that the longer ungrounded nanotubes 
were more biopersistent than the shorter nanotubes at 60 days and were highly 
fi brogenic and infl ammogenic [ 161 ]. Another study revealed that even after metals 
are removed SWCNTs induced transient oxidative stress [ 144 ]. In a recent study 
biodegradation of SWCNTs by human neutrophils enzyme myeloperoxidase was 
reported in the in vitro conditions; further in vivo administration of these degraded 
CNTs resulted in signifi cant reduction in pulmonary infl ammation. These fi ndings 
indicate the ways to mitigate the CNT toxicity. However, in case of high dose 
administration of CNTs, the neutrophilic enzyme biodegradation system may be 
compromised leading to pulmonary toxicity [ 162 ]. Oral administration of SWCNTs 
to rats resulted in the oxidative stress mediated DNA damage in liver and lung cells, 
raising the concerns when these compounds are used for various biomedical appli-
cations but in few other studies the oral administration of CNTs did not result in the 
appreciable toxicity [ 163 ,  164 ]. In vivo CNT toxicity studies reported till today are 
mainly focused on pulmonary toxicity to mimic the environmental and occupation 
exposure. However, the other routes of human exposure of CNTs particularly for 
intravenous and oral administrations for medical use were mostly overlooked and 
often confi ned to low dose toxicity studies with minimal toxicological end param-
eters. Therefore, there is a need for the more extensive studies involving more fac-
tors to determine the possible toxic effects associated with CNTs exposure. Recent 
in vivo studies have provided encouraging results in terms of biodistribution and 
biocompatibility of functionalized CNTs, as no acute toxicity or adverse reaction 
was seen, and rapid excretion of CNTs through the renal route was observed [ 41 , 
 165 ,  166 ]. Functionalization of CNTs may thus serve to minimize adverse biologi-
cal effects related to unwanted tissue accumulation of this important class of 
nanomaterials. 

 Intravenous administration of functionalized SWCNTs in high doses resulted in 
the accumulation of the CNTs in liver and spleen without any notable toxicity [ 40 ]. 
In an another study, intravenous administrations of high doses of MWCNTs resulted 
in liver toxicity; further PEGylation partly decreased the liver toxicity in mice, 
which implies the role of CNTs surface on the toxicity [ 167 ]. CNTs were shown to 
produce length dependent infl ammogenic effects at the mesothelial surface similar 
to asbestos. Follow-up studies in the more relevant pleural mesothelium have shown 
the intense infl ammation being produced by long asbestos and long nanotubes in 
contrast to insignifi cant levels of infl ammation caused by short asbestos and short 
nanotubes [ 168 ]. Therefore, length dependent CNT toxicity needs to be further 
studied to fi nd the suitable length for drug delivery purpose. Intravenous administra-
tion of purifi ed SWCNTs in ICR mice resulted in the long term accumulation in the 
liver, lung, and spleen. However, these accumulations resulted in only low level of 
toxicity which is mediated through oxidative stress [ 169 ]. Platelet induction and 
vascular thrombosis was observed with carbon nanoparticle on in vitro and in vivo 
test systems and these platelet induction was found to be mediated through infl ux of 
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extracellular calcium [ 16 ,  170 ,  171 ]. Based on the contrasting toxicological out-
comes with different types of CNTs in different animal models and on top of it 
limited number of toxicological studies, in future detailed in vivo toxicological 
studies are needed to ensure the safety of the CNTs for drug delivery purp   ose 
(Fig.  23.1 ).  

  Fig. 23.1    Toxicological effects of MWCNTs: Mice were intravenously administered with 
MWCNTs at the dose of 10 mg/kg (single dose), 1 month after the administration, the accumula-
tion of the MWCNTS were seen in liver, lung, and spleen. The black colored organs indicate the 
accumulation of CNTs. Organ weights were also increased in MWCNTs treated groups (data not 
shown). In our follow-up studies similar kind of accumulation was seen even 3 months after the 
single dose of MWCNTs (10 mg/kg) administration, which suggested the long term accumulation 
property of MWCNTs in reticuloendothelial system (RES) organs. Similarly, 24 h after the 
MWCNTs administration, signifi cant increase in the micronucleus (MN) formation was observed 
in peripheral blood smears,  white arrows  indicate the MN in the erythrocytes. COMET assay per-
formed in the liver cells collected from MWCNTs showed marked increase in the percentage DNA 
in the tail which is the indicator of frequency of DNA damaged ( white arrow head  indicate the 
moment of DNA in damaged cells). Both MN and COMET assays demonstrated the genotoxic 
potential of MWCNTs. Upon acid digestion of liver collected from 3 months post MWCNTs 
treated animals, the acid digested matrixes were visualized under scanning electron microscope 
(SEM), the presence of intact MWCNTs indicate the long term accumulation behavior of 
MWCNTs in animal models. These data clearly indicate the toxic potential of MWCNTS (unpub-
lished data)       
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 Further, pulmonary exposure to MWCNTs also resulted in increased coronary 
vasoconstriction or reduction in endothelium-dependent vasodilation [ 172 ,  173 ]. 

 SWCNTs were found to show toxicity in rat heart cell line. Light microscopy 
revealed changes in cellular morphology with slight reduction in cell viability and 
increase in number of apoptotic cells. When subcultured, SWCNT-treated cells 
showed higher degree of cell death with an increase in apoptotic cell density. The 
cells regained partially reverted to their normal morphology and divided normally 
[ 174 ]. Contrastingly, SWCNTs also promoted transformation to myofi broblasts 
[ 175 ] while cardiac myocytes cultured on MWCNT supports showed higher viabil-
ity [ 176 ]. Further, incubation with SWCNTs resulted in an increased expression of 
cell adhesion molecules, oxidative stress, and apoptosis in rat aorta endothelial cells 
[ 177 – 179 ]. Intravenous administration of MWCNTs in rats resulted in increased 
calcifi cation of aorta as well as damage to aortic epithelium [ 180 ]. In vitro studies 
suggested the MWCNTs may accelerate progression of atherosclerosis [ 181 ]. 
Similarly, pharyngeal aspiration of SWCNTs and MWCNTs resulted in alterations 
in expression of several genes in aorta. An increased expression of E-selectin, 
P-selectin, IL-6 (pro-infl ammatory cytokine), and HO-1 (oxidative stress marker) 
was observed in aorta. Intratracheal instillation of SWCNTs in spontaneously 
hypertensive rats resulted in an increase in plasma levels of angiotensin-I converting 
enzyme suggestive of peripheral vascular thrombosis [ 182 ]. Oropharyngeal aspira-
tion of MWCNTs in mice resulted in worsening of cardiac ischemia–reperfusion 
injury in a dose- and time-dependent manner [ 183 ]. 

 The pulmonary exposure of NPs may also lead to effects on the central nervous 
system (CNS) [ 184 ,  185 ]. These central effects of NPs may arise due to retrograde 
axonal transport through neurons. Apart from these, NPs in systemic circulation 
may also cross blood–brain barrier and exert CNT toxicity. SWCNTs showed time- 
and concentration-dependent cytotoxicity in a neuronal-like cell line, PC12. The 
cytotoxicity was accompanied by stimulation of free radical production and induc-
tion of apoptosis [ 186 ,  187 ]. Functionalization of SWCNTs with PEG resulted in a 
reduction in oxidative stress [ 188 ]. Further, incubation with Vitamin E resulted in 
reduction in SWCNT-induced oxidative stress and apoptosis in PC12 cells [ 189 ]. 
MWCNTs have been demonstrated to suppress potassium channels and increased 
neuronal differentiation in PC 12 cells [ 190 ,  191 ]. MWCNTs also altered excitabil-
ity in chromaffi n cells [ 192 ], rat brain slices [ 193 ], and hippocampal CA1 neurons 
[ 194 ]. MWCNTs have been demonstrated to be cytotoxic in dorsal root ganglia 
neuron cultures and inhibited axon growth [ 195 ,  196 ]. Similarly, MWCNTs were 
also found to be toxic towards rat glioma cells and induced oxidative stress [ 197 ]. 
Amino-functionalized MWCNTs increased neurite outgrowth in cultured PC12 and 
dorsal root ganglia neurons [ 198 ]. When administered to pregnant dams, the pups 
did not show any change in neurobehavioral parameters [ 199 ]. 

 Schipper et al. assessed the toxicity of intravenously administered PEG- 
functionalized SWCNTs in nude mice. The animals were observed for 4 months and 
showed no signifi cant changes in body weight, blood cell counts (erythrocytes, leu-
cocytes, neutrophils), hematocrit, hemoglobin, mean corpuscular volume, mean cor-
puscular hemoglobin, and mean corpuscular hemoglobin concentration as  compared 
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to control. The CNTs were observed in lungs and spleen by histopathology and 
Raman microscopy without evidence of toxicity [ 40 ]. The PEG-SWCNTs were 
found to be excreted in feces [ 200 ]. Wang et al. demonstrated induction of Th2 
response in splenic T cells of mice intravenously injected with MWCNTs [ 201 ]. 
Pristine and oxidized MWCNTs were found to induce infl ammatory response and 
hyperalgesia in animals subcutaneously injected with CNTs [ 202 – 204 ].   

23.5     Fullerene Toxicity 

 Due to putative antioxidant properties Fullerenes C60 have a lot of therapeutic 
applications. Assessment of toxicity associated with C60 fullerene preparations is 
of pivotal importance for their biomedical application as cytoprotective (antioxi-
dant), cytotoxic anticancer, theragnostic or drug delivery agents. Moreover, the 
widespread industrial utilization of fullerenes may also have implications for 
human health [ 205 ]. In another study, adult zebrafi sh exposed to the 30 mg/kg 
dose fullerene for 24 h have shown enhanced Acetylcholine esterase (AChE) 
activity and increased oxidative stress (increased lipid peroxidation levels) in 
brain, suggesting the possibility of fullerene nanoparticles crossing the blood–
brain barrier and reaching the brain and causing toxicity [ 206 ]. Co-exposure of 
Fullerene with carcinogenic toxicant benzo[a]pyrene (BaP) to zebrafi sh hepato-
cytes resulted in aggravation of BaP toxicity through increasing intake of BaP into 
cells, decreased cell viability and impaired detoxifying phase II enzymes such as 
GST. This observation suggest that in presence of Fullerene, there may be a pos-
sibility of increased environmental toxicant induced carcinogenic effect [ 207 ]. 
Further, in ischemia reperfusion injury model intratracheal and systemic adminis-
tration of fullerene resulted in increased myocardial infarction in coronary arter-
ies. In vitro tissue responses indicated the increased endothelin-1 mediated 
vasoconstriction in coronary arteries. This increased contraction was augmented 
with indomethacin, suggesting the role of COX-2 pathway in vascular dysfunc-
tion associated with fullerene. The acetylcholine induced endothelium dependent 
vascular relaxation was signifi cantly reduced in fullerene intravenously adminis-
tered male rats, where as in IT C60 exposure groups decreased sodium nitroprus-
side mediated vasorelaxation was observed in female rats. Intravenous 
administration of fullerene resulted in increased serum interleukin-6 and mono-
cyte chemotactic protein-1. Based on these observations, it was concluded that 
intratracheal and intravenous exposure of C60 results in unique cardiovascular 
consequences that may favor heightened coronary resistance and myocardial sus-
ceptibility to ischemia reperfusion injury [ 208 ]. In an air pouch model of acute 
infl ammation, fullerene alone did not induce any kind of infl ammation and proin-
fl ammatory cytokine release; however, fullerene can act in concert with other 
agents to cause infl ammation; in the presence of lipopolysaccharides (LPS) fuller-
ene increased the local production of several cytokines/chemokines, similar type 
of situation that is likely to occur in vivo [ 209 ].  
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23.6     Polymeric Nanoparticles Toxicity 

 Polymeric Nanoparticles are solid colloidal particles composed of natural, syn-
thetic, or semisynthetic polymers with size ranges from 1 to 1,000 nm. Synthetic 
biodegradable polymers are well-known materials for the synthesis of nanoparticles 
(NPs) [ 210 ,  211 ]. The drugs or other bioactive molecules can be loaded into the 
nanoparticles by entrapment or encapsulation or adsorption or attachment methods 
[ 212 ]. Many studies have reported to deliver a variety of drugs such as hydrophilic 
drugs, hydrophobic drugs, proteins, vaccines, and biological macromolecules using 
polymeric nanoparticles as carriers [ 213 ,  214 ]. 

 Polymeric nanoparticles are widely investigated for controlled and targeted 
delivery of various drugs. Although a number of different polymers have been 
investigated for formulating biodegradable NPs, PLGA polymer has been the most 
studied [ 215 ]. Among all the polymers, copolymer Poly(lactide-co-glycolide) 
(PLGA) is approved by the US Food and Drug Administration, has attracted signifi -
cant interest for nanoparticle delivery system because it is biodegradable, biocom-
patible, nontoxic and generally regarded as a safe (GRAS) polymer [ 216 ]. PLGA 
has been widely applied to formulate hydrophobic as well as hydrophilic drugs 
[ 216 ]. PLGA nanoparticles have been extensively used as carriers for drug delivery 
and other therapeutic applications and also as multifunctional delivery system [ 217 , 
 218 ]. 

 There are several techniques available for the preparation of drug loaded PLGA 
NPs for various therapeutic and biomedical applications [ 219 ,  220 ]. Among all, the 
solvent evaporation technique is often adopted due to its high drug loading capacity, 
good reproducibility, high stability, and applicability to both hydrophobic (the sin-
gle emulsion method) and the hydrophilic drugs (the double emulsion method). 
Several other polymers such as chitosan, dendrimers, block polymers, PBCA have 
also been demonstrated in nanomedicine to improve the performance of the thera-
peutic agents [ 212 ,  221 – 225 ]. Though studies on polymer toxicity in bulk form are 
available, due to unexpected physicochemical characteristics and increased reactive 
nature of the nanoparticles, detailed nanotoxicity studies are needed to ensure the 
safety of the polymeric nanoparticles [ 226 – 228 ].  

23.7     Quantum Dots Toxicity 

 Quantum dots (QDs) are luminescent semiconductor nanocrystals with approximate 
size 2–100 nm in diameter. They have advanced optical properties compared with 
traditional organic fl uorophores [ 229 ]. They have size and composition tunable emis-
sion from visible to infrared wavelengths, broader excitation spectra due to high 
absorption coeffi cients, high quantum yield of fl uorescence, strong brightness, pho-
tostability, and high resistance to photobleaching [ 230 ]. These unique properties of 
QDs have attracted tremendous interest in exploiting them in a variety of biological 
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applications [ 231 ]. QDs comprise metallic components of cadmium-selenium 
(CdSe) or cadmium-tellurium (CdTe) cores with zinc sulfi de (ZnS) shells. They have 
the great potential to become one of the most useful tools for biomedical applications 
[ 232 ]. The potential applications of QDs are to use as optimal fl uorophores for 
in vivo biomedical imaging [ 149 ,  233 ,  234 ]. QDs have also been proposed for bio-
logical labeling or cell targeting (e.g., labeling cancer cells) following conjugation 
with specifi c bioactive moieties [ 235 ,  236 ]. They were intensively explored as fl uo-
rescent probes for long term and multimodal in vitro and in vivo imaging purposes 
[ 35 ,  237 ,  238 ]. Targeted delivery of QDs can also achieve high specifi city and sensi-
tivity of cancer detections, which can diagnose cancer at its earliest stage and thus 
greatly improve its prognosis [ 239 ,  240 ]. Despite the immense potential of the QDs 
for clinical and research applications, the potential applications were limited due to 
the toxic effects of semiconductor QDs. Their biological effects and safety are still 
unclear, which have received enormous attention over the past few years [ 62 ,  241 ]. 

 With the widespread use, the likelihood of exposure to QDs has been assumed to 
have increased substantially. However, there is a lack of toxicological data pertain-
ing to QDs [ 242 ]. All QDs are not alike, engineered QDs developed for various 
applications cannot be considered a uniform group of substances. Their absorption, 
distribution, metabolism, and excretion (ADME) and toxicity depend on multiple 
factors such as physicochemical properties and environmental conditions [ 243 ]. 
QDs size, charge, concentration, outer coating, and mechanical stability have each 
been implicated as determining factors in QD toxicity [ 82 ,  243 ,  244 ]. Although they 
offer potentially invaluable benefi ts such as drug targeting and in vivo biomedical 
imaging, QDs may also pose risks to human health and the environment under cer-
tain conditions. Recently published research indicates that there is a range of con-
centrations where quantum dots used in bioimaging have the potential to decrease 
cell viability or even cause cell death, thus suggesting that further toxicological 
evaluation is urgently needed [ 245 ]. Most of the QDs toxicology data is derived 
from in vitro experiments and these studies may not refl ect in vivo responses [ 246 ]. 

 To date, the literature on toxicity of QDs is combination of several types of QDs 
with widely varying physicochemical parameters, making the comparisons rather 
diffi cult [ 247 ]. A primary source of QDs toxicity results from cadmium residing in 
the QDs core. Toxicity of uncoated core CdSe or CdTe QD have been discussed in 
several reports and is associated, in part, with free cadmium present in the particle 
suspensions or released from the particle core intracellularly [ 248 ]. Encapsulation 
of the CdSe QDs with a ZnS shell or other capping material has been shown to 
reduce toxicity [ 249 ]. Intravenous administration of QDs (CdSeTe) in mice resulted 
in the persistent accumulation in the spleen, liver, and kidneys for at least 28 days 
with little or no disposition, but was gradually and partially eliminated by 6 months. 
Histological examination of these organs by normal light microscopy did not result 
remarkable alteration. But, investigations using electron microscopy on renal sam-
ples revealed defi nitive mitochondrial alterations in renal tubular epithelial cells at 
28 days and 6 months post dosing indicate the possible toxicity [ 241 ]. Systemically 
administered QDs persisted with signifi cant blue-shifted emission and retained 
 fl uorescence for up to 2 years in vivo [ 250 ]. At higher doses QDs were found to 
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produce pulmonary vascular thrombosis by activating the coagulation cascade, 
these effects depend on the surface charge of the QDs, emphasizes that surface 
charge is an important parameter in assessing QDs nanotoxicity [ 251 ]. In an another 
study low dose 5 nM/mice of QDs administration resulted in the signifi cant clear-
ance from the body mainly from kidney renal fi ltration and from liver hepatic biliary 
excretion and little fraction (8 % of the dose) of QDs were found to be accumulated 
in liver for longer periods [ 229 ]. Short term and long term toxicological evaluation 
of CdSe QDs dots in healthy Sprague Dawley at 2.5–15 nmol dose did not cause 
appreciable toxicity even after breakdown in vivo over time [ 246 ]. 

 Cytotoxicity and proinfl ammatory cytokine induction of QDs on Human epider-
mal keratinocytes (HEKs) indicate that QD surface coating is a primary determinant 
in QDs toxicity [ 82 ]. When compared to CdSeTe core, QDs containing CuInS 2  as a 
core resulted in the improved toxicity in animal models [ 252 ]. QDs treatment 
resulted in the increased production of tumor necrosis factor (TNF)-α and CXC- 
chemokine ligand (CXCL) 8 levels through ROS and mitogen-activated protein 
kinases (MAPKs) dependent mechanisms in human primary monocytes and in mice 
models [ 15 ]. Based on the limited toxicological data, the potential toxic effects of 
QDs have become a hot issue that must be further addressed before clinical applica-
tions would be possible. Most studies recommend that not all QDs are similar in 
their toxicity, and toxicity of differing QDs must be considered individually. The 
adverse effects of QD can be mitigated or eliminated by proper choices of coating 
materials and modifi cation techniques that improve the stability [ 12 ].  

23.8     Cerium Oxide Nanoparticles (Nanoceria) Toxicity 

 The vascular infusion of nanoceria resulted in acute sequestration of liver Kupffer 
cells and subsequent retention on parenchymal cells. Hepatic stellate cells also 
sequestered nanoceria. Within the sinusoids, prolonged nanoceria bioretention was 
associated with Kupffer rich granuloma formation. The intermingling CD3+ T cells 
were also observed in granuloma. Upon acute exposure signifi cant increase in the 
serum aspartate aminotransferase (AST) level was seen, this elevation was subsided 
in chronic infusion conditions. In liver tissue increased protein carbonyl levels were 
observed, indicating the role of oxidative stress in chronic nanoceria induced liver 
injury. These observations suggest a single vascular infusion of nanoceria can lead 
to persistent hepatic retention of particles with possible implications for occupa-
tional and therapeutic exposures [ 253 ].  

23.9     Genotoxicity of Nanoparticles: Nanogenotoxicity 

 One of the important areas governing regulatory health risk assessment of NPs is 
genotoxicity, as DNA damage may initiate and promote carcinogenesis. Considerable 
attention has been given to the toxicity of engineered nanomaterials, but the 
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importance of NPs genotoxic potential on human health has been largely ignored 
[ 17 ]. Many of the engineered nanomaterials assessed were found to cause genotoxic 
responses, such as chromosomal fragmentation, DNA strand breakages, point muta-
tions, oxidative DNA adducts and alterations in gene expression profi les. Very little 
has been done with respect to investigate the genotoxicological safety of nanomate-
rials used in drug delivery applications [ 254 ]. However, due to inconsistencies in the 
literature, it is diffi cult to draw conclusions on the features of nanomaterials that 
promote genotoxicity. Thus, further attention to improve our understanding of the 
genotoxic potential of engineered nanomaterials is needed [ 17 ]. 

 These unique physicochemical properties of NPs may lead to dramatic change in 
biological activities including ROS generation and infl ammation, two of the most 
frequently reported NPs-associated toxicities. Oxidative stress induced by NPs can 
be either originated from acellular factors such as particle surface, size, composi-
tion, and presence of metals or cellular responses such as mitochondrial respiration, 
NPs–cell interactions, and immune cell activation are responsible for ROS-mediated 
damage. NPs induced oxidative stress play pivotal role in further pathophysiologi-
cal effects including genotoxicity, infl ammation, and fi brosis by activating associ-
ated cell signaling pathways [ 255 ]. 

 Upon interaction of NPs with cells may result in the formation of reactive oxy-
gen species (ROS). At low levels ROS production, cells initiate a protective antioxi-
dant defense mechanism to maintain pro-oxidant and antioxidant balance, which 
promotes cell survival. An imbalance toward the pro-oxidative state is often referred 
to as oxidative stress. Under conditions of excess ROS production, the natural anti-
oxidant defenses may be overwhelmed and at higher levels of ROS the protective 
response is overtaken by infl ammation and cytotoxicity. Infl ammation is initiated 
through the activation of pro-infl ammatory signalling cascades, such as mitogen- 
activated protein kinase (MAPK) and nuclear factor κB (NFκB). An excess of ROS 
can cause apoptosis. Activated transcription factor NFκB stimulates the production 
of infl ammatory cytokines (example tumor necrosis factor alpha (TNF-α), interleu-
kins, IL). The release of cytokines has the potential to cause infl ammation under 
in vivo conditions and can ultimately promote the development of diseases (fi brosis, 
cancer, apoptosis, and necrosis). Thus, increased levels of ROS either from NPs 
surface or through NPs-cellular interactions can cause genotoxicity [ 256 ]. 
Genotoxicity of NPs varied highly among different types of nanoparticles [ 257 ]. 
Many reports are available on the negative genotoxic potential of various types of 
nanoparticles [ 258 – 261 ]. Several in vitro and in vivo studies with carbon nanotubes 
resulted in the negative genotoxic effects [ 262 ,  263 ]. On other hand, in vitro studies 
on mouse embryonic stem cells with MWCNTs demonstrated the potential of geno-
toxicity induction and indicated the need of careful scrutiny of the nanomaterials 
genotoxicity [ 264 ]. 

 The stable and well characterized C60 fullerene nanoparticles did not show any 
genotoxicity upon in vitro and in vivo assays [ 261 ]. In another study stable aqueous 
suspensions of C60 fullerenes free of toxic organic solvents on human lymphocytes 
by using single cell gel electrophoresis (COMET) assay has demonstrated positive 
genotoxic response with strong correlation between the genotoxic response and C60 
concentration [ 265 ]. 
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 Size dependent entry of SiO 2  nanoparticles into the nucleus and disturbance of 
nuclear organization indicates the direct effect of nanoparticles on the nucleus 
[ 266 ]. The transmission electron microscopic (TEM) analysis indicated the pres-
ence of silver nanoparticles inside the mitochondria and nucleus. Disruption of the 
mitochondrial respiratory chain by accumulated NPs may lead to production of 
ROS and interruption of energy synthesis, which in turn may cause DNA damage. 
Further, DNA damage may be augmented by deposited NPs in the nucleus [ 267 ]. 
Strong binding between DNA and Carbon NPs in a dose-dependent manner was 
observed, which may induce DNA aggregation and DNA damage [ 268 ]. The direct 
binding of nanoparticles with DNA may explain the altered gene expressions upon 
NPs exposure observed in various studies. 

 Nanoparticles through increased free radical generation and depleted endoge-
nous antioxidant levels produced genotoxicity in various studies [ 163 ,  269 ,  270 ]. 
Coated Ag NPs exhibited more severe damage than uncoated NPs, suggesting that 
nanoparticle surface play role in the genotoxicity [ 99 ]. The genotoxic potential of 
SWCNTs on lung fi broblast cells by comet assay and micronucleus (MN) test indi-
cated the positive genotoxic response, whereas in the Salmonella gene mutation 
assay, no mutations were found following SWCNT exposure, indicating the need of 
multiple genotoxic tests to screen the nanoparticles [ 271 ]. In vivo micronucleus 
(MN) assay in type II pneumocytes 3 days after the single intratracheal administra-
tion of MWCNTs and in vitro cytokinesis-block micronucleus assay in rat lung 
epithelial cells exposed to MWCNTs, both in vitro and in vivo tests indicated the 
positive genotoxicity. Further, fl uorescent in situ hybridization assay evidenced the 
clastogenic as well as aneugenic effect [ 272 ]. In another study treating the mice 
with TiO 2  NPs in drinking water resulted in the signifi cant DNA damage studied by 
set of genotoxicity tests such as comet assay, micronucleus assay, gamma-H2AX 
immunostaining assay and 8-OHdG levels estimations. These results described NPs 
induced genotoxicity in vivo in mice possibly caused by a secondary genotoxic 
mechanism associated with infl ammation. Another in vitro study demonstrated that 
exposure to nano TiO 2  disturbs cell cycle progression and duplicated genome segre-
gation, leading to chromosomal instability and cell transformation [ 273 ]. Given the 
growing use of TiO 2  nanoparticles, these fi ndings raise concern about potential 
health hazards associated with TiO 2  nanoparticles exposure [ 274 ]. In contrast, other 
studies reported the lack of genotoxicity by titanium dioxide nanoparticles [ 275 ]. 
Similarly carbon nanotubes, fullerene and other NPs genotoxicity studies resulted 
in the contrasting outcomes [ 259 ,  265 ,  276 ]. Genotoxic, mutagenic or carcinogenic 
effects of different types of NPs (other than metal nanoparticles) in different animal 
species are limited. 

 It is clearly not known whether nanoparticles directly interact with DNA or indi-
rectly effects through infl ammation mediated oxidative stress to produce genotoxic-
ity. Mechanisms of genotoxic effects of nanoparticles can be diverse and their 
elucidation can be demanding. Recognizing the different ways by which various 
NPs interact with genetic material will improve the possibility for an optimal choice 
of tests and test conditions for extrapolations of genotoxicity test results to human 
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risk. Thus, the use of a battery of standard genotoxicity testing methods covering a 
wide range of mechanisms will be appropriate to study the nanogenotoxicity [ 254 ]. 

 DNA damage and chromosomal aberrations are believed to be the prime factors 
resulting in cell cycle arrest. The cells which successfully repair the damage will 
reenter the cell cycle, and those with massive damage will not be able to repair the 
DNA effectively and undergo apoptosis [ 267 ]. The DNA damaging agents have the 
potential to cause genome instability, which is a predisposing factor for carcinogen-
esis. Hence, it is very important that the biological applications employing nanopar-
ticles should be given special attention for genotoxicity along with their potential 
biomedical applications.  

23.10     Nanoparticles on Blood–Brain Barrier 

 The blood–brain barrier (BBB) is a specialized system that protects the brain from 
the penetration of xenobiotics. It consists of endothelial cells connected by complex 
tight junctions. Generally, most molecules cannot cross the BBB. NPs made of dif-
ferent materials could cross the BBB [ 277 ]. The BBB is the most important limiting 
factor for the development of new drugs and drug delivery systems for the central 
nervous system (CNS) [ 278 ]. With unprecedented increase in the population 
affl icted by neurodegenerative disorders, it has become increasingly important to 
develop a dosage form capable of surmounting the challenges imposed by the ana-
tomical barrier of the brain [ 279 ,  280 ]. Nanotechnology plays a unique role in the 
development of brain specifi c drug delivery, imaging, and diagnosis [ 281 – 284 ]. A 
successful strategy to increase drug penetration into the brain is the use of poly-
meric nanoparticles [ 285 ]. Owing to their special properties, NPs have the capacity 
to bypass the BBB. There are two possible pathways for nanoparticles to reach the 
brain. The fi rst pathway is mediated though the uptake of nanoparticles by sensory 
nerve endings and olfactory bulbs present in the airway epithelia [ 286 ,  287 ]. Another 
pathway is the uptake through the BBB via systemic circulation. This route of brain 
distribution was largely explored for nanoparticle mediated therapeutic delivery of 
agents to treat various disease conditions, particularly brain tumors and neurode-
generative disorders [ 282 ,  288 ,  289 ]. Further, coating of the NPs with the polysor-
bate (Tween 80) surfactants improved the transportation of drugs across the BBB 
[ 290 – 295 ]. By modifying the surface, NPs could deliver drugs of interest through 
the BBB for diagnostic and therapeutic applications in neurological disorders, such 
as Alzheimer’s disease [ 296 ]. Coating of nanoparticle surfaces with apolipoprotein 
E (plasma protein) makes them to break the blood–brain barrier (uptake by endothe-
lial cells via the LDL receptor and transcytosis of the particles across the barrier) is 
one recent example of this concept [ 297 ]. It is evidenced that apo-E represents an 
essential factor in the transport of low density lipoproteins (LDL) through the BBB 
because of the great presence of LDL receptors on the BBB cell membranes [ 293 ]. 
Tween 80-coated nanoparticles mimic lipoproteins after apo-E adsorption on their 
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surfaces and undergo endocytosis through LDL receptors in endothelial cells [ 294 ]. 
Specifi c ligands or antibodies on the surface allow the NPs to cross the BBB [ 298 ]. 
Antioxidant CoQ10 loaded PLGA nanoparticles resulted in the increased brain 
uptake and improved the Alzheimer’s symptoms in animal models [ 33 ]. Several 
therapeutic drugs were successfully delivered to brain by nanoparticulate system in 
experimental conditions [ 293 ,  299 ,  300 ]. 

 However, one of the great concerns in nanotechnology fi eld is that NPs may pro-
duce potential toxicity effects on human neural cells due to their ability to pass 
through biological barriers. Owing to their special physicochemical properties, NPs 
may cause neurotoxicity after entering into the brain. They may subsequently infl u-
ence the BBB function and brain physiology and cause severe side effects [ 301 ,  302 ]. 

 Therefore, the evaluation of the potential neurotoxic effects of the NPs on CNS 
function is urgently needed. The reports on NPs brain penetration and toxic effects 
on CNS are still lacking and often contradictory in nature. Nanoparticles prepared 
from different materials result in the varied brain distribution and the most impor-
tant parameter controlling the NPs’ brain distribution is the size of the NPs. The 
current knowledge on NPs interactions with the CNS system is extremely limited 
and traditional drug toxicology studies may not be ideal models to draw compari-
son with NPs [ 303 ]. Thus, neurotoxicity induced by NPs is still a new topic that 
requires more attention [ 49 ]. Small size NPs may across the BBB either by pas-
sive diffusion or by carrier-mediated endocytosis and accumulate in different 
regions of the brain. This may be benefi cial for drug delivery, but may also pose a 
risk to the patient when the target delivery of the drug is not brain. Maternal expo-
sure of mice to TiO 2  NPs resulted in the altered expression of genes related to the 
development and function of the CNS of newborn pups. The genes associated to 
oxidative stress and apoptosis were changed in the brains of new born mice in 
early age and induced infl ammation and neurotransmitters in the later stage [ 304 ]. 
Nasal instillation of TiO 2  NPs managed to translocate into the CNS and cause 
potential lesions in brain. Increased oxidative stress such as lipid peroxidation, 
protein oxidation, and increased activities of catalase, as well as the excessive 
release of glutamic acid and nitric oxide were observed [ 185 ]. Daily for 14 days 
intraperitoneal administration of TiO 2  NPs resulted in the accumulation in the 
mouse brain, which caused the oxidative stress and brain injury [ 47 ]. A signifi cant 
increase in lipid peroxidation was observed in the brain of juvenile largemouth 
bass upon exposure to fullerenes [ 286 ]. Administration of Ag, Cu, or Al/Al 2 O 3  
nanoparticles showed disrupted BBB function and induced brain edema forma-
tion [ 301 ]. Moreover, silver NPs induced BBB destruction, astrocyte swelling, 
and neuronal degeneration was observed. Intraperitoneal administration of Ag 
NPs in mice resulted in the signifi cant alteration in the oxidative stress and anti-
oxidant defense genes in brain suggesting the potential to cause neurotoxicity 
[ 305 ]. NPs once they enter may not be easily eliminated from the brain, could 
accumulate within the brain to elicit toxic response. However, the self-regenera-
tive ability of neurons is limited. All these fi ndings suggest more cautions needed 
in biomedical applications of NPs containing products [ 306 ]. Therefore, the neu-
rotoxicity of NPs should be carefully evaluated.  
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23.11     Mechanisms of Nanoparticle Toxicity 

 The CNTs may exert toxicity by either physical damage to the cells or by activation 
of signaling mechanisms intracellularly. The physical damage to cell may arise. 
Insertion of CNT in lipid bilayer resulted in alterations in lipid bilayer organization 
and leads to increased diffusion of low atomic weight ions and small molecules 
[ 307 ]. Simulation studies suggest that insertion of CNTs in plasma membrane 
results in formation of pores through which solvated ions can pass [ 308 ]. 
Experimental studies using liposomes and RAW 264.7 cells also confi rmed mem-
brane damaging potential of MWCNTs [ 309 ]. The disruption of plasma membrane 
has also been documented in electron microscopy. The MWCNTs may bind to 
membrane receptor MARCO and disrupt plasma membrane [ 310 ,  311 ]. 

 The role of oxidative stress has been highlighted in several studies [ 312 ]. 
Although it is generally believed that oxidative stress generated due to CNT expo-
sure may result in cell death, the enhanced production of free radicals may not 
necessarily lead to cell death [ 313 ]. Further, treatment with antioxidants failed to 
abrogate toxicity of MWCNTs in J774.1 cells [ 310 ]. Contrary to the in vitro and 
in vivo studies, MWCNTs do not generate free radicals but may act as free radical 
scavengers [ 314 ]. Oxidative stress may lead to activation of other pathways and 
DNA damage which may drive the cell machinery to apoptosis [ 315 – 317 ]. Apoptosis 
is an important mode of cell death in response to CNT exposure. One of the impor-
tant reasons for in vitro reduction in cell viability and in vivo toxicity appears to be 
apoptosis. Poly (ADP) ribose polymerase (PARP) activation was observed in 
response to MWCNTs [ 316 ]. The SWCNTs did not induced apoptosis after intrave-
nous administration in mice [ 169 ] or in A549 cells [ 318 ]. No change in caspase 3 
and PARP activity was observed in J774.1 cells incubated with MWCNTs [ 310 ]. 
The role of necrosis in cell death has also been implicated [ 319 ]. Cell cycle arrest 
has also been demonstrated after incubation with SWCNTs [ 149 ].  

 The CNTs may also result in activation of several stress pathways. The activation 
of transcription factors like NF-kB and AP-1 lead to production of infl ammatory 
cytokines [ 318 ]. Incubation of SWCNTs and MWCNTs with mesothelial cells 
showed an increase in histone 2AX phosphorylation and activation of ERK, JNK, 
and p38 [ 316 ,  320 ]. Further, AP-1, NF-kB, and Akt activation was also observed 
after incubation of cells with SWCNTs [ 150 ,  316 ,  321 ]. The activation of NF-kB 
and ROS production may lead to production of cytokines [ 92 ]. The activation of 
protein kinases may also lead to activation of NF-kB and could account for toxicity 
of CNTs. However, MAP kinase activation was not observed in J774.1 cells incu-
bated with MWCNTs [ 310 ]. Induction of several other stress related genes follow-
ing incubation with CNTs has also been demonstrated [ 315 ,  322 ]. Further, CNTs 
may also lead to altered expression of cytoskeletal and cell adhesion proteins [ 36 , 
 149 ,  323 ]. 

 The role of infl ammation in tissue damage has also been observed. Infl ammation 
may arise either due to oxidative stress or physical injury induced by CNTs. 
Alternatively, the activation of intracellular signaling proteins like NF-kB, 
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 peroxisome proliferator-activated receptor as well as extracellular signaling mole-
cules like cytokines, PDGF, and TGF could stimulate downstream signaling path-
ways resulting in oxidative stress, infl ammatory response, chemotaxis, fi brosis, and 
cell death at the site of CNT administration [ 324 – 341 ]. Additionally, CNTs may 
also induce infl ammasome activation [ 342 – 347 ]. Further, CNTs may also stimulate 
apoptotic cell death pathways involving mitochondria (Fig.  23.2 ) [ 348 – 350 ]. 

 The CNTs may bind to several proteins in plasma and cells including comple-
ment proteins and lung surfactant proteins [ 351 – 353 ]. Further, CNTs may also lead 
to activation of the complement system [ 351 ,  352 ].  

  Fig. 23.2    Multitwinning mechanisms—toxic effects of Nanoparticles: Nanoparticles enter the 
body by various routes and they mainly accumulate in lung, liver, spleen, and other organs depend-
ing on the route of entry. These accumulated nanoparticles mainly through reactive oxygen species 
generation produce toxicity through different intertwining mechanisms. ROS, (1) through mito-
chondrial membrane potential decrease and mitochondrial DNA damage and (2) through MAPK 
and TGF-β activation, may activate the caspases pathway which in turn will activate the PARP 
activation ultimately results in Apoptosis. ROS through NF-κB, AP-1, and Akt activation may 
promote the over expression of various infl ammatory cytokines. These proinfl ammatory cytokines 
may increase the activation/overexpression of TGF-β and PGDF, which will result in myofi bro-
blast activation. The activated myofi broblasts produce increased alpha smooth muscle actin and 
collagen expression, which will result in fi brosis in NPs accumulated organs. Consistent and 
increased production of collagen together with other mechanisms may sometimes results in carci-
nogenesis. On the other hand, ROS through (1) various genotoxic effects, (2) through MAPKs and 
TGF-β activation, and (3) through NF-κB, AP-1, and Akt activation may increase the carcinoge-
nicity potential. ( Abbreviations :  ROS  reactive oxygen species,  MMP  mitochondrial membrane 
potential,  PARP  poly ADP ribose polymerase,  MAPKs  mitogen activated protein kinases,  mt DNA  
mitochondrial DNA,  TGF-β  transforming growth factor beta,  NK-κB  nuclear factor kappa B,  AP-1  
activator protein 1,  Akt  protein kinase B,  TNF-α  tumor necrosis factor alpha,  IL  interleukins, 
 MCP 1  monocyte chemoattractant protein-1,  PGDF  platelet derived growth factor,  α-SMA  alpha 
smooth muscle actin)       
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23.12     Nanotoxicology: Regulatory Prospective 

 Despite increasing population exposure to different nanoparticles, their potential 
genotoxicity remains controversial. The implementation of well-accepted toxicity 
assays for testing nanomaterials remains a controversial issue. This is because 
many of these toxicity tests were designed for screening general macroparticle 
chemicals and might not be suitable for the screening of nanomaterials (even of 
the same compositional material). Furthermore, no nanoparticle-type positive 
controls have been established or universally accepted for these tests. Although 
several genetic toxicology tests have been validated for chemicals according to 
the Organisation for Economic Co-operation and Development (OECD) test 
guidelines, the relevance of these assays for nanoparticulate materials remains to 
be determined. In an attempt to remedy this issue, the OECD has established cur-
rent projects designed to evaluate the relevance and reproducibility of safety haz-
ard tests for representative nanomaterials, including genotoxicity assays (i.e., 
Steering Group 3—Safety Testing of Representative Nanomaterials). It seems 
clear that the development of standardized approaches will be necessary in order 
to determine whether exposures to specifi c nanoparticle-types are associated with 
toxic events [ 354 ].  

23.13     Challenges in NPs Toxicity Screening 

23.13.1     Interference with Cell Viability Assays 

 The NPs have been demonstrated to interfere with cell viability assays [ 13 ,  355 –
 357 ]. Neutral red assay is based on the principle that live cells with intact lyso-
somes accumulate the dye. The extent of dye uptake is directly related to the 
number of viable cells. Carbon-based NPs can adsorb the dye and show lack of 
toxicity [ 358 ]. An increase in lamellar bodies may also be responsible for higher 
accumulation of the dye inside cells [ 359 ]. Similarly, higher viability was observed 
with MTT assay while no signifi cant artifacts were observed with WST-1 dye. The 
MTT formazon crystals were found to be attached to SWCNTs while WST-1 form-
azon did not attached. Further, no cytotoxicity was observed in LDH leakage or 
mitochondrial membrane potential assay [ 357 ]. NPs can interference in other cell 
viability assays as well, viz., Alamar Blue, Coomassie Blue, Trypan Blue, 
Calcein-AM [ 13 ,  356 ]. The interference with MTT assay may also depend on the 
type of surfactant used to suspend the NPs [ 318 ,  355 ]. Spectroscopic studies also 
demonstrated interaction of several dyes with the commonly used reagents in cell 
viability assays [ 356 ].  
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23.13.2     Adsorption of Biomolecules 

 Due to their inherent adsorptive properties, carbon-based NPs may also adsorb sev-
eral biochemicals markers leading to misleading results. Carbon black has been 
reported to adsorb IL-8 leading to reduction in estimated amounts of the cytokine 
[ 358 ]. Similar effects of CNTs may also be expected for CNTs as well. Similarly, 
CNTs adsorb several proteins in vitro and in vivo [ 351 – 353 ,  360 ,  361 ]. The endog-
enous proteins may bind to the CNTs leading to displacement of CNT stabilizing 
surfactant molecules [ 362 ]. The CNTs have been shown to adsorb several aromatic 
compounds [ 363 – 366 ]. Due to this property, CNTs may adsorb several chemical 
constituents of the culture medium [ 367 ]. This may lead to depletion of the culture 
medium leading to false toxicity [ 368 ,  369 ]. Further, CNTs may also bind to bio-
molecules which may further infl uence their toxicity profi le [ 370 – 374 ].  

23.13.3     Role of Impurities 

 The CNT synthesis is catalyzed in presence of metals like iron (Fe) and nickel (Ni). 
These metals remain entrapped in the raw CNT preparations but can be removed by 
refl uxing the CNTs in acid. Use of raw CNTs containing high metal content can 
lead to leeching of the metals from CNTs which may lead to cell death [ 375 ,  376 ]. 
However, contradictory reports on the role of residual metal content have appeared. 
The presence of iron can lead to production of higher amounts of free radicals as 
compared to iron-stripped CNTs in RAW 264.7 cells [ 377 ]. Similarly, metal 
impurity- dependent cytotoxicity was demonstrated in other cells also [ 313 ,  378 ]. 
Presence of iron in MWCNTs has been demonstrated to affect neuronal differentia-
tion in PC12 cells and catecholamine release in chromaffi n cells [ 379 ,  380 ]. Purifi ed 
SWCNTs were found to less toxic in several cell types as compared to unpurifi ed to 
SWCNTs [ 381 ]. On the other hand, presence of metal impurities had no effect on 
A549 cell viability [ 382 ].  

23.13.4     NPs Length 

 CNTs are available in various lengths ranging from to a few hundred nanometers to 
hundreds of micrometers. The CNT bulk material is also not a monodisperse system 
but consist of a mixture of CNTs with varying lengths. The effi ciency of cellular 
uptake may be dependent of CNT length [ 383 ]. Further, longer tubes may entangle 
with other tubes and aggregate. Thus, CNT length may play a critical role in dictat-
ing the toxicity of CNTs. The high aspect ratio of CNTs may impart high toxicity to 
these materials [ 83 ,  384 ]. The small length MWCNTs were found to better dis-
persed in rat lungs as compared to longer MWCNTs and showed size-dependent 
differences in distribution of infl ammation sites. In vitro, shorter MWCNTs showed 
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concentration-dependent cytotoxicity and TNF-α production. The size-dependent 
differences in in vitro and in vivo experiments were attributed to higher degree of 
aggregation in longer CNTs [ 161 ]. Subcutaneous implantation of CNTs showed 
differences in distribution of CNTs at the injection site. While shorter CNTs were 
present inside macrophages, longer CNTs could be observed in macrophages and 
intercellular spaces. The infl ammation appeared to be more pronounced with longer 
CNTs. In vitro, induction of THP-1 cells appeared to be independent of CNT length 
[ 385 ,  386 ]. Similarly, the in vitro toxicity of MWCNTs appeared to be independent 
of size in A549 cells [ 382 ,  387 ].  

23.13.5     NPs Aggregation 

 The aggregation of NPs leads to inhomogeneity in the NPs suspension. This leads 
to variability in NPs concentration/dose between different samples drawn from the 
same suspension. In vitro toxicity studies showed that aggregation of CNTs leads to 
fl oating aggregates which do not come in contact with the cells and show false nega-
tive toxicity results [ 161 ]. The rope-like aggregates were found to be more toxic as 
compared to dispersed CNTs [ 388 ]. Further, well dispersed CNTs may be less toxic 
in vivo [ 389 ].  

23.13.6     NPs Surface Chemistry 

 The surface chemistry of NPs may play an important role in determining the toxic-
ity and fate of NPs. PEG-functionalized SWCNTs show less toxicity as compared 
to pristine CNTs and remain the cytoplasm. Similarly, PEI-wrapped SWCNTs are 
less toxic than pristine SWCNTs but localize in vacuoles and nucleus [ 390 ]. 
Similarly, cells incubated with glycodendrimer-coated SWCNTs showed no change 
in cell viability [ 391 ]. The type of functionalization can also reduce plasma protein 
adsorption and degree of complement activation by MWCNTs [ 352 ]. The adsorp-
tion of plasma or albumin on SWCNTs may lead to a change in hydrophobicity 
which can alter interaction of CNTs with cells [ 381 ]. Adsorption of antibodies on 
SWCNTs can also increase T-cell activation [ 392 ]. In vivo, functionalization can 
also alter the biodistribution and pharmacokinetics of CNTs [ 38 ,  393 ].  

23.13.7     Method/Route of Administration 

 The method and route of administration of CNTs also determine the degree of toxic-
ity. In general, inhalation toxicity of NPs is signifi cantly higher as compared to 
intravenous route. This is because infl ammation is more pronounced in lungs as 
compared to systemic administration.   

23 Nanotoxicology: Contemporary Issues and Future Directions



758

23.14     Knowledge Gaps in Nanoparticle Toxicity Evaluation 

 The available literature showing presence/absence of NPs toxicity is fragmentary. 
The interpretation of data is further compounded by incomplete or lack of NPs 
characterization. The study design is variable between different research groups 
with variations in time points, NPs concentration, surfactant type and concentration, 
NPs suppliers, nature of impurities, positive and negative controls, end points, etc. 
It becomes imperative to harmonize the NPs studies in order to achieve suitability 
of NPs toxicity data for arriving at a meaningful conclusion. There is a need for 
proper physical and chemical characterization of NPs which includes, but is not 
limited to, the nature and quantity of NPs, diameter, size, and length distribution, 
nature and quantity of impurities, and degree of surface functionalization. 

 The pristine CNTs are long and contain several types of impurities. The CNTs 
are acid-treated to remove impurities and “cut” CNTs to the desired length. This 
acid treatment results in functionalization of the CNT surface with hydroxyl and 
carboxylic groups. The aqueous dispersibility and toxicity is markedly affected by 
the degree of functionalization. This can be characterized by Raman spectroscopy 
and infrared spectroscopy. The CNTs are hydrophobic in nature and require a sus-
pending agent to stabilize them. Several kinds of suspending agents are reported in 
literature which produce CNT suspensions with varying degrees of agglomeration 
and surface charge. Further, these suspending agents, particularly surfactants, may 
themselves be toxic and produce false positive toxicity data. Additionally, these 
surfactants may, by themselves, be nontoxic but may sensitize the cells to CNT 
toxicity. Further, the surfactant coating on CNT may prevent direct contact of CNT 
with cells and may result in false negative toxicity result. Thus, it is required that 
CNT samples be characterized for degree of agglomeration prior to experimenta-
tion. This may be achieved by dynamic laser scattering or UV–visible spectroscopy. 
The use of electron microscopy and atomic force microscopy may also provide use-
ful information. It is necessary to harmonize the use of surfactants to achieve 
 uniformity in toxicity data. The use of surfactant alone is not suffi cient to suspend 
CNTs in aqueous media and require sonication of CNT samples to achieve disper-
sion. The sonication procedures may lead to reduction in CNT length and generate 
functional groups on the CNT surface. The changes in size may be determined by 
electron and atomic force microscopy while the chemical changes may be deter-
mined by infrared and nuclear magnetic resonance spectroscopy. 

 The toxicity of NPs is dose/concentration dependent. The in vivo doses vary 
signifi cantly among researchers. Similarly, the highest concentrations of NPs used 
in in vitro studies vary greatly. It may be argued that the use of too high concentra-
tions of NPs may lead to nonspecifi c toxic effects which may arise due to media 
depletion or changes in osmolarity and pH of the medium. It becomes necessary to 
set the highest concentration of NPs to be tested and the generally acceptable end-
points to be determined. Such nonspecifi c effects may also appear in vivo due to 
differences in osmolarity and pH of the injected material. Such differences may 
lead to an infl ammatory response as well. The heterogeneity in time points also 
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leads to misleading results. In vitro, short durations of incubation may lead to false 
negative toxicity data. Similarly, in vivo, toxicity may not be observed after short 
durations following injection. However, if the toxicity is reversible, the toxic 
effects may be reverted after prolonged durations. Hence, suitable time points need 
to be determined.  

23.15     Future Trends 

 The current strategies for determining the toxicity of NPs are not suffi cient. This is 
because of diffi culties in quantifi cation of NPs in biological samples and interfer-
ence in estimation of toxicity. There is a need to establish toxicity standards which 
includes identifi cation of suitable positive and negative controls. The commonly 
used negative control, carbon black, may not be suitable [ 358 ]. 

 Newer, noninvasive techniques need to be employed to determine the in vivo 
disposition and fate of NPs over long durations [ 394 – 396 ]. Similarly, newer imag-
ing techniques need to be applied to determine the dynamics and quantify the 
in vitro uptake of NPs [ 397 – 399 ]. High content and single cell imaging may be 
employed to determine the cellular effects of NPs. Alternate assay methodologies 
need to be investigated to determine the cytotoxic potential of NPs [ 400 ]. The appli-
cation of genomics technologies can shed useful information on the mechanism of 
toxicity [ 91 ]. 

 The use of combinatorial chemistry along with the application of high- throughput 
biological assay procedures can help develop biocompatible NPs. This, in conjunc-
tion with  in silico  designing, may be a useful tool to identify NPs with desired 
physicochemical characteristics and biocompatibility [ 401 ].     
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