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    Chapter 1   
 Nanotechnology and Its Drug Delivery 
Applications                     

    Abstract     Drug delivery is attractive approach for medicine fi eld, as more potent 
and specifi c drugs are being developed. With the integration of nanotechnology, so- 
called smart drug-delivery systems integrate biosensing functionalities which sus-
tain independently in vivo reaction control that resulting in part unique features of 
the term Nanomedicine. Nanotechnology is one of the very frontiers of science 
today. Current polymeric research is dominantly participating in the advancement 
of nanotechnology by offering the controlled release of therapeutic agents in con-
stant doses over prolong periods, cyclic dosage, and tunable release of both hydro-
philic and hydrophobic drugs. Many biomaterials can be used to this end, offering 
extensive chemical diversity and the potential for further modifi cation using 
nanoparticles. Conventional methods of drug delivery present several disadvan-
tages, mainly due to off-target effects that may originate severe side and toxic effect 
to healthy tissues. New drug delivery systems based on nanoscale devices showing 
new and improved properties and developed as promising solutions for achieving 
desirable therapeutic effi cacy. Here, we provide a broad overview of novel nanopar-
ticle based drug delivery systems, covering its innovations, applications and com-
mercialization systems using both natural and synthetic polymers.  

  Keywords     Drug delivery   •   Cancer therapy   •   Nanoparticles   •   Toxicology   • 
  Pharmaceuticals  

1.1           Introduction 

 Various researchers are currently working on nanotechnology especially in medi-
cine and further more specifi cally in drug delivery. Wide ranges of materials are 
under examination investigation for drug delivery and more specifi cally for can-
cer therapy. Potential sectors in biomedical fi eld has started using nanoparticles 
to minimize the toxicity and side effects of drugs and up to recently did not real-
ize that carrier systems themselves may impose risks to the patient. The kind of 
hazards that are introduced by using nanoparticles for drug delivery are beyond 
that posed by conventional hazards imposed by chemicals in classical delivery 



2

matrices. For nanoparticles the knowledge on particle toxicity as obtained in 
inhalation toxicity shows the way how to investigate the potential hazards of 
nanoparticles. The toxicology of particulate matter differs from toxicology of 
substances as the composing chemical(s) may or may not be soluble in biological 
matrices, thus infl uencing greatly the potential exposure of various internal 
organs. This may vary from a rather high local exposure in the lungs and a low or 
neglectable exposure for other organ systems after inhalation. However, absorbed 
species may also infl uence the potential toxicity of the inhaled particles. For 
nanoparticles the situation is different as their size opens the potential for cross-
ing the various biological barriers within the body. From a positive viewpoint, 
especially the potential to cross the blood brain barrier may open new ways for 
drug delivery into the brain. In addition, the nanosize also allows for access into 
the cell and various cellular compartments including the nucleus. A multitude of 
substances are currently under investigation for the preparation of nanoparticles 
for drug delivery, varying from biological substances like albumin, gelatin and 
phospholipids for liposomes, and more substances of a chemical nature like vari-
ous polymers and solid metal containing nanoparticles. It is obvious that the 
potential interaction with tissues and cells, and the potential toxicity, greatly 
depends on the actual composition of the nanoparticle formulation. This paper 
provides an overview on some of the currently used systems for drug delivery. 
Besides the potential benefi cial use also attention is drawn to the questions how 
we should proceed with the safety evaluation of the nanoparticle formulations for 
drug delivery. For such testing the lessons learned from particle toxicity as 
applied in inhalation toxicology may be of use. Although for pharmaceutical use 
the current requirements seem to be adequate to detect most of the adverse effects 
of nanoparticle formulations, it cannot be expected that all aspects of nanoparti-
cle toxicology will be detected. So, probably additional more specifi c testing 
would be needed.  

1.2     Historical Prospects of Nanotechnology 

 Though researchers have been learning nanoscience facts for many years, scien-
tifi c growth in the second half of the twentieth century offers precious tools that 
allows the scientist to study and develop materials in the nanoscale size range and 
facilitated to formalize nanotechnology as a scientifi c fi eld [ 1 ]. Historical repre-
sentation of development phases encompasses various concepts and research 
work related with nanotechnology has started in the 1980s was caused by the 
convergence of several experimental work e.g. the discovery of the scanning tun-
neling microscope in 1981 and the discovery of fullerenes in 1985 [ 1 ]. Based on 
the explanation and wide acceptance of concepts of nanotechnology a book 
called Engines of Creation publicized in 1986 [ 2 ]. Nanotechnology was fi rst 
described by the Feyman (1959), Professor, Californian institute of technology 
during his lecture in American physical society. During this lecture he has used 
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the statements such as “ There’s Plenty of Room at the Bottom ” which clearly 
means the prospect to create nanosize objects with the use of atoms as structural 
particles was considered [ 3 ]. Presently this speech is considered as beginning of 
nano-technological paradigm [ 3 ]. Later on in 1974, Taniguchi uses term “ nano-
technology ” at the international conference in order to explain the super thin 
dispensation of objects with nanometer precision and nanosized mechanism [ 4 ]. 
During 1985 Harold Kroto, Sean O’Brien, Robert Curl, and Richard Smalley 
(Rice University researchers) discovered the Buckminsterfullerene (C 60 ), more 
commonly known as the buckyball, which is a molecule similar to a soccer ball 
in shape and composed entirely of carbon, as are graphite and diamond [ 5 ]. In the 
similar year of 1985, Bell Labs’s Louis Brus revealed colloidal semiconductor 
nanocrystals (quantum dots), for which he shared the 2008 Kavli Prize in 
Nanotechnology [ 6 ]. In 1988 the fi rst university course of “Nanotechnology and 
Exploratory Engineering” was taught by FI’s president Eric Drexler at Stanford 
[ 7 ,  8 ]. Carbon nanotubes discovered in 1991 by Sumio Iijima bear a resemblance 
to rolled up graphite, while they cannot really be made that way [ 9 ]. During the 
same period Vice President for Science and Technology, J.A. Armstrong, spoke 
at the Symposium on the 100th Anniversary of the Birth of Vannevar Bush. 
“I believe that nanoscience and nanotechnology will be central to the next epoch 
of the information age, and will be as revolutionary as science and technology, at 
the micron scale have been since the early 70’s.” In 1992 the fi rst book published 
on Nanosystems: Molecular Machinery, Manufacturing, and Computation by 
K. Eric Drexler [ 8 ]. Rest events are mentioned Table  1.1 .

1.3        Promising Role in Drug Delivery 

 Recent researches have evidenced extraordinary development of research and appli-
cations in the nanoscience and nanotechnology. There is a growing interest in the 
confi dence that nanoscience when functionalized in therapeutic fi eld will certainly 
pass on the signifi cant advances in the diagnosis and treatment of disease. The most 
expected functions of nanotechnology in medicine include both in vitro and in vivo 
diagnostics, drug delivery, nutraceuticals and production of improved biocompati-
ble materials [ 39 – 43 ]. Additionally nanotechnology has also proven for their sig-
nifi cant applications in medical devices and other instruments utilized in medical 
fi eld. Several nanoforms especially nanoparticles with advance designs and struc-
tures act as an essential device to comprehend these applications. To comply with 
medical applications considering the safe utilization of nanoparticles in medical 
fi eld the Royal Society and Royal Academy of Engineering (2004), established size 
range (size ≤100 nm) for the particles that can easily comply with guidelines and 
regulations and can safely used in medical fi eld [ 44 ]. Nevertheless, such range does 
not essentially infl uence their role in medical applications. Owing to their unique 
features such as their surface to mass ratio (much larger than that of other particles), 
their quantum properties and their capability to adsorb and carry other therapeutic 
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   Table 1.1    List of historical events reported in nanotechnological science   

 Year  Event and researchers involved  Even description  References 

 1992  C.T. Kresge and colleagues at 
Mobil Oil 

 Nanostructured catalytic materials 
MCM-41 and MCM-48 

 [ 10 ] 

 1993  Moungi Bawendi of MIT  Discovered a method for 
controlled production of 
nanocrystals (quantum dots) 

 [ 11 ] 

 1993  First Feynman Prize in 
Nanotechnology awarded 

 For modeling a hydrogen 
abstraction technique signifi cant in 
nanotechnology 

 [ 12 ] 

 1994  Nanosystems textbook used in 
fi rst university course 

 Book was based on the book 
Nanosystems: Molecular 
Machinery, Manufacturing, and 
Computation 

 [ 13 ] 

 1995  Foresight Institute awarded the 
1995 Feynman Prize in 
Nanotechnology to Nadrian 
C. Seeman (Ph.D., chemistry 
professor at New York 
University) 

 In appreciation of revolutionary 
work to synthesize complex 
three-dimensional structures with 
DNA molecules 

 [ 14 ] 

 1996  NASA’s Ames Research Center 
is begins work in computational 
molecular nanotechnology 

 NASA’s Ames Research Center is 
becoming a signifi cant force in 
computational molecular 
nanotechnology 

 [ 15 ] 

 1996  First nanobio conference  Based on “Biological approaches 
and novel applications for 
molecular nanotechnology” was 
held December 9–10, in San 
Diego, CA 

 [ 16 ] 

 1997  Commercialization started by 
Zyvex 

 The fi rst nanotechnology 
development company, started 
business 

 [ 17 ] 

 1998  First DNA-based 
nanomechanical device 
pioneered by Dr. Seeman and 
his co-workers at New York 
University 

 This invention was based on the 
creation of devices from branched 
DNA molecules This scientifi c 
work was reported in January 1999 
issue of Nature 

 [ 18 ,  19 ] 

 1999  Ho and Lee investigated facts of 
chemical bonding by structuring 
a molecule [iron carbonyl 
Fe(CO) 2 ] from constituent 
components [iron (Fe) and 
carbon monoxide (CO)] 

 This work was performed with the 
help of tunneling microscope 

 [ 20 ] 

 1999  Mirkin, discovered dip-pen 
nanolithography ®  (DPN ® ) 

 For cell biology research, 
nanoencryption, and other 
applications 

 [ 21 ] 

 1999  First Nanomedicine book 
published 

 Nanomedicine, Volume I: Basic 
Capabilities 1st Edition by Robert 
A. Freitas, CRC Press 

 [ 22 ] 

(continued)
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Table 1.1 (continued)

 Year  Event and researchers involved  Even description  References 

 1999  First safety guidelines drafted by 
Neil Jacobstein 

 For Responsible Nanotechnology 
Development 

 [ 23 ] 

 2000  Commercialization making use 
of nanotechnology began 
appearing in the marketplace 

 Various consumer products based 
on nanotechnology appeared. 
During the same time President 
Clinton announces U.S. National 
Nanotechnology Initiative 

 [ 24 ] 

 2001  Feynman Prize in 
Nanotechnology awarded 

 For speculation of nanometer-scale 
electronic devices and for 
production and description of 
carbon nanotubes and nanowires 

 [ 25 ] 

 2002  Feynman Prize in 
Nanotechnology awarded 

 For employing DNA to facilitate 
the self-assembly of new structures 
and for advancing our skill to 
represent molecular machine 
systems 

 [ 26 ] 

 2003  Feynman Prize in 
Nanotechnology awarded 

 For representing the molecular and 
electronic structures of novel 
materials and for incorporating 
single molecule biological motors 
with nano-scale silicon devices 

 [ 26 ] 

 2003:  Halas, West, Drezek, and 
Pasqualin at Rice University 
developed gold nanoshells 

 These nanoshells when converted 
in nano size range to absorb 
near-infrared light, provide a 
platform for the innovation, 
diagnosis, and management of 
breast cancer without persistent 
surgery, biopsies, or systemically 
destructive radiation or 
chemotherapy 

 [ 27 ] 

 2003  Emergence of National 
Nanotechnology Initiative or the 
science, engineering, and 
technology research and 
development for nanoscale 
projects 
 President George W. Bush 
increased funding for 
nanotechnology 

 On December 3, 2003 Bush signed 
into law the 21st Century 
Nanotechnology Research and 
Development Act 

 [ 28 ] 

 2004  Britain’s Royal Society and the 
Royal Academy of Engineering 
published Nanoscience and 
Nanotechnologies: 
Opportunities and Uncertainties 

 This document supports issues that 
address environmental, potential 
health, ethical, social and 
regulatory issues associated with 
nanotechnology 

 [ 29 ,  30 ] 

 2004  Feynman Prize in 
Nanotechnology awarded 

 For manipulating stable protein 
structures and for synthesizing a 
novel enzyme with an modifi ed 
function 

 [ 31 ] 

(continued)
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Table 1.1 (continued)

 Year  Event and researchers involved  Even description  References 

 2005:  Winfree and Rothemund at 
California Institute of 
Technology developed theories 
for DNA-based computation and 
“algorithmic self-assembly” 

 In these theories computations are 
set in the process of nanocrystal 
growth 

 [ 32 ] 

 2005  Feynman Prize in 
Nanotechnology awarded 

 For synthesizing various single 
molecular functional 
nanomachines and for producing 
macromolecules of intermediate 
sizes with desirable shapes and 
functions 

 [ 33 – 37 ] 

 2006:  Tour and colleagues at Rice 
University built a nanoscale 
carmade 

 These nanoscale carmade was 
synthesized with oligo(phenylene 
ethynylene), alkynyl axles and four 
spherical C60 fullerene 
(buckyball) wheels 

 [ 33 – 37 ] 

 2006  Feynman Prize in 
Nanotechnology awarded 

 For his invention in molecular 
computation and algorithmic 
self-assembly, and for producing 
complex two-dimensional arrays 
of DNA nanostructures 

 [ 33 – 37 ] 

 2007  Feynman Prize in 
Nanotechnology awarded 

 For building molecular machine 
systems that function in the area of 
Brownian motion, and molecular 
machines based upon two-state 
mechanically interlocked 
compounds 

 [ 33 – 37 ] 

 2008  Feynman Prize in 
Nanotechnology awarded 

 For his achievement in molecular 
electronics and the production of 
molecular motors and nanocars, 
and for theoretical contributions to 
nanofabrication and sensing 

 [ 33 – 37 ] 

 2009–
2010 

 Seeman and colleagues at 
New York University 

 Created several DNA-like robotic 
nanoscale assembly devices 

 [ 33 – 38 ] 

 2010  Andre Geim and Konstantin 
Novoselov have just won the 
2010 Nobel Prize in Physics 

 For groundbreaking experiments 
regarding the two-dimensional 
material graphene, and their work 
has opened a broad frontier in 
nanotechnology 

 [ 33 – 37 ,  39 ] 

 2011  First programmable nanowire 
circuits for nanoprocessors 

 [ 33 – 37 ] 

 2012  The National Nanotechnology 
Initiative launched two more 
Nanotechnology Signature 
Initiatives 

 Nanosensors and the 
Nanotechnology Knowledge 
Infrastructure-bringing the total to 
fi ve NSIs 

 [ 33 – 37 ] 

(continued)
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substances make these nanoparticles (NPs) as an attractive tool for medical pur-
poses. One of the most important features of nanoparticles that encourage their 
utilization in drug delivery is relatively large surface which is functional and can 
potentially bind to adsorb and carry other compounds such as drugs, probes and 
proteins. Nanotechnology yet to face more challenges or establishing the better per-
ceptive of the patho-physiological basis of disease, explore more advance diagnos-
tic opportunities, and yield better treatments. Nanoparticles range comply 
dimensions below 0.1 μm or 100 nm, however size >100 nm is required for loading 
adequate quantity of drug onto the particles. Positive attributes of engineered 
nanoparticles is that besides of their potential usage in drug delivery, drug itself can 
be formulated in nano range and function as its own “carrier” [ 45 – 47 ]. Nanoparticles 
are advantageous since they can be engineered according to the mode of delivery 
and target sites. Therefore different types of engineered materials can be used for 
the composition of the engineered nanoparticles such as biomaterials (phospholip-
ids, lipids, lactic acid, dextran, chitosan) can be used safely or materials those are 
either synthesized or having chemical nature e.g. carbon, silica, various polymers, 
and metals can be used for this purpose. Nanoparticles can be engineered according 
to the type of interaction required with cells since biomaterials acts differently than 
non biological components mentioned above. As a result nano engineering may 
offer different nanoparticles with different chemical composition and possibility 
different action. In most of events solid NPs may be used for drug targeting which 
have to release the drug after reaching the intended diseased site in the body. So to 
anticipate the effective drug delivery system biodegradable nanoparticle formula-
tions are required to transport and release the drug in order at specifi c site. 
Nevertheless non-degradable particles are usually experimented in designed model 
studies to determine the behavior of nanoparticles. Previous nanoparticles based 
toxicity reports discovered the extreme relative toxicities obtained from inhaled 
nanoparticles as part of the accidental release of ultrafi ne or nanoparticles by com-
bustion derived processes such as diesel exhaust particles [ 48 – 52 ]. It has been real-
ized that these combustion derived ultrafi ne particles/nanoparticles are associated 
with serious health problems [ 53 ] such as blood coagulation and pulmonary immune 
adjuvant effects, infl ammation [ 54 ] and cardiovascular effects [ 52 ]. Since ultrafi ne 
and nanoparticles falls under nanorange (100 nm) so both terms are equivalent, 
therefore nanoparticles may be supposed of having similar toxicities as associated 
with engineered nanoparticles (environmental pollutant). 

Table 1.1 (continued)

 Year  Event and researchers involved  Even description  References 

 2014  The National Nanotechnology 
Initiative releases the updated 
2014 Strategic Plan. The 
National Nanotechnology 
Initiative releases the 2014 

 Progress Review on the 
Coordinated Implementation of the 
NNI 2011 Environmental, Health, 
and Safety Research Strategy 

 [ 33 – 37 ] 
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1.3.1     Nanoparticles and Drug Delivery 

 Current nanomedicine science constitutes nanometer scale complex systems (10–
1000 nm), having two essential components. Among these two one is a active phar-
maceutical ingredient [ 43 ], whereas nanoparticle formulations of the drug itself can 
also be possible [ 45 – 47 ]. Either of these two system results in special function 
related to preventing, treating, or diagnosing diseases. Such potential system some-
times called smart-drugs or theragnostics [ 55 ]. Nano-bio-technologies aided therag-
nostics play a major role in drug delivery to achieve more specifi c drug targeting 
and delivery, minimize toxicity profi le while maintaining therapeutic effects, better 
safety and biocompatibility, and faster development of new safe medicines. Selection 
of suitable carrier system requires the study of following basic factors that are 
involved in drug delivery and designing:

•    Good understanding of biodistribution and targeting  
•   Good information of biocompatibility and functionality  
•   Knowledge of formulation stability and shelf life  
•   Information related with drug incorporation and release    

 During the drug delivery when carrier is used exclusively the possible adverse 
effects of residual material should be considered. In this respect biodegradable 
nanoparticles with a limited life span as long as therapeutically needed would be 
optimal. There are different types of chemical structures available (natural or 
synthetic) for the preparation of nanoscale [ 56 ]. However none of the carrier 
system complies with the parameters discussed above to the full extent. 
Therefore more development is required in polymeric chemistry and its related 
nano-therapeutical applications which can provide more interesting basis to deal 
with this issue in a promising way. For medicinal or diagnostic purpose nanopar-
ticles are entrapped and this entrapment results in enhanced drug delivery or 
uptake by, target cells and/or to minimize toxicity of the free drug to non-target 
organs. During both events increase of therapeutic index is reported which will 
certainly results in enhanced therapeutic effi cacy (e.g. tumor cell death) with 
toxicity to other organ systems. Thus for these purposes long-lived and target-
specifi c nanoparticles are created. In most of the cases substances are bio-
degradable resulting in drug release after complete degradation. Most critical 
problem encountered by the particulate drug carriers is their entrapment in the 
mononuclear phagocytic systems that are present in the liver and spleen [ 57 –
 59 ]. Nevertheless, targeting of organ may be favorable as in the case of liver 
targeting of nanoparticles in treating liver ailments like tumor metastasis or 
hepatitis. Nanoparticles can be surface modifi ed with polyethylene glycol which 
results in its delayed retention time in the blood stream by hindering its recogni-
tion and phagocytosis by the mononuclear phagocytic system [ 60 – 62 ]. Moreover 
PEG modifi cation can also affect the distribution and minimize in vitro toxicity 
when gold nanorods were modifi ed using PEG. Nanoparticle coating is required 
to avoid agglomeration. Different types of coating can be employed to avoid 
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agglomeration. This can be achieved by and keeping the particles in colloidal 
suspension including various polymers like poly(vinylpyrrolidone) (PVP), poly-
ethylene glycol (PEG), etc, natural polymers like chitosan, pullulan, dextran, 
etc., and surfactants like sodium dodecylamine, oleate, etc. [ 63 ]. Seki et al. dem-
onstrated that size of particle affects the NP distribution as reported for lipo-
somes for which a lower liver uptake was found for the smaller vesicles 
(200/300 nm versus 25/50 nm) [ 64 ]. 

 Slight variation in size affects the actual distribution and thus bioavailability 
[ 65 – 69 ]. In liposomal delivery size greater than 100 nm enhances the clearance 
rate by the mononuclear phagocytic system whereas charge factor is more consid-
erable for those particles that are having size less than 100 [ 70 ], however this is not 
true for all particles since composition will be important as well. In addition to 
degradation certain more strategies can be used to trigger the release of the drug 
e.g. light and heating may be used to enhance the therapeutic effect (cell death) or 
for local drug release, respectively. Thus selective release of the content after spe-
cifi c localization can be encouraged by using thermosensitive nanoparticles e.g. at 
42 °C doxorubicin showed enhanced cytotoxicity then at 37 °C using copolymers 
of poly- L -lactide (PLLA) and polyethylene glycol [ 71 ]. Furthermore the discharge 
of photosensitizers from nanoparticles can be encouraged by using photodynamic 
therapy. Such light dependent release can potentially induce cytotoxicity as dem-
onstrated for PLGA nanoparticles containing zinc(II) phthalocyanine [ 72 ] and 
indocyanine green [ 73 ].  

1.3.2     Use of NPs Formulation in Drug Delivery 

 Different physiological barriers, solubility of drug under in vivo conditions (dif-
ferent biological fl uids), permeation rate, and environment of targeted site decides 
the fate of the drug or carrier or whole formulation. Primary objective of drug 
delivery is to deliver the drug at desirable place in the body thereby preventing the 
potential side effects to non diseased organs. Such type of specifi c cellular or tis-
sue or organ mediated nanoparticulate target system is especially required in can-
cer treatment where the tumor may be localized as distinct metastases in various 
organs. Undesirable cell toxicities associated with therapeutics restrict the utiliza-
tion of chemotherapeutics. Targeted drug delivery system especially local drug 
delivery or drug targeting lead to increase in drug concentrations and provides 
strategies for more compartment specifi c therapy. Owing to the unique futures of 
nanoparticles such as binding and stabilization of proteins, small size which allows 
penetration of cell membranes and lysosomal escape after endocytosis, it can be 
used as potential tool in drug delivery to encourage more specifi c targeting of 
organelle, cell, tissue or organ or any compartment specifi c in the body. 
Chemotherapeutics entrapment in form of nanoparticles has been reported in vari-
ous researches [ 74 – 76 ]. 
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 Signifi cant features of liposomes(nanosized phospholipid “fatty” structures) 
such as small, fl exible and biocompatible are explored in several reports. Such fea-
tures allow them to bypass smallest arterioles and endothelial fenestrations without 
causing clotting. Currently potential materials such as (co-)polymers and den-
drimers at the nanosize range are being utilized to improve the distribution of encap-
sulated or attached drugs. 

 Among the anticancer chemotherapeutic agents, paclitaxel (taxol) is currently 
under more intensive study due to its potential cytotoxicity against tumor cells. 
Under in vitro conditions paclitaxel based nanoparticle formulation reported for its 
enhanced cytotoxicity for tumor cells. In addition it has been discovered therapeu-
tic effi cacy was enhanced at the same time under in vivo animal model. Furthermore 
encapsulation of paclitaxel in vitamin E TPGS-emulsifi ed poly ( D , L -lactic-co- 
glycolic acid) nanoparticles resulted in higher and prolonged effect then the effec-
tive concentration in  vivo . 

 In addition to the size, surface characteristics play an important role in particle 
uptake, distribution and effects. Schins et al. and Albrecht et al. studied acute and 
chronic models of surface modifi ed micro quartzes with their toxicity [ 77 ,  78 ]. 
They have observed the uptake of PVNO-polymer coated quartz by macrophages 
without toxicity and showed no genotoxicity in epithelial cells or acute and chronic 
infl ammation whereas naïve quartz caused these effects to a great extent. Polymer 
particles mediated altered body distribution for two different types of particles was 
reported [ 79 ]. He has reported that after intraperitoneal administration PMMA 
particles having size range of about 1.4 μm and about 6.4 μm can be easily recov-
ered in contrast with PS particles having size of about 1.2, 5.2 and 12.5 μm from 
the spleen. So far this situation hasn’t applied over nano range, however surface 
modifi cation of polystyrene particles suggest various effects on cellular oxidative 
[ 80 ], mitochondrial ROS formation and burst blood coagulation [ 81 ]. Moreover 
polyethylene glycol coated nanoparticles enhance the time in circulation for the 
nanoparticles [ 60 – 62 ]. Primary objective of entrapment of drug is to reduce toxic-
ity of the free drug to non-target organs and ultimately to enhance delivery to, or 
uptake by, target cells. To achieve these set of goals establishment of long-lived 
and target- specifi c nanoparticles is required. Entrapment of nanoparticles in the 
mononuclear phagocytic system as present in the liver and spleen is a major set-
back during nanodrug delivery system [ 57 ,  59 ,  82 ,  83 ]. Nevertheless liver targeting 
is encouraged during the treatment of disease like tumor metastasis or hepatitis. 
Certain drugs are supposed to be transported to liver such as migration of oligo-
nucleotides for modifi cation of gene expression when bound to biodegradable 
polyalkylcyanoacrylate nanoparticles [ 84 ]. As suggested earlier PEG mediated 
surface modifi cation of nanoparticles reduces recognition and phagocytosis by the 
mononuclear phagocytic system [ 59 – 62 ]. 

 Decline in therapeutic effi cacy and inference with liver function was reported 
after the entrapment of drug in form of nanoparticles. Fernandez-Urrusuno et al. 
reported the transient liver alterations after acute and chronic intravenous adminis-
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tration of cyanoacrylate and polystyrene nanoparticles [ 57 ]. He has also reported 
the liver associated infl ammation after secretion of acute phase protein α1-acid gly-
coprotein by hepatocytes. Noticeably owing to the local release of oxidative species 
antioxidant defenses of hepatocytes were depleted. In contrast a study based on the 
comparative evaluation between insulin-chitosan nanoparticles to chitosan solution 
and chitosan powder formulations shown that insulin-chitosan nanoparticles were 
less effective in terms of bioavailability and lowering blood glucose level in both a 
rat and sheep mode [ 82 ]. This study has proven the potential of nanoformulation in 
enhancing drug delivery without loss of drug activity.  

1.3.3     Cellular and Intracellular Targets 

 In addition role of organ or cellular targeting, the fate of the nanoparticles within the 
cells also decides the effectiveness for drug delivery system. Nanoparticles usually 
suffer from intracellular degradation in endosomes or lysosomes. Therefore for 
exhibiting the potential activity the drug should be designed/ encapsulated to 
encourage their release into the cytosol. In contrast Edetsberger et al. demonstrated 
that the particle size of about 20 nm escape from cellular uptake without involve-
ment of endocytic mechanisms [ 83 ]. Since it has been reported that chemical fea-
tures (e.g. surface charge) also determine the fate of nanoparticles in cells which 
may results in effi cient internalization in endosomes and cytosol, and localization in 
the nuclear region [ 84 ]. This was found in surface functionalization of gold nanopar-
ticles with PEG resulted in effective internalization. Certain nanoparticles such as 
poly( DL -lactide-co-glycolide) nanoparticles couldn’t be able to escape from endo-
somes hence ingested by cells by endocytosis [ 85 ]. Therefore change in surface 
charge is required to escape nanoparticle from these endosomes into the cellular 
cytoplasm. This concept was implemented over PLGA nanoparticles to allow their 
escape from endosomes and resulting in cytoplasmic delivery of the incorporated 
drugs. Theory of easy escape of positive surface charge nanoparticles from the 
endosomes was supported by Panyam et al. [ 86 ]. In contrast with positively charged 
he has suggested that negatively charged polystyrene nanoparticles did not reach the 
cytosol but remained in the endosomal compartment of the smooth muscle cells. 

 Bourges et al. suggested that there is a possibility of specifi c targeting to retinal 
pigment epithelium cells [ 87 ]. Åkerman et al. developed the small quantum dots 
having size less than (<10 nm), for specifi c targeting of peptide coated dots to the 
vasculature of lungs and tumors [ 88 ]. Additionally conjugation of polymer shells 
with quantum dots was later studied by Ballou et al. [ 89 ]. In this report he has 
described the role of quantum dots cores coated with hydrophilic polyethylene 
glycol to trigger the half life time. Nevertheless drug passage in to by lymph nodes 
was demonstrated by Ballou et al. [ 89 ]. In this study translocated quantum dots 
could be examined up to 4 months after administration. Therefore greater chances 
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of accumulation were observed. It has been reported that polymeric coating espe-
cially with PEG abolishes the uptake of drug by the reticuloendothelial system of 
liver and spleen whereas 40–50 nm magnetic PEG coated nanoparticles were well 
taken up by endocytosis [ 90 ]. 

 Weissenböck et al. adopted the strategy to increase cellular binding by carbohy-
drate binding ligands on the surface of biodegradable and biocompatible poly( D , L - 
lactic- co-glycolide) acid (PLGA) nanospheres [ 91 ]. Such enhancement in cellular 
binding may results in enhanced activity of the drug presented as or incorporated in 
nanoparticles. Moreover it has been reported that conjugation of specifi c protein 
e.g. with antibodies to the nanoparticle surface may allow a more specifi c targeting 
of the particles [ 92 ,  93 ]. Ultimately it has been concluded that surface modifi cations 
of nanoparticles offer enormous opportunities for medical applications like uptake, 
intracellular transport and drug targeting in terms of cellular binding.  

1.3.4     The Brain—The Ultimate Target for Drug Delivery 

 From several perspectives the brain is a challenging organ since incidence of degen-
erative diseases in the brain will increase with the aging population and secondly 
blood brain barrier (BBB) found to act as rate limiting factor in drug delivery to 
brain in fi ghting against various the central nervous system (CNS) disorders. The 
most critical issue in brain drug delivery is that the blood brain barrier fence interior 
from the exogenous substances [ 94 ]. Blood brain barrier is equipped with some 
limiting physiological factors such as reticuloendothelial system and protein opso-
nization, which play major role in decreasing the transport of drug. Usually almost 
all therapeutic drugs including small molecules do not cross the blood brain barrier. 
From brain physiology point of view endothelial barrier is having tight junctions at 
the interface with the brain astrocytes. Some of the alternative mechanisms can be 
adopted to facilitate the transport in normal conditions such as using endogenous 
BBB transporters resulting in active effl ux transport, receptor mediated transport 
and carrier mediated transport. Nevertheless utilization of drug in form of nanopar-
ticles facilitate transport of drug by compromising barrier properties intentionally or 
unintentionally [ 95 – 97 ]. Several approaches employed to improve the drug delivery 
across the BBB. Owing to its size (ranges from 1 to 1000 nm), functionalization 
characteristics and ability to reduce the need for invasive procedures can be utilized 
as career for drug delivery and found to play a signifi cant advantage over the other 
methods of available drug delivery systems to deliver the drug across the 
BBB. Various mechanisms and strategies involved in this process. These strategies 
are exclusively based on the on the type of nanomaterials used and its combination 
with therapeutic agents (such materials include non-viral vectors of nano-sizes for 
CNS gene therapy, polymeric nanoparticles and liposomes, etc.). Olivier et al. sug-
gested that transport of the drug across blood brain barrier can be possible by the 
toxic effect of nanoparticles (about 200 nm) on cerebral endothelial cells, while 
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Kreuter et al. contradicted this study by utilizing similar nanoparticles with size 
range about 300 nm [ 95 ,  96 ]. Moreover Lockman et al. reported that effect was not 
common for a different type of nanoparticles [ 97 ]. Due to the reported ill effects of 
nanoparticles some devices such as implanted catheters and reservoirs are encour-
aged in effective drug delivery to the CNS. Currently several researchers are work-
ing on different nanomaterials to improve the safety and effi cacy level of drug 
delivery devices in brain targeting. It’s advisable to determine the physical and 
chemical association between drug, carrier, excipients and desired organelle, para-
site, cell, tissue and receptor, for drug delivery into the brain. Transport of nanoen-
gineered device at cellular levels can be achieved by -fl uidic channels [ 96 ]. Various 
drug delivery systems such as nanoparticles, nanogels, liposomes, microspheres, 
and nanobiocapsules have been employed to improve the bioavailability of the drug 
in the brain. However, so far, biodegradable polymeric nanoparticulate careers and 
microchips are found to be more effective therapeutically in treating brain tumor. 
Distinct strategies based on physiological concepts can also be employed to stimu-
late the transcytosis ability of specifi c receptors expressed across the BBB. According 
to reports low density lipoproteins related protein with engineered peptide com-
pound created an area for introducing Angiopep peptide as a new potential 
therapeutics. 

 Previous studies have determined that nanoparticles having different surface 
characteristics such as neutral nanoparticles and particles having low concentrations 
of anionic nanoparticles were found to have no effect on BBB integrity. In contrast 
NPs with high concentrations of anionic nanoparticles and cationic nanoparticles 
were toxic for the BBB. It was later discovered that neutral or cationic nanoformula-
tions showed lesser uptake in brain in contrast with anionic nanoparticles at low 
concentrations exhibit higher uptake in brain. It has been concluded that surface 
charge of nanoparticle plays an important role in determining toxicity and brain 
distribution profi les [ 97 ]. Surfactant assisted transport of nanoparticle across the 
blood brain barrier was recently reported with the polysorbate (Tween) surfactants. 
Coating of nanoparticle with polysorbate (Tween) surfactants stimulates endocyto-
sis mechanism via the Low Density Lipoprotein receptor of the endothelial cells 
after adsorption of lipoproteins form blood plasma to the nanoparticles [ 98 ]. 
Moreover it has been further revealed the function of apolipoprotein-E for carry 
drugs across the BBB. However failure in transportation of drug across the BBB 
occurs when apolipoprotein-E variants that did not recognized lipoprotein receptors 
[ 99 ]. Later on it was realized that recognition and interaction with lipoprotein recep-
tors on brain capillary endothelial cells plays an important role in brain uptake of 
the drug. Transport of several drugs can also be attained by masking their features 
or limiting their binding effi ciency/sites to cellular effl ux systems e.g. p- glycoprotein. 
Binding of drug with p-glycoprotein limits its cellular transportation and encourage 
the drug removal from cells. P-glycoprotein belongs to ATP dependent effl ux trans-
porters that plays have a major role in preventing delivery into the brain [ 100 ]. 
P-glycoprotein role become more critical in drug resistant tumor cells where there 
expression becomes high and act as multidrug resistance protein to limit the entry 
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of drug inside the cell. It was observed that entrapment of certain cytotoxic drug 
such as in surfactant coated nanoparticles increases the brain drug uptake and its 
toxicity towards p-glycoprotein expressing tumor cells. Alyautdin et al. reported 
that surfactant coated poly(butyl) cyanoacrylate nanoparticles have been used to 
deliver drugs to the CNS [ 101 ]. Similarly Koziara et al. determined the effect of 
entrapment of a cytotoxic drug paclitaxel in cetyl alcohol/polysorbate nanoparticles 
and further he hypothesized that paclitaxel nanoparticles restrict paclitaxel conjuga-
tion to p-glycoprotein and successive effl ux from the cells [ 102 ]. This hypothesis 
led down conclusion which would consequently trigger the brain and tumor cell 
drug levels. Many other additional routes to deliver the drug in brain which could 
circumvent the BBB such as via migration along the olfactory or trigeminal nerve 
endings could only possible after the deposition on the olfactory mucosa in the nasal 
region [ 103 ]. This procedure was experimented by translocation of ultrafi ne  13 C 
particles in the brain olfactory bulb after inhalation exposure. Based on amount of 
manganese present in different parts of the brain, Elder et al. demonstrated the role 
of solid NP like manganese oxide to translocate to the brain by the olfactory route 
[ 104 ]. In subsequent report nanoparticles have been functionalized by conjugation 
with bioactive ligands-lectins to the surface of poly (ethylene glycol)-poly (lactic 
acid) nanoparticles to trigger specifi c uptake via the inhalation route nanoparticles. 
Similarly Gao et al. utilized wheat germ agglutinin to enhance the brain uptake of 
such functionalized NP by encouraging their binding with N-acetyl- D -glucosamine 
and sialic acid. Nevertheless transport of drug across BBB and the olfactory route 
only report for up to 2 % nanoparticles uptake in contrast with the drug delivery that 
desires to make substantial increments prior to use [ 105 ]. 

 Latest concepts and techniques should be applied to design and develop the drug 
delivery careers for effi ciently delivering the drug across the BBB at a safe and 
effective manner. Among all current advance delivery systems nanoparticles are 
found to be the most effective careers in delivery of conventional drugs, vaccines, 
recombinant proteins, as well as nucleotides. Drug features such as pharmacoki-
netic properties (such as biodistribution, bioavailability and drug release character-
istics) can be improved by nanoparticulate drug delivery systems. Nanoparticulate 
drug delivery systems allow the controlled and effective release of the drug with site 
specifi c drug delivery targeting to tissue or cell with reduced side effects. Hence 
application of nanotechnology in pharmaceutical biotechnology facilitates the 
development in drug delivery strategy to explain the delivery problems of protein 
based drugs including oligonucleotides and recombinant proteins.   

1.4     Innovations in Nanotechnology 

 Revolution has started in 1989, when IBM researchers established a scientifi c 
invention by building 35-atom depiction of the company’s logo at nano scale. 
Nanomaterials are the objects having size range of at least one dimension of 
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100 nm or less. This size range is approximate size of your average virus. 
Nanotechnology fi eld encompasses creation, manipulation, and application of 
materials at the nanoscale. Additionally it may also involve the capability to engi-
neer, control, and exploit the unique chemical, physical, and electrical properties 
of these nano scale particles. As far as the their properties are concerned nanopar-
ticles neither behave like solids, liquids, nor gases and exist in the world of quan-
tum physics, and small enough escape the laws of Newtonian physics. This feature 
makes them more conductive, reactive and optically sensitive among others. 
Nanotechnology is considered as the most powerful technology to bring “the next 
Industrial Revolution.” “That’s why nanomaterials are useful and interesting and 
so hot right now,” says Kristen Kulinowski, executive director for education and 
policy at the Rice University Center for Biological and Environmental 
Nanotechnology (CBEN). Being in this quantum regime enables new properties 
to emerge that are not possible or not exhibited by those same chemicals when 
they’re much smaller or much larger. These include different colors, electronic 
properties, magnetic properties, mechanical properties depending on the particle; 
any or all of these can be altered at the nanoscale. That’s the power of nanotech.
The National Nanotechnology Initiative, federal government program for the sci-
ence, engineering, and technology research and development for nanoscale proj-
ects, has predicted the fi eld will be worth $1 trillion to the U.S. economy alone by 
2015 or sooner. Noticeably, nanotech is balanced to develop into a major factor in 
the world’s economy and part of our everyday lives in the near future. In future, 
draft science is going to be very giant, shortly. Owing to its widespread it’s very 
diffi cult to trace the application of nanotechnology, although we can consider 
some of the recent events of nanotechnology and the most considerable achieve-
ments. Nanotechnology solutions are already beginning to shape industries like 
electronics, medical technologies, advanced materials, or pharmaceuticals. 
Nanotechnology can be connected to world’s most serious advance issues/prob-
lems. Nevertheless there has been no organized precedence of applications of 
nanotechnology that can be directed towards the most critical issues face by the 
fi ve billion people from developing world. 

 In order to strengthen their capacity and sustain economic growth [ 106 ], sev-
eral developing countries have launched nanotechnology initiatives. Department 
of Science and Technology, India invested $20 million from (2004–2009) for their 
Nanomaterials Science and Technology Initiative [ 107 ]. China ranks third in num-
ber of nanotechnology patent applications whereas United States and Japan ranked 
still saving its fi rst two positions [ 108 ]. According to previous report Brazil, pro-
jected budget for nanoscience during the 2004–2007 period was found to be is $25 
million [ 109 ]. Organizations that belong to South African Nanotechnology 
Initiative are involved in areas such as nanophase catalysts, nanofi ltration, nanow-
ires, nanotubes, and quantum dots. Some other developing countries such as the 
Philippines, Chile, Argentina, Thailand, and Mexico, are also practicing nano-
technology [ 106 ]. It’s very diffi cult to address all the events progressing in nano-
technology, though it’s possible rank the ten applications of nanotechnology most 
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likely to benefi t developing countries, and demonstrate that these applications can 
contribute to the attainment of the United Nations Millennium Development 
Goals (MDGs) as suggested by Salamanca-Buentello et al. [ 110 ]. To encourage 
more advance innovations in nanotechnology Salamanca-Buentello et al. also pro-
posed a way for the international community to accelerate the use of these top 
nanotechnologies by less industrialized countries to meet critical sustainable 
development challenges [ 110 ]. Salamanca-Buentello and his coworkers explored 
Correlation between the Top Ten Applications of Nanotechnology for Developing 
Countries and the UN Millennium Development Goals [ 110 ]. Salamanca-
Buentello and his coworkers identifi ed and ranked the ten applications of nano-
technology most likely to benefi t developing countries [ 110 ]. These applications 
provide systematic approach with which to address sustainable development 
issues in the developing world.  Salamanca- Buentello and his coworkers used 
modifi ed Delphi Method to identify and prioritize the applications. They have 
addressed top ten applications of nanotechnology and compared with the UN 
Millennium Development Goals. These applications covers energy storage, con-
version and production, agricultural productivity enhancement, water treatment 
and remediation, disease diagnosis and screening, drug delivery system, food pro-
cessing and storage, air pollution and remediation, construction, health monitor-
ing, vector and pest detection and control.  

1.5     Nanotechnology Theory to Applications 

 Nanotechnology is serving to signifi cantly develop, even reform, many technol-
ogy and industry areas. It has signifi cant applications in information environmen-
tal science, medicine, technology, energy, food safety, homeland security, and 
transportation, among many others. Nanotechnology act as a signifi cant tools in 
food industry for detection of pathogen, disease treatment delivery systems, food 
packaging, and delivery of bioactive compounds to target sites. This wide applica-
tion generates novel methods to improve safety and the nutritional value of food 
products [ 111 ]. 

 In addition to food industry, nanotechnology also involved in design, produc-
tion, characterization, and application of materials and such devices that are hav-
ing signifi cant applications in medicine [ 112 ]. Nanotechnology applications to 
medicine and physiology involve materials and devices that are perfectly designed 
to interact with the body at subcellular (i.e., molecular) scales with a high degree 
of specifi city. Such application cab effectively transform into targeted cellular and 
tissue-specifi c clinical applications considered to attain therapeutic affects with 
least side effects. 

 Nanotechnology can also be employed in various surgical procedures to treat 
human cancers. Additionally nanotechnology is the single most prominent fore-
caster of patient survival is a complete surgical resection [ 113 ]. These innova-
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tive technologies can assist the surgeon to describe tumor margins, to identify 
residual tumor cells and micrometastases, and to verify if the tumor has been 
entirely removed. Recent advances in nanotechnology and optical instrumenta-
tion, advances can be integrated for applications in surgical oncology, achieved 
by nanometer- sized particles such as quantum dots and colloidal gold. 
Conjugation of such nanoparticles with targeted ligands such as monoclonal 
antibodies, peptides, or small molecules allows to target malignant tumor cells 
and tumor microenvironments with high specifi city and affi nity. Singhal et al. 
have reported that the size range of 10–100 nm (mesoscopic) nanoparticles hav-
ing large surface areas for conjugating to multiple diagnostic and therapeutic 
agents, opening new possibilities in integrated cancer imaging and therapy. 
There are so many reports [ 114 ]. 

 Saini et al. reported possible mechanism of nanotechnological procedures in 
relation to medicine, in which he has described various materials and devices that 
were designed to interact with cells and tissues at a molecular (i.e., sub cellular) 
level, for applications in medicine and physiology, with a high degree of functional 
specifi city, thus allowing a degree of integration between technology and biological 
systems not previously attainable [ 114 ]. 

 The most appreciable thing of nanotechnology is to unite different traditional 
sciences, such as, chemistry, physics, materials science and biology, to bring 
together the required collective expertise needed to develop these novel technolo-
gies [ 114 ]. To achieve this nanotechnology carry is versatile function by offering 
not only improvements to the current techniques, but also providing entirely new 
tools and capabilities.

•    Alteration in solubility and blood pool retention time  
•   Controlled release over short or long durations  
•   Environmentally triggered controlled release or highly specifi c site-targeted 

delivery    

 Potential of nanotechnology can also be employed in construction industry 
where amazing chemical and physical features of materials (at the nanometer scale) 
allows new array of application such as structural strength enhancement, energy 
conservation to antimicrobial properties and self-cleaning surfaces [ 115 ]. Therefore 
manufactured nanomaterials and nanocomposites are being considered for various 
uses in the construction and related infrastructure industries. It’s essential to con-
sider the lifecycle impacts of manufactured nanomaterials on the health of con-
struction workers and dwellers; therefore it’s more important to achieve 
environmentally responsible nanotechnology in construction. Such development of 
environmentally friendly nanotechnology products avoids environmentally respon-
sible nanotechnology [ 115 ]. Lee et al. reported applications of manufactured nano-
materials that improve conventional construction materials, promote the 
environmentally friendly nanoproducts with reduced adverse biological and toxico-
logical effects and their mitigation [ 115 ]. Various applications of nanotechnology 
in different areas are mentioned in Table  1.2 .
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   Table 1.2    Applications of nanotechnology in different domain   

 Area  Applications 

 Everyday material and 
processes 

 • Nanoscale additives in polymer composite materials and for 
surface treatments of fabrics 

 • Nanoscale thin fi lm 
 • Nanoscale materials in cosmetic products 
 • Nano-engineered materials in the food industry, in automotive 

products and to make superior household products 
 • Nanostructured ceramic coatings 
 • Nanoparticles are used increasingly in catalysis 

 Electronic and 
information technology 
application 

 • Applications of nanotechnology in computing and electronic 
products include, ultraresponsive hearing aids fl ash memory chips 
for iPod nanos conductive inks for printed electronics for RFID/
smart cards/smart packaging, fl exible displays for e-book readers 
more life-like video games, antimicrobial/antibacterial coatings 
on mouse/keyboard/cell phone casings 

 • Magnetic random access memory (MRAM) 
 • Nanoscale transistors 
 • Nanostructured polymer fi lms known as organic light-emitting 

diodes for the displays for many new TVs, laptop computers, cell 
phones, digital cameras, and other devices incorporate 

 Sustainable energy 
applications 

 • Prototype solar panels incorporating nanotechnology 
 • Nanotechnology is improving the effi ciency of fuel production 
 • Nano-bioengineering of enzymes 
 • Nanotechnology for development of advanced batteries 
 • Nanostructured materials to improve hydrogen membrane and 

storage materials and the catalysts 
 • Nanotechnology in thin-fi lm solar electric panels to power mobile 

electronic devices 
 Environmental remedial 
applications 

 • For affordable, clean drinking water 
 • To clean industrial water pollutants in ground water 
 • Nanofabric “paper towel,” woven from tiny wires potentially 

absorb 20 times its weight in oil for cleanup applications 
 • Nanotechnology-based fi lters that allow “mechanical fi ltration” 
 • Novel nanotechnology-enabled sensors and solutions to detect, 

identify, and Filter out, and/or neutralize harmful chemical or 
biological agents in the air and soil with much higher sensitivity 

 Nanobiosystem, 
medical and health 
applications 

 • Quantum dots for enhancing biological imaging for medical 
diagnostics 

 • For diagnosis of atherosclerosis, or the buildup of plaque in 
arteries 

 • Gold nanoparticles to detect early-stage Alzheimer’s disease 
 • Molecular imaging for the early detection 
 • Multifunctional therapeutics to facilitate its specifi c targeting to 

cancer cells 
 • Microfl uidic chip-based nanolabs for monitoring and 

manipulating individual cells and nanoscale probes, 
 • Nanotechnology to encourage the growth of nerve cells 

(continued)
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1.6        Nanomedicine/Nanoscience/Nano-Engineering 
and Relationship with Drug Delivery 

1.6.1     Nanomedicine and Drug Delivery 

 Emergence of nanotechnology in medicine led to the exploration of more specifi ed 
drug delivery systems in pharmaceutical sciences. Currently better understanding 
has been established between nanomedicine and its drug delivery applications in 
pharmaceutical sciences to minimize toxicity and side effects of drugs. Exploration 
of such cell/tissue specifi c drug delivery system avoids the health hazards that some 
time occur due to the carrier systems themselves that may impose risks to the 
patient. In last few years several reports have been come up with a conclusion of 
health risks associated with nanoparticles and associated their preventive measures. 
Therefore currently various substances are under examination for drug delivery. 

 More interestingly type of health risks that are caused by using nanoparticles for 
drug delivery are ahead of that caused by conventional hazards introduced by chemi-
cals in traditional delivery matrices. More understanding is required to investigate the 
nanoparticle toxicity and its potential hazards as in the case of inhalation toxicity. 
Risks associated with nanoparticulate materials may vary from toxicology of sub-
stances since the composing chemical(s) may or may not be soluble in biological 
matrices. Therefore their solubility issues greatly infl uence their potential exposure 
against various internal organs. Considering this aspect nanoparticulate systems 
when administered through the most critical route such as lungs get high exposure in 
the lungs and a low exposure for other organ systems after inhalation. Since these 
nanoparticles are more specifi ed therefore accumulation or absorption in undesirable 
organs may cause potential toxicity. Lungs is an organ where exchange off oxygen 
occurs, accumulation of drug or nano matrix may infl uence the potential effects of 
drug and may generate toxic products at different interface. In contrast the positive 
facts about nanoparticles is their size which may offer opportunities of crossing the 
various biological barriers within the body such as their potential to cross the blood 
brain barrier may open new ways for drug delivery into the brain. Moreover small 
size of these particles permits their entry into the cell and various cellular compart-
ments such as nucleus. Various natural and synthetic substances are under  investigation 

Table 1.2 (continued)

 Area  Applications 

 Future transportation 
technologies 

 • Nano-engineering of concrete, steel, asphalt, and other 
cementitious materials, and their recycled forms 

 • Nanoscale sensors and devices for cost-effective continuous 
structural monitoring of the condition and performance of bridges, 
tunnels, rails, parking structures, and pavements over time 
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for the preparation of nanoparticles for drug delivery such as biological substances 
(albumin, gelatin and phospholipids), and more substances of a chemical nature like 
various polymers and solid metal containing nanoparticles. These substances are 
selected according to the desirable target, diagnosis procedure, and clinical condi-
tions, type of tissue or cell, type, organ, type of drug (physic- chemical aspects), 
ingredients and delivery device and type of biological barrier. The most understand-
able fact is that the real composition of the nanoparticle formulation always decides 
the possible interaction between with tissues and cells, and the potential toxicity. 

1.6.1.1     Advantages of Nanoparticles for Nanomedicine 

•     Nanoparticles used for therapeutic purposes fulfi ll with the newly projected and cur-
rent accepted general defi nition of a size ≤100 nm [ 44 ]. Nevertheless, this does not 
essentially have an infl uence on their functionality in therapeutic  applications. The 
royal society and the royal academy of engineering. Nanoscience and nanotechnolo-
gies: opportunities and uncertainties. London, UK: 2004.

•    Nanoparticles are considered as attractive therapy for several medicinal purposes 
since these nano based particles are having important and exclusive features, 
such as their quantum properties and their ability to absorb, their surface to mass 
ratio that is much larger than that of other particles and carry other compounds.  

•   Nanoparticles have a comparatively large (functional) surface which is able to 
bind, adsorb and carry other compounds such as drugs, proteins and probes.  

•   These nanoengineered particles not only used for drug delivery as carrier, but 
also the drug itself may be formulated at a nanoscale, and then function as its 
own “carrier” [ 39 ,  45 – 47 ].        

1.6.1.2     Challenges 

•     More improved understanding of the patho-physiological basis of disease is 
required which will bring more sophisticated diagnostic opportunities, and cer-
tainly increase the whole cost the therapy  

•   Signifi cant dimensions (below 0.1 μm or 100 nm) of nanoparticles doesn’t allow 
suffi cient loading of drug onto the particles.  

•   Some of the serious health risk associated with nanoparticles need to be resolved 
such as exposure of biological materials with inhaled nanoparticles as part of the 
unintended release of ultrafi ne or nanoparticles by combustion derived processes 
such as diesel exhaust particles [ 48 ,  49 ,  51 – 54 ,  116 – 118 ]. Exposure to these 
combustion derived ultrafi ne particles/nanoparticles is associated with a wide 
variety of effects [ 53 ] including pulmonary infl ammation, immune adjuvant 
effects [ 54 ] and systemic effects including blood coagulation and cardiovascular 
effects [ 52 ,  116 ].      

1 Nanotechnology and Its Drug Delivery Applications
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1.6.2     Nanoengineering and Drug Delivery 

 Nanoengineered drug delivery systems (nDDS) are those systems in which nanopar-
ticulate system or its environment is modifi ed or manipulated to avoid the in limita-
tions induced by general nanoparticles. Currently nDDS is used as potential clinical 
tools for modulation of pharmacological drug release profi le and for but specifi c 
targeting of diseased tissues especially cancer tissue or cells [ 119 ]. Till date various 
anticancer drugs such as doxorubicin, paclitaxel, and vincristin has been the main 
target of nDDS. Liposomes and polymer-drug conjugates are known to be the most 
accepted group of nDDS used for this purpose. Nano engineering procedure require 
careful selection and optimization of the different factors that affect drug release 
profi le (i.e. type of biomaterial, size, system architecture, and biodegradability 
mechanisms) along with the selection of an appropriate manufacture technique that 
does not compromise the desired release profi le, while it also offers possibilities to 
scale up for future industrialization [ 119 ]. 

 Nano engineering or manipulation of drug delivery system can be achieved at 
various levels during the formulation of drug within a carrier e.g. modulation of 
drug environment at molecular level, alteration of physic-chemical characteristics 
of the drug, control of diffuse mobility, and modifi cation of bulk and surface chem-
istry of nano carrier [ 119 ]. These approaches are successful enough in establishing 
favorable therapeutic end points such as enhanced drug effi cacy for prolonged 
period, reduced drug toxicity; reduce dosage and cost burden and improved patience 
compliance [ 119 ]. 

 nDDS comprised of various controlled and triggered release systems such as 
polymeric drug delivery system and lipid based drug delivery systems for sustained 
and triggered release. This can be achieved by the modulation of drug environment 
and physico-chemical properties, enhancement of drug stability and duration of 
activity which may further includes formulation processing strategies and poly-
meric strategies [ 119 ]. For specifi c targeting of therapeutics to disease sites, for 
maximizing effective dose and from sparing health risks from various adverse 
effects, several strategies have been adopted such as active and passive tissue target-
ing and strategies for transport across the tight endothelial junctions [ 119 ]. 

 In 1999 Allen et al. describes the properties of block copolymer micelles which 
infl uence their effi ciency as drug delivery vehicles for hydrophobic drugs. In this 
review he has explained properties such as loading capacity, release kinetics, circu-
lation time, biodistribution, size, size distribution and stability to promote research-
ers to tailor-make block copolymer micelles for a particular application [ 120 ]. 

 Various researchers considering nanoengineered drug delivery systems as a 
potential strategy to overcome limitations associated with antibiotic drug therapy. It 
has been reported that antibiotics encapsulated into nanodelivery systems play sig-
nifi cant role in overcoming the serious global burden of antibiotic resistance and 
provide improved management to patients with various infectious diseases [ 121 ]. 
According to previous reports there are several antibiotic-loaded nanocarriers that 
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have been formulated to target drugs to infectious sites, achieve controlled drug 
release profi les, and address formulation challenges, such as low-drug entrapment 
effi ciencies, poor solubility and stability [ 121 ]. Additionally the  in vitro / in vivo  per-
formances and physicochemical properties of various antibiotic-loaded delivery 
systems (polymeric nanoparticles, micelles, dendrimers, liposomes, solid lipid 
nanoparticles, lipid–polymer hybrid nanoparticles, nanohybirds, nanofi bers/scaf-
folds, nanosheets, nanoplexes, and nanotubes/horn/rods and nanoemulsions) should 
be evaluated [ 121 ]. Future investigations is required to optimize formulation and 
commercialization of these antibiotic-loaded nanosystems to develop the most 
effective nanoengineered antibiotic drug delivery systems for enhancing the treat-
ment of patients with a range of infections. 

 Owing to its unique features such as its potential in the formation of supramo-
lecular biomaterials through inclusion complexes as part of drug delivery systems, 
moderate drug solubility, drug stability and absorption, cyclodextrin is now 
 considered as excipients in the formulation of drugs and played a pivotal role in 
designing novel drug delivery systems such as liposomes, dendrimers, nanosponges, 
microspheres and nanoparticles. Recent reports have proven that molecular 
 complexation involving cyclodextrins is expected to reduce or eliminate some prob-
lems associated with novel drug delivery in the fi eld of nanotechnology [ 122 ]. 
Various applications of nanomedicines are highlighted in Fig.   1.1  .
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1.7         Types of Nanodelivery: Natural or Synthetic 

 Natural and synthetic are the two types of polymers that can be used for nanodeliv-
ery. Natural polymers or biopolymers are directly obtained from natural resources 
such as green plants, animals, algae, bacteria and fungi are polymers or polymer 
matrix composites. Synthetic polymers are those polymers that are refi ned or modi-
fi ed or synthesized in laboratory by using different chemical of more often basic 
structure of natural polymers can be modifi ed to avoid the limitations incurred dur-
ing the drug delivery. Collagen while synthetic polymers from the ester family. 
Currently natural and synthetic polymers are extensively used for nanoparticles 
design and synthesis. Owing to outstanding advantages of high purity and reproduc-
ibility over natural polymers, synthetic polymers such as poly(-caprolactone) 
(PCL), poly(lactic acid) (PLA), poly(lactide-co-glycolide) (PLGA), poly(glycolic 
acid) (PGA), poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV), poly
(-hydroxybutyrate) (PHB), or other families such as poly(cyanoacrylates), poly
(p- dioxanone) (PPDO), poly(acrylic acid) (PAA), poly(amides) (PA), poly(anhydrides), 
poly(ethylene glycol) (PEG), poly(ortho esters) (PES), and poly(vinyl alcohol) 
(PVA), are usually recommended in most of the research. These polymers are suit-
able for drug delivery due to their special release profi les biodegradability, and bio-
compatibility [ 123 ,  124 ]. Additionally PLGA has been approved by Food and drug 
administration (FDA) for human therapy. 

1.7.1     Synthetic Polymers 

 Emulsion techniques and/or solvent exchange, salting out, freeze drying or spray 
drying of the emulsion and supercritical fl uid technology are the principal methods 
used to formulate and manufacture polymeric particles. Noticeably multiple- 
emulsion spray-drying technique has potential advantages over freeze-drying tech-
nique such as it’s more convenient and reproducible, rapid, and can easily be scaled 
up. Therefore these methodologies can be modifi ed with the objective of encapsu-
lating hydrophilic or hydrophobic drugs into particular polymeric nanoparticles. 
Utilization of synthetic polymers is encouraged owing to their ability to modify the 
functional groups and the versatility in the preparation techniques. Additionally 
polymeric nanoparticles give more response against different stimuli has been of 
big advantage for targeted delivery systems.  

1.7.2     Natural Polymers 

 Due to some unique and relatively safe features of biocompatibility, biodegradability, 
abundance in nature, inexpensive than bioresorbable synthetic polymers interest has 
been generated to produce nanoparticles using natural polymers with aim to 
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encourage their use in drug delivery for exploring more advance pharmaceutical 
applications against different indications. The most extensively used natural poly-
mers in drug delivery systems include alginate, chitosan, gelatine, albumin and col-
lagen. Different types of procedures are adopted to make natural polymer-based 
nanodevices. Selection of the technique is based on the nature of the active com-
pound, the polymer and the specifi cations of the nanoparticles, such as size, zeta 
potential and encapsulation effi ciency. Among all the most extensively used tech-
niques include emulsion-cross linking, coacervation and ionotropic gelation. Different 
advantages and disadvantages of natural and synthetic polymers are mentioned in 
Table  1.3 .

1.8         Natural and Synthetic Polymeric Nanoparticles 

 Collective term nanoparticle constitute nanospheres and nanocapsules which are 
made up of solid carriers that can be either made up of natural or synthetic polymers 
and whether or not biodegradable. These solid carriers potentially encapsulate 
Drug/gene by embedding into the matrix or absorbed onto the surface of nanopar-
ticles. Because of their therapeutic potential and greater stability in biological fl uids 
as well as during storage nanoparticles have received more consideration than have 
liposomes [ 125 ]. In addition high encapsulation effi ciency, provide fencing drug 
against degradation from the external environment and use the exclusive 

   Table 1.3    Advantages and disadvantages of natural and synthetic polymers   

 Natural polymer  Synthetic polymer 

 Cellulose, starch, chitosan, 
carrageenan, aliginates, 
xantham gum, gellan gum, 
pectins 

 Synthetic polymers from the ester family such as poly(lactic 
acid) (PLA), poly(cyanoacrylates) (PACA), poly(acrylic acid), 
poly(anhydrides), poly(amides), poly (ortho esters), 
poly(ethylene glycol), and poly(vinyl alcohol) (PVA) and other 
like poly(isobutylcynoacrylate) (PIBCA), poly(ethylene oxide) 
(PEO), poly(åcaprolac-tone) (PCL) 

  Advantages  
 • Less toxic 
 • Biocompatibility 
 • Biodegradable 
 • Easily available 

  Advantages  
 • Biocompatibility 

  Disadvantages  
 • High degree of 

variability in natural 
materials derived from 
animal sources 

 • Structurally more 
Complex 

 • Extraction process very 
complicated and high cost 

  Disadvantages  
 • Toxic 
 • Non degradable 
 • Synthetic process is very complicated and high cost 
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micro- anatomy of the infl amed tissue blood capillaries, which have gaps between 
the lining of endothelial cells causing vessel leakiness [ 126 ]. There are several fab-
rication methodologies available for nanoparticles however these methods use safe 
solvents for industrial application. Solvents like DMSO, DMF are known are hav-
ing the tendency to dissolve many insoluble drugs but there cost and toxicity pose 
their utilization for any therapeutic purpose especially when the process of nanopar-
ticles preparation conducted at industrial scale. Nanoparticles preparation by 
polymerization of a monomer or from pre-formed polymers is highly acceptable 
nowadays. According to our database survey utilization of polymers (synthetic/
natural) are highly encouraged since nanoparticles properties can be tailored by 
using different polymers and co-polymers. According to last 2 years survey it has 
been discovered that as chitosan (among all natural polymers) is known to be the 
most leading natural polymer, relatively safe biocompatible, mucoadhesiveness and 
permeability enhancing properties [ 127 ,  128 ] and its derivates have shown improved 
characteristics. Additionally it is also used as food additive in food industries. 
Another example of albumin widely utilized as natural carrier for hydrophobic mol-
ecules such as fatty acids, hormones and fat-soluble vitamins has been extensively 
used as it as non-toxic and non-immunogenic. Natural polymers have their serious 
concerns in terms of purity and stability and therefore synthetic polymers have been 
applied. Owing to their biodegradability certain synthetic polymers are highly 
encouraged in drug delivery such as poly(cyanoacrylates) (PACA), poly(lactic acid) 
(PLA), poly(anhydrides), poly(ethylene glycol), poly(acrylic acid), poly(amides), 
poly (ortho esters), and poly(vinyl alcohol) (PVA) and other like poly(isobutyl 
cynoacrylate) (PIBCA), poly( ε -caprolac-tone) (PCL), poly(ethylene oxide) (PEO). 
These biocompatible polymers can be conjugated with protein to form different 
structures with different properties such as controlled release profi les and strong 
cell biocompatibility. Among all PLGA, is known to be the suitable polymer for 
biomedical applications such as suture materials [ 129 ] and bone fi xation nails and 
screws [ 130 ] as well as in diverse drug delivery applications [ 131 ,  132 ], though cost 
is always a concern for such polymers. Owing to its features of biocompatibility and 
biodegradability it has extensively studied for various applications. PLGA forms 
compatible moieties of lactic acid and glycolic acid which are further eliminated by 
the citric acid cycle. Since this whole procedure is slow so slow it doesn’t infl uence 
the normal cell function. Owing to the recent innovations in polymeric science, 
various other polymers such as poly( β -amino ester) (PbAE) has emerged in the 
spotlight because it demonstrates unique features such as pH sensitive release [ 133 , 
 134 ] in which at acid pH it rapidly releases its contents. According to recent reports 
poly( β - amino ester) has shown to be less toxic than other cationic polymers such as 
poly(ethyleneimine) and poly( L -lysine) (PLL) [ 133 ,  134 ], and insoluble at physio-
logical pH but solubilized in aqueous media at pH below 6.5. Polymeric agents like 
poly( β -amino ester) are signifi cant for therapeutics in the surrounding area of tumor 
mass [ 133 ,  134 ] and for others they must escape endosomal compartmentalization 
prior to fusion with lysosomes [ 133 ,  134 ]. Various natural/synthetic polymer based 
commercialized nanomedicines and their applications are highlighted in Table  1.4 .
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    Chapter 2   
 Nanoparticles Types, Classifi cation, 
Characterization, Fabrication Methods 
and Drug Delivery Applications                     

    Abstract     The most emerging branch in pharmaceutical sciences known as 
“ Pharmaceutical nanotechnology ” presents new tools, opportunities and scope, 
which are expected to have signifi cant applications in disease diagnostics and ther-
apeutics. Recently nano-pharamceuticals reveal enormous potential in drug deliv-
ery as carrier for spatial and temporal delivery of bioactive and diagnostics. 
Additionally it also provides smart materials for tissue engineering. This disci-
pline is now well- established for drug delivery, diagnostics, prognostic and treat-
ment of diseases through its nanoengineered tools. Some nanotech based products 
and delivery systems are already in market. Pharmaceutical nanotechnology com-
prised of nano- sized products which can be transformed in numerous ways to 
improve their characteristics. Drugs that are transformed in to nano range offer 
some unique features which can lead to prolonged circulation, improved drug 
localization, enhanced drug effi cacy etc. Various pharmaceutical nanotechnology 
based systems which can be termed as nanopharmaceuticals like polymeric 
nanoparticles, magnetic nanoparticles, liposomes, carbon nanotubes, quantum 
dots, dendrimers, metallic nanoparticles, polymeric nanoparticles, etc. have 
brought about revolutionary changes in drug delivery as well as the total medical 
service system. With the aid of nanopharmaceuticals, Pharmaceutical nanotech-
nology could have a profound infl uence on disease prevention to provide better 
insights into the molecular basis of disease. However some recently found health 
risk evidences limits their utilization in pharmaceutical industry. Some concerning 
issues like safety, bioethical issues, toxicity hazards, physiological and pharma-
ceutical challenges get to be resolved by the scientists. Current researchers are still 
lacking suffi cient data and guidelines regarding safe use of these nanotechnology 
based devices and materials. Therefore pharmaceutical nanotechnology is still in 
infancy. The present chapter summarizes the types of nanopharmaceuticals with 
the most important applications and nanoparticles associated health risk related 
information available till present.  

  Keywords     Nanotechnology   •   Nanoparticles   •   Types   •   Applications   •   Fabrication  
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2.1           Introduction 

 Delivering therapeutic compound to the desirable site is a major problem in treat-
ment of many diseases. Conventional utilization of drugs is characterized by poor 
biodistribution, limited effectiveness, undesirable side effects, and lack of selectiv-
ity. Strategies like controlling drug delivery can potentially overcome these limita-
tions by transporting drug to the place of action. Moreover drug delivery system 
provides protection against rapid degradation or clearance. It also enhances drug 
concentration in target tissues; therefore, lower doses of drug are required. Such 
type of therapy is required when there is a discrepancy between a dose or concentra-
tion of a drug and its therapeutic results or toxic effects. Targeting cell or specifi c 
tissue by the means individually designed carriers that are attached to drugs is a 
more reliable approach in drug delivery system. Such approach is known as cell or 
tissue specifi c targeting. Size reduction of targeted formulation and designing its 
pathways for suitable drug delivery system is a more fundamental and successful 
approach that forms the basis of nanotechnology. Recent advancement in nanotech-
nology has proven that nanoparticles acquire a great potential as drug carriers. Size 
reduction methods and technologies yields different types of nanostructures that 
exhibit unique physicochemical and biological properties. These methods make the 
nanostructures favorable material for biomedical applications and thus acquire the 
signifi cance importance in pharmaceutical sciences. In addition these methods help 
in reducing toxicity, enhancing release, improving solubility and bioavailability and 
provide better formulation opportunities for drugs. Nanotechnology offers drugs in 
the nanometer size range which enhances the performance in a variety of dosage 
forms. Various advantages of nano sizing are mentioned below:

•    Decreased fed/fasted variability  
•   Decreased patient-to-patient variability  
•   Enhanced solubility  
•   Increased oral bioavailability  
•   Increased rate of dissolution  
•   Increased surface area  
•   Less amount of dose required  
•   More rapid onset of therapeutic action    

 Nano word is originated from Latin word, which means dwarf. Ideal size range 
offered by nanotechnology refers to one thousand millionth of a particular unit thus 
nanometer is one thousand millionth of a meter (i.e. 1 nm = 10 −9  m). The branch nan-
otechnology is the science that particularly deals with the processes that occur at 
molecular level and of nano length scale size. Nanotechnology is now become an 
allied science which is most commonly used in other fi elds of science like electronic, 
physics and engineering since many decades. Recent exploration of nanotechnology 
in biomedical and pharmaceutical science results in successful improvement of con-
ventional means of drug delivery system. This multidisciplinary science also covers 
several applications in other disciplines such as biophysics, molecular biology, and 
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bioengineering. Nanotechnology has created potential impact in various fi elds like 
medicine including immunology, cardiology, endocrinology, ophthalmology, oncol-
ogy, pulmology etc. In addition it’s highly utilized in specialized areas like brain 
targeting, tumor targeting, and gene delivery. Nanotechnology also provides signifi -
cant systems, devices and materials for better pharmaceutical applications. 

 Nanotechnology is the science of material featuring between 10 −9  and 10 −7  of a 
meter [ 1 ]. Or in another words it’s the science of materials and devices whose struc-
tures and constituents demonstrate novel and considerably altered physical, chemi-
cal and biological phenomenon due to their nanoscale size. Thus nanotechnology is 
defi ned as the manipulation of matter on an atomic, molecular, and supramolecular 
scale involving the design, production, characterization and application of different 
nanoscale materials in different potential areas providing novel technological 
advances mainly in the fi eld of medicine. This forms an independent branch of 
nanostructures, referred as nanomedicine which is specifi cally utilized for medi-
cines. Nanomedicine involves utilization of nanotechnology for the benefi t of 
human health and well being. Nanomedicine was defi ned by European Science 
Foundation as ‘the science and technology of diagnosing, treating and preventing 
disease and traumatic injury, of relieving pain, and of preserving and improving 
human health, using molecular tools and molecular knowledge of the human body 
[ 1 ]. This defi nition was revised by the US NIH as: ‘Nanomedicine refers to highly 
specifi c medical intervention at the molecular scale for curing diseases or repairing 
damaged tissues, such as bone, muscle, or nerve’. The European Science Foundation 
specifi ed fi ve sub-disciplines of nanomedicines [ 1 ]:

•    Analytical tools  
•   Nanoimaging tools  
•   Nanomaterials and nanodevices  
•   Clinical and toxicological issues  
•   Novel therapeutics and drug delivery systems    

 These specifi ed disciplines are overlapping which in many ways. The use of 
nanotechnology in various sectors of therapeutics has revolutionized the fi eld of 
medicine where nanoparticles are designed and used for therapeutics, diagnostics, 
and as biomedical tools for research. With the help of nanotechnology it’s now pos-
sible to provide therapy at a molecular level which may further help in treating and 
pathogenesis of disease. Major limitations of conventional drugs (such as non speci-
fi city of drug action) urgently requires the developed system of nanomaterials which 
can be easily used in the diagnosis and treatment of various diseases especially 
cancer (have major limitations such as poor sensitivity or specifi city and drug tox-
icities). Recently various novel and advance methods of cancer detection based on 
nanoparticles are being developed. These designed nanostructures are used as fl uo-
rescent materials, contrast agents, drugs with targeting antibodies and for molecular 
research tools. Recent modifi cations of nanoparticulate systems such as paramag-
netic nanoparticles, quantum dots, nanoshells and nanosomes are widely used for 
diagnostic purposes. Nanotechnology provides the better safety profi le against 
drugs with high toxic potential and these nanoforms can be directed to act specifi -

2.1 Introduction



36

cally at the target tissue by active as well as passive means. In addition other modali-
ties of therapy such as heat induced ablation of cancer cells by nanoshells and gene 
therapy are also being developed. Optimization of nanoparticles based drug delivery 
approaches concerns the early detection of cancer cells and/or specifi c tumor 
 biomarkers, and the enhancement of the effi cacy of the treatments applied. 
Prominent applications of nanomaterials in biomedical sciences are demonstrated 
in Figs.  2.1  and  2.2 . Potential of nanomedicines in cancer is dependent on passive 
targeting (due to the enhance of the permeability and retention effect promoted by 
angiogenic vessels) which can be reinforced by specifi c targeting (based on multi-
functional nanomaterials that bypass the biological barriers and reach cancer cells). 
Nanoparticles based specifi c drug targeting and delivery platforms reduce toxicity 
and other side effects and also improve the therapeutic index of the targeted drug. In 
the primary objective of nanotechnology especially in cancer therapy is the develop-
ment of suitable targeting delivery systems which has been taking the lead in what 
concerns overcoming the MDR problem. Such targeted delivery systems that are 
based ‘Nanosizing’ of drugs:

•      Decrease drug resistance  
•   Decrease toxicity [ 2 ]  
•   Enhance oral bioavailability [ 3 ]  
•   Enhance rate of dissolution  
•   Enhance solubility [ 4 ]  
•   Increase the stability of drug and formulation [ 5 ]  
•   Increase drug targeting ability [ 6 – 8 ]  
•   Increase patient compliance [ 5 ]  
•   Increase surface area  
•   Reduce the dose needed [ 9 ]    

  Fig. 2.1    Various nanoforms and their morphological features       
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 Such advantages lead to the development of most effi cient targeted therapeutic 
nanoparticle which is the potential to revolutionize the drug development process 
and change the landscape of the pharmaceutical industry [ 10 ,  11 ]. Considering the 
unique physicochemical properties, nanoparticles have shown promise in delivering 
a range of molecules to desired sites in the body. These targeted nanomedicines may 
improve the therapeutic index of drugs by enhancing their effi cacy and/or increas-
ing their tolerability in the body. Nanotechnology is also effi cient in improving the 
bioavailability of water-insoluble drugs, protect the therapeutic agents from physi-
ological barriers, enable the development of novel classes of bioactive macromole-
cules as well as carry large payloads. In addition integration of imaging contrast 
agents within nanoparticles can allows the drug delivery site visible to us and exam-
ination of  in vivo  effi cacy of the therapeutic agent [ 12 ]. So far various nanotechnol-
ogy products have been approved by the US Food and Drug Administration (FDA) 
for clinical use, and many are under clinic and preclinic development [ 13 ]. Among 
these clinically approved products the fi rst-generation nanotechnology products are 
liposomal drugs and polymer–drug conjugates, which are relatively simple and gen-
erally lack active targeting or controlled drug release components. While designing 
therapeutic nanoparticles the ultimate goal of nanotechnology is to develop safer 
and more effective therapeutic nanoparticles. Therefore the main focus of current 
researchers is to design novel multifunctional nanoparticle platforms for cell/tissue- 
specifi c targeting, sustained or triggered drug delivery, co-delivery of synergistic 
drug combinations, etc. 
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  Fig. 2.2    Illustrations demonstrating various types of pharmaceutical nanosystems       
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 This chapter discuss the various platforms of nanotechnology that are being used 
in different aspects of medicine with special focus on targeted drug delivery systems 
and novel therapeutics based on nanotechnology. Here, we have also discussed the 
recent applications on nanoparticles as platforms for anticancer therapy, emphasizing 
strategies for targeted delivery for gene silencing focusing on the optimal pathways 
to test these therapeutics in vitro and in vivo. It’s very essential to report toxicological 
aspects of these nano materials. Therefore potential toxicities of the nanoparticles are 
also described in addition to the safety of nanomedicine is not fully defi ned yet. 
However, it is possible that nanomedicine in future would play a crucial role in the 
treatment of human diseases and also in enhancement of normal human physiology. 

 One of the emerging branches among biomedical sciences is pharmaceutical 
technology. Pharmaceutical nanotechnology covers the applications of nanotechnol-
ogy to pharmacy as nanomaterials, and as devices like drug delivery, diagnostic, 
imaging and biosensor. Pharmaceutical nanotechnology has provided more fi ne- 
tuned diagnosis and focused treatment of disease at a molecular level. Pharmaceutical 
nanotechnology offers various opportunities to fi ght against many diseases. It helps 
in detecting the antigen associated with diseases such as cancer, diabetes mellitus, 
neurodegenerative diseases, as well as detecting the microorganisms and viruses 
associated with infections. It is expected that in next 10 years market will be fl ooded 
with nanotechnology devised medicine. Applications of nanotechnology to phar-
macy that provide intelligent and smart drug delivery systems is expected to emerge 
as most important and powerful tool as alternate to conventional dosage form. These 
nano-intelligent drug delivery systems need little investment while expected to be a 
high profi t making deal due to new patent protection for current or soon-to-be off- 
patent drugs. A recent report claimed that 23 major pharmaceutical patents would 
expire by 2008 leading to revenue loss of US $ 46 billion and by 2011, US $ 70–80 
billion loss is expected as various drugs go off-patent. Pharmaceutical Nanotechnology 
based systems presents two basic types of nano tools viz. nanomaterials and nanode-
vices, which play a key role in realm of pharmaceutical nanotechnology and related 
fi elds. Nanomaterials are biomaterials used, for example, in orthopedic or dental 
implants or as scaffolds for tissue-engineered products. Their surface modifi cations 
or coatings might greatly enhance the biocompatibility by favoring the interaction of 
living cells with the biomaterial. These materials can be sub classifi ed into nano-
crystalline and nanostructured materials. Nano crystalline materials are readily man-
ufactured and can substitute the less performing bulk materials. Raw nanomaterials 
can be used in drug encapsulation, bone replacements, prostheses, and implants. 
Nanostructured materials are processed forms of raw nanomaterials that provide 
special shapes or functionality, for example quantum dots, dendrimers, fullerenes 
and carbon nanotubes. Nanodevices are miniature devices in the nanoscale and 
some of which include nano- and microelectromechanical systems, microfl uidics, 
and microarrays. Examples include biosensors and detectors to detect trace quanti-
ties of bacteria, airborne pathogens, biological hazards, and disease signatures and 
some intelligent machines like respirocyte (Figs.  2.1  and  2.2 ). Various prominent 
features and applications of nanosystems are mentioned Table  2.1 .
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   Table 2.1    Various characteristics and brief applications of nanosystems [ 14 ]   

 Types of 
Nanosystems  Size (nm)  Characteristics  Applications 

 Carbon 
nanotubes 

 0.5–3 
diameter 
and 
20–1000 
length 

 Third allotropic crystalline 
form of carbon sheets either 
single layer (single walled 
nanotube, SWNT) or multiple 
layer (multi-walled nanotube, 
MWNT). These crystals have 
remarkable strength and 
unique electrical properties 
(conducting, semi conducting, 
or insulating) 

 Functionalization enhanced 
solubility, penetration to cell 
cytoplasm and to nucleus, as 
carrier for gene delivery, 
peptide delivery 

 Dendrimer  <10  Highly branched, nearly 
monodisperse polymer system 
produced by controlled 
polymerization; three main 
parts core, branch and surface 

 Long circulatory, controlled 
delivery of bioactives, 
targeted delivery of 
bioactives to macrophages, 
liver targeting 

 Liposome  50–100  Phospholipid vesicles, 
biocompatible, versatile, good 
entrapment effi ciency, offer 
easy 

 Long circulatory, offer 
passive and active delivery 
of gene, protein, peptide and 
various other 

 Metallic 
nanoparticles 

 <100  Gold and silver colloids, very 
small size resulting in high 
surface area available for 
functionalization, stable 

 Drug and gene delivery, 
highly sensitive diagnostic 
assays, thermal ablation and 
radiotherapy enhancement 

 Nanocrystals 
Quantum dots 

 2–9.5  Semi conducting material 
synthesized with II-VI and 
III-V column element; Size 
between 10 and 100 Å; Bright 
fl uorescence, narrow emission, 
Broad UV excitation and high 
photo stability 

 Long term multiple color 
imaging of liver cell; DNA 
hybridization, immunoassay; 
receptor mediated 
endocytosis; labeling of 
breast cancer marker HeR 2  
surface of cancer cells 

 Polymeric 
micelles 

 10–100 nm  Block amphiphilic copolymer 
micelles, high drug 
entrapment, payload, 
biostability 

 Long circulatory, target 
specifi c active and passive 
drug delivery, diagnostic 
value 

 Polymeric 
nanoparticles 

 10–1000  Biodegradable, biocompatible, 
offer complete drug protection 

 Excellent carrier for 
controlled and sustained 
delivery of drugs. Stealth 
and surface modifi ed 
nanoparticles can be used for 
active and passive delivery 
of bioactives 
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2.2        Classifi cation of Nanoparticles 

 Nanoparticles are broadly classifi ed in to three classifi cations [ 15 ]

•     One dimension nanoparticles 
   One dimensional system (thin fi lm or manufactured surfaces) has been used for 
decades. Thin fi lms (sizes 1–100 nm) or monolayer is now common place in the 
fi eld of solar cells offering, different technological applications, such as chemi-
cal and biological sensors, information storage systems, magneto-optic and opti-
cal device, fi ber-optic systems.     

•    Two dimension nanoparticles 
   Carbon nanotubes     

•    Three dimension nanoparticles 
   Dendrimers, Quantum Dots, Fullerenes (Carbon 60), (QDs)        

2.3     Characterization of Nanoparticles 

 Characterization of nanoparticles is based on the size, morphology and surface 
charge, using such advanced microscopic techniques as atomic force microscopy 
(AFM), scanning electron microscopy (SEM) and transmission electron micros-
copy (TEM). Properties such as the size distribution, average particle diameter, 
charge affect the physical stability and the in vivo distribution of the nanoparticles. 
Properties like surface morphology, size and overall shape are determined by elec-
tron microscopy techniques. Features like physical stability and redispersibility of 
the polymer dispersion as well as their  in vivo  performance are affected by the sur-
face charge of the nanoparticles. Different characterization tools and methods for 
nanoparticles are mentioned in Table  2.2 . Therefore it’s very important to evaluate 
the surface charge during characterization of nanoparticles.

2.3.1       Particle Size 

 Characterizations of nanoparticles are primarily evaluated by the particle size distri-
bution and morphology. With the aid of electron microscopy it’s now possible to 
ascertain the morphology as well as the size of nanoparticles. Application of 
nanoparticles in drug release and drug targeting can be conveniently determined by 
various tools. It has already been reported that particle size of nanoparticles has 
profound effect on the drug release. 
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 Smaller the size of nanoparticles larger surface area, which results in to fast drug 
release. Loaded drug when exposed to the particle surface area causes signifi cant 
drug release. In contrast, inside the nanoparticles drugs slow diffusion of larger 
particles occurs. Consequently smaller particles tend to aggregate during storage 
and transportation of nanoparticle dispersion. Therefore there is a mutual compro-
mise between maximum stability and small size of nanoparticles [ 17 ]. In addition 
degradation of the polymer can also be affected by the particle size e.g. the extent of 
poly (lactic-co-glycolic acid) degradation was found to increase with increasing 
particle size  in vitro  [ 18 ]. With the advancement in analytical tools various tech-
niques are now available for determining nanoparticle size as discussed below: 

2.3.1.1     Photon-Correlation Spectroscopy (PCS) or Dynamic Light 
Scattering (DLS) 

 Current research demands the fastest and most popular method of determining par-
ticle size. The fastest and most popular techniques like photon-correlation spectros-
copy (PCS) or dynamic light scattering (DLS), widely used to determine the size of 
Brownian nanoparticles in colloidal suspensions in the nano and submicron ranges. 
In this technique solution of spherical particles in Brownian motion causes a 
Doppler shift when they are exposed against shining monochromatic light (laser). 
Such monochromatic light exposure hits the moving particle which results in 

   Table 2.2    Various characterization tools and methods for nanoparticles [ 16 ]   

 Parameter  Characterization method 

 Carrier-drug interaction  Diffential scanning calorimetry 
 Charge determination  Laser Doppler Anemometry 

 Zeta potentiometer 
 Chemical analysis of surface  Static secondary ion mass spectrometry 

 Sorptometer 
 Drug stability  Bioassay of drug extacted from Nanoparticles 

 Chemical analysis of drug 
 Nanoparticle dispersion stability  Critical fl occulation temperature (CFT) 
 Particle size and distribution  Atomic force microscopy 

 Laser defractometry 
 Photon correlation spectroscopy (PCS) 
 Scanning electron microscopy 
 Transmission electron microscopy 

 Release profi le  In vitro release characteristics under physiologic and sink 
conditions 

 Surface hydrophobicity  Rose Bengal(dye) binding 
 Water contact angle measurement 
 X-ray photoelectron spectroscopy 
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changing the wavelength of the incoming light. Extent of this change in wavelength 
determines the size of the particle. This parameter assists in evaluation of the size 
distribution, particle’s motion in the medium, which may further assists in measur-
ing the diffusion coeffi cient of the particle and using the autocorrelation function. 
Dynamic light scattering (DLS) offer the most frequently used technique for accu-
rate estimation of the particle size and size distribution [ 19 ].  

2.3.1.2     Scanning Electron Microscopy (SEM) 

 This electron microscopy based technique determines the size, shape and surface 
morphology with direct visualization of the nanoparticles. Therefore scanning elec-
tron microscopy offer several advantages in morphological and sizing analysis. 
However they provide limited information about the size distribution and true popu-
lation average. During the process of SEM characterization, solution of nanoparti-
cles should be initially converted into a dry powder. This dry powder is then further 
mounted on a sample holder followed by coating with a conductive metal (e.g. gold) 
using a sputter coater. Whole sample is then analyzed by scanning with a focused 
fi ne beam of electrons [ 20 ]. Secondary electrons emitted from the sample surface 
determine the surface characteristics of the sample. This electron beam can often 
damage the polymer of the nanoparticles which must be able to withstand vacuum. 
Average mean size evaluated by SEM is comparable with results obtained by 
dynamic light scattering. In addition these techniques are time consuming, costly 
and frequently need complementary information about sizing distribution [ 21 ].  

2.3.1.3     Transmission Electron Microscope 

 Experimental diffi culties in studying nanostructures stem from their small size, 
which limits the use of traditional techniques for measuring their physical proper-
ties. Transmission electron microscopy techniques can provide imaging, diffraction 
and spectroscopic information, either simultaneously or in a serial manner, of the 
specimen with an atomic or a sub-nanometer spatial resolution. TEM operates on 
different principle than SEM, yet it often brings same type of data. The sample 
preparation for TEM is complex and time consuming because of its requirement to 
be ultra thin for the electron transmittance. High-resolution TEM imaging, when 
combined with nanodiffraction, atomic resolution electron energy-loss spectros-
copy and nanometer resolution X-ray energy dispersive spectroscopy techniques, is 
critical to the fundamental studies of importance to nanoscience and nanotechnol-
ogy. During the TEM characterization nanoparticles dispersion is deposited onto 
support grids or fi lms. After dispersion they are fi xed using either a negative stain-
ing material (phosphotungstic acid or derivatives, uranyl acetate, etc., or by plastic 
embedding). This is done to make nanoparticles withstand against the instrument 
vacuum and facilitate handling. Alternatively nanonoparticles sample can also be 
exposing to liquid nitrogen temperatures after embedding in vitreous ice. When a 
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beam of electrons is transmitted through an ultra thin sample it interacts with the 
sample as it passes through The surface characteristics of the sample are obtained 
[ 21 ]. TEM imaging mode has certain benefi ts compared with the broad-beam illu-
mination mode:

•    Collection of the information about the specimen using a high angular annular 
dark fi eld (HAADF) detector (in which the images registered have different lev-
els of contrast related to the chemical composition of the sample)  

•   It can be utilized for the analysis of biological samples is its contrast for thick 
stained sections, since high angular annular dark fi eld images (samples with 
thickness of 100–120 nm) have better contrast than those obtained by other 
techniques.  

•   Combining HAADF-TEM imaging leads to imaging the atomistic structure and 
composition of nanostructures at a sub-angstrom resolution.  

•   Availability of sub-nanometer or sub-angstrom electron probes in a TEM instru-
ment, due to the use of a fi eld emission gun and aberration correctors, ensures the 
greatest capabilities for studies of sizes, shapes, defects, crystal and surface 
structures, and compositions and electronic states of nanometer-size regions of 
thin fi lms, nanoparticles and nanoparticle systems.     

2.3.1.4     Atomic Force Microscopy 

 This technique is also known as scanning force microscopy (technique that forms 
images of surfaces using a prob that scans the specimen), very high resolution type 
of scanning probe microscopy, with reported resolution on the order of fractions of 
a nanomerter, more than 100 times better than the optical diffraction limit. The 
atomic force microscopy is based on a physical scanning of samples at sub-micron 
level using a probe tip of atomic scale and offers ultra-high resolution in particle 
size measurement [ 22 ]. Depending upon properties, samples are usually scanned in 
contact or noncontact mode. During contact mode, the topographical map is gener-
ated by tapping the probe on to the surface across the sample and probe hovers over 
the conducting surface in non-contact mode. One of the prime advantage of AFM is 
its ability to image non-conducting samples without any specifi c treatment. This 
feature allows the imaging of delicate biological and polymeric nano and micro-
structures [ 23 ]. Moreover AFM (without any mathematical calculation) provides 
the most accurate description of size, size distribution and real picture which helps 
in understanding the effect of various biological conditions [ 24 ].   

2.3.2     Surface Charge 

 Surface charge and intensity determines the interaction of nanoparticles with the 
biological environment as well as their electrostatic interaction with bioactive com-
pounds. Stability of colloidal material is usually analyzed through zeta potential of 
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nanoparticles. Zeta potential is an indirect measure of the surface charge. It can be 
obtained by evaluating the potential difference between the outer Helmholtz plane 
and the surface of shear. Thus zeta potential of colloidal based dispersion assists in 
directly evaluating its storage stability. Zeta potential values (high zeta potential 
values, either positive or negative) are achieved in order to ensure stability and avoid 
aggregation of the particles. Zeta potential values can be utilized in evaluating sur-
face hydrophobicity and the nature of material encapsulated within the nanocap-
sules or coated onto the surface [ 25 ].  

2.3.3     Surface Hydrophobicity 

 Techniques such as hydrophobic interaction chromatography, biphasic partitioning, 
adsorption of probes, contact angle measurements etc. can be utilized for the deter-
mination of surface hydrophobicity. Recent advancement in research offers several 
sophisticated analytical tools for surface property analysis of nanoparticles. modern 
technique such as X-ray photon correlation spectroscopy not only determine surface 
hydrophobicity but also permits the identifi cation of specifi c chemical groups on the 
surface of nanoparticles [ 26 ].  

2.3.4     Drug Release 

 It’s very essential to determine extent of the drug release and in order to obtain such 
information most release methods require that the drug and its delivery vehicle be 
separated. drug loading capacity of the nanoparticles is defi ned as the amount of drug 
bound per mass of polymer or in another term it is the moles of drug per mg polymer 
or mg drug per mg polymer or it could also be given as percentage relative to the poly-
mer. Various techniques such as UV spectroscopy or high performance liquid chroma-
tography (HPLC) after ultracentrifugation, ultra fi ltration, gel fi ltration, or centrifugal 
ultrafi ltration are used to determine this parameter. Methods that are employed for 
drug release analysis are also similar to drug loading assay which is more often 
assessed for a period of time to evaluate the drug release mechanism [ 27 ,  28 ].   

2.4     Preparation of Nanoparticles 

 The selection of appropriate method for the preparation of nanoparticles depends on 
the physicochemical character of the polymer and the drug to be loaded. Nanoparticles 
can be prepared from a variety of materials such as proteins, polysaccharides and 
synthetic polymers. The selection of matrix materials is dependent on many factors 
including [ 29 ]:

•    Antigenicity of the fi nal product.  
•   Biocompatibility and toxicity  
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•   Degree of biodegradability  
•   Drug release profi le desired  
•   Inherent properties of the drug (aqueous solubility and stability)  
•   Size of nanoparticles required  
•   Surface characteristics (charge and permeability)   

  Nanoparticles have been usually prepared by three methods: 

•   Dispersion of preformed polymers  
•   Ionic gelation or coacervation of hydrophilic polymers  
•   Polymerization of monomers    

 However, other methods such as supercritical fl uid technology [ 30 ] and particle 
replication in non-wetting templates [ 31 ] have also been described in the literature 
for production of nanoparticles. The latter was claimed to have absolute control of 
particle size, shape and composition, which could set an example for the future 
mass production of nanoparticles in industry. 

 Dispersion of preformed polymers: This technique is based on the preparation of 
biodregerable nanoparticles via dispersion of biodegradable polymers such as poly 
( D ,  L -glycolide), poly (lactic acid) (PLA); poly (cyanoacrylate) (PCA), and PLG; 
poly ( D ,  L -lactide-co-glycolide) (PLGA) [ 32 – 34 ]. Dispersion of preformed poly-
mers to prepare the nanoparticles can be used in various ways: 

2.4.1     Solvent Evaporation Method 

 Solvent evaporation method is one of the most frequently used methods for the 
preparation of nanoparticles. This method involves two steps (fi rst is emulsifi cation 
of the polymer solution into an aqueous phase and second is evaporation of polymer 
solvent, inducing polymer precipitation as nanospheres). This method is based on 
the solubility of polymer and hydrophobic drug since both polymer and hydropho-
bic drug are dissolved in an organic solvent (dichloromethane, chloroform or ethyl 
acetate) which is also used as the solvent for dissolving the. Mixture obtained from 
polymer and drug solution is then emulsifi ed in an aqueous solution. This aqueous 
solution contains surfactant or emulsifying agent to form oil in water (o/w) emul-
sion. Once the stable emulsion forms, the organic solvent is evaporated either by 
continuous stirring or by reducing the pressure. Size range of nanoparticles was 
found to be infl uenced by the concentrations and type of stabilizer, polymer concen-
tration and homogenizer speed [ 35 ]. Ultrasonication or high-speed homogenization 
may be often employed in order to produce small particle size [ 36 ]. The nano par-
ticles are collected by ultracentrifugation and washed with distilled water to remove 
stabilizer residue or any free drug and lyophilized for storage [ 37 ]. Modifi cation of 
this method is known as solvent evaporation method and high pressure emulsifi ca-
tion [ 38 ]. This method involves preparation of a emulsion which is then subjected 
to homogenization under high pressure followed by overall stirring to remove 
organic solvent [ 39 ]. The size can be controlled by adjusting the stirring rate, type 
and amount of dispersing agent, viscosity of organic and aqueous phases and 
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temperature [ 40 ]. However this method can be applied to liposoluble drugs and 
limitation are imposed by the scale up issue. Polymers used in this method are 
PLGA [ 41 ], PLA [ 42 ], cellulose acetate phthalate [ 43 ], EC [ 44 ], Poly (β -hydroxy-
butyrate) (PHB) [ 45 ], Poly (β-caprolactone)\ (PCL) [ 46 ].  

2.4.2     Spontaneous Emulsifi cation or Solvent Diffusion Method 

 This method is developed from solvent evaporation method [ 47 ], in which the water 
miscible solvent along with a small amount of the organic solvent (water immisci-
ble) is used as an oil phase. During the spontaneous diffusion of solvents between 
the two phases an interfacial turbulence is generated which may ultimately leads to 
the formation of small particles. Smaller particle size can be achieved by increasing 
the concentration of water miscible solvent increases. This method can be used for 
hydrophobic or hydrophilic drugs. In the case of hydrophilic drug, a multiple w/o/w 
emulsion needs to be formed with the drug dissolved in the internal aqueous phase.  

2.4.3     Double Emulsion and Evaporation Method 

 Most of the emulsion and evaporation based methods suffer from the limitation of 
poor entrapment of hydrophilic drugs. Therefore to encapsulate hydrophilic drug 
the double emulsion technique is employed, which involves the addition of aqueous 
drug solutions to organic polymer solution under vigorous stirring to form w/o 
emulsions. This w/o emulsion is added into second aqueous phase with continuous 
stirring to form the w/o/w emulsion. The emulsion then subjected to solvent removal 
by evaporation and nano particles can be isolated by centrifugation at high speed. 
The formed nanoparticles must be thoroughly washed before lyophilisation [ 48 ]. In 
this method the amount of hydrophilic drug to be incorporated, the concentration of 
stabilizer used, the polymer concentration, the volume of aqueous phase are the 
variables that affect the characterization of nanoparticles [ 48 ,  49 ].  

2.4.4     Salting Out Method 

 Method involves the separation of a water-miscible solvent from aqueous solution 
via a salting-out effect [ 50 ]. It’s based on the on the separation of a water miscible 
solvent from aqueous solution via a salting-out effect. During the initial process 
polymer and drug are dissolved in a solvent which is subsequently emulsifi ed into 
an aqueous gel containing the salting out agent and a colloidal stabilizer. Various 
types of salting out agents (electrolytes, such as magnesium chloride and calcium 
chloride, or non- electrolytes such as sucrose) and colloidal stabilizer (such as 
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polyvinylpyrrolidone or hydroxyethylcellulose) have been used. This lead to forma-
tion of oil/water emulsion which is further diluted with a suffi cient volume of water 
or aqueous solution to enhance the diffusion of solvent into the aqueous phase, 
ultimately induce the formation of nanospheres. Parameters such as stirring rate, 
internal/external phase ratio, concentration of polymers in the organic phase, type of 
electrolyte concentration and type of stabilizer in the aqueous phase can be varied 
in this process [ 43 ]. Salting out method is reported for preparation of ethyl cellulose 
and PLA, Poly(methacrylic) acids nanospheres. leads to high effi ciency and is eas-
ily scaled up [ 51 ,  52 ]. 

2.4.4.1     Advantages 

•     Does not require an increase of temperature and therefore may be useful when 
heat sensitive substances have to be processed [ 53 ].     

2.4.4.2     Disadvantages 

•     Limited application to lipophilic drug and the extensive nanoparticles washing 
steps      

2.4.5     Emulsions-Diffusion Method 

 This is another widely used method to prepare nanoparticles. The encapsulating 
polymer is dissolved in a partially water-miscible solvent (such as propylene car-
bonate, benzyl alcohol), and saturated with water to ensure the initial thermody-
namic equilibrium of both liquids. Subsequently, the polymer-water saturated 
solvent phase is emulsifi ed in an aqueous solution containing stabilizer, leading to 
solvent diffusion to the external phase and the formation of nanospheres or nano-
capsules, according to the oil-to-polymer ratio. Finally, the solvent is eliminated by 
evaporation or fi ltration, according to its boiling point. This technique presents sev-
eral advantages, such as high encapsulation effi ciencies (generally 70 %), no need 
for homogenization, high batch-to-batch reproducibility, ease of scaleup, simplicity, 
and narrow size distribution. 

2.4.5.1     Disadvantages 

 Disadvantages are the high volumes of water to be eliminated from the suspension 
and the leakage of water-soluble drug into the saturated-aqueous external phase 
 during emulsifi cation, reducing encapsulation effi ciency [ 54 ]. Several drug- 
loaded nanoparticles were produced by the technique, including mesotetra 
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(hydroxyphenyl) porphyrin-loaded PLGA (p-THPP) nanoparticles [ 55 ], doxoru-
bicin-loaded PLGA nano particles, and cyclosporine (cy-A-); loaded sodium gly-
colate nanoparticles [ 56 ].   

2.4.6     Solvent Displacement/Precipitation Method 

 In this method preformed polymer is precipitated in an organic solution and 
organic solvent is diffused in the aqueous medium. Diffusion of organic solvent 
can be achieved in the presence or absence of surfactant. Semi polar water mis-
cible solvent such as acetone or ethanol can be used to dissolve the polymers, 
drug, and or lipophilic surfactant. After their complete dissolution, solution is 
then poured or injected into an aqueous solution containing stabilizer under mag-
netic stirring. Nano particles are formed immediately by the rapid solvent diffu-
sion. This step is followed by the removal of solvent from the suspensions under 
reduced pressure. Particles size is dependent on the extent of addition of the 
organic phase into the aqueous phase. It was also found that decrease in both 
particles size and drug entrapment occurs as the mixing rate of the two phase 
increases [ 57 ]. This method is more suitable for poorly soluble drugs. Optimization 
of various parameters (preparation parameters) can effectively control size, drug 
release and yield of nanosphere. 

 Nanosphere size, drug release and yield were shown to be effectively con-
trolled by adjusting preparation parameters. Regulation the concentration of poly-
mer in the organic phase was reported to be useful in the production of smaller 
sized nanospheres. However size range is restricted to minimum range of the 
polymer to drug ratio.  

2.4.7     Coacervation or Ionic Gelation Method 

 Recent exploration of biodegradable polymers such as gelatin and sodium alginate 
has been focused now to yield biodegradable nanoparticles having features like bio-
compatibility and low toxicity. Methods such as ionic gelation can be used for pre-
paring hydrophilic polymer based nanoparticles. Calvo and co-workers developed 
method for preparing chitosan based nanoparticles by ionic gelation method [ 58 , 
 59 ]. In this method two different aqueous phases are prepared for polymer [chito-
san, a di-block co-polymer ethylene oxide or propylene oxide (PEO-PPO)] and the 
other is for polyanion sodium tripolyphosphate. This method is based on the strong 
electrostatic interaction between positively charged amino group of chitosan and 
negative charged tripolyphosphate to form coacervates with a size in the range of 
nanometer. Existence of strong electrostatic interaction between two aqueous 
phases leads to the formation of coacervates. In contrast ionic gelation involves the 
material undergoing transition from liquid to gel due to ionic interaction conditions 
at room temperature.  
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2.4.8     Polymerization Method 

 This method involves polymerization of monomers to form nanoparticles in an 
aqueous solution. In polymerization drug is incorporated at two different stages 
(either by being dissolved in the polymerization medium or by adsorption onto the 
nanoparticles after polymerization completed) [ 60 ,  61 ]. Ultracentrifugation can be 
used to purify nanoparticle suspension by removing various stabilizers and surfac-
tants employed for polymerization, followed by the re-suspension of particles in an 
isotonic surfactant-free medium. This technique is reported for making poly (alkyl-
cyanoacrylate) or polybutylcyanoacrylate nanoparticles. Desirable size of nanocap-
sule can be achieved by optimization of concentration of the surfactants and 
stabilizers [ 62 ].  

2.4.9     Production of Nanoparticles Using Supercritical Fluid 
Technology 

 Above mentioned conventional methods (such as solvent extraction-evaporation, 
solvent diffusion and organic phase separation methods) obligatory use organic sol-
vents which are hazardous to the environment as well as to physiological systems. 
Therefore, there is an urgent requirement of suitable technology which avoid the 
usage of organic solvents or any other ingredient hazardous to health. Since super-
critical fl uids are environmentally safe, therefore, the supercritical fl uid technology 
has been investigated as an alternative to prepare biodegradable micro- and nanopar-
ticles [ 63 ]. Supercritical fl uid technology technique, although environmentally 
friendly and suitable for mass production, requires specially designed equipment 
and is more expensive. Supercritical fl uids are those fl uids which are at a tempera-
ture above its critical temperature remains in a single phase regardless of pressure 
[ 63 ]. CO 2  (SC CO 2 ) is the most widely used supercritical fl uid because of its mild 
critical conditions, non-fl ammability, low price and nontoxicity. Among the various 
processing techniques involving supercritical fl uids, supercritical anti-solvent 
(SAS) and rapid expansion of critical solution (RESS) are the most common one. In 
former process a liquid solvent (methanol) is selected on the basis of it’s completely 
miscibility with the supercritical fl uid (SC CO 2 ). This is done to dissolve the solute 
to be micronized at the process conditions. Since the solute is insoluble in the super-
critical fl uid, the extract of the liquid solvent by supercritical fl uid leads to the 
instantaneous precipitation of the solute, results in the formation of nanoparticles. 
This process is reported for formation of hydrophilic drug dexamethasone phos-
phate drug nanoparticles for microencapsulation purpose. In later process called as 
RESS, solute is dissolved in a supercritical fl uid such as supercritical methanol and 
then the solution is rapidly expanded through a small nozzle into a region lower 
pressure [ 63 ]. This dramatically affects the solvent power of supercritical fl uids 
which is ultimately decreases and the solute eventually precipitates. RESS and its 
modifi ed process have been used for the product of polymeric nanoparticles [ 64 ].   
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2.5     Most Favorable Requirements for Designing Therapeutic 
Nanoparticles 

 One of the most primary requirements before designing therapeutic nanoparticles is 
the rapid clearance during systemic delivery. After entering the blood stream nanopar-
ticles surface may experience nonspecifi c protein adsorption called as opsonization. 
This process makes them more visible to phagocytic cells. These opsonized nanopar-
ticles could be easily cleared from the bloodstream through phagocytosis by the 
mononuclear phagocyte system (MPS) in the liver and by spleen fi ltration. Factors 
that govern the clearance and biodistribution of nanoparticles should be considered 
before designing therapeutic nanoparticles. nanoparticle size plays an important role 
in controlling circulation and biodistribution of nanoparticles during its journey 
through physiological parameters such as hepatic fi ltration, tissue extravasation/diffu-
sion, and kidney excretion. Naoparticles size range <10 nm can be rapidly cleared by 
the kidneys or through extravasation, while larger particles size may have higher ten-
dency to be cleared by cells of the mononuclear phagocyte system (MPS also referred 
to as reticuloendothelial system, RES). It was also found that PEGylated spherical 
nanoparticles (<100 nm, 100–200 nm, and >200 nm) showed different protein absorp-
tion rate since particle size infl uence its uptake by murine macrophages, and blood 
clearance kinetics. It was reported that nanoparticles <100 nm remain in the blood for 
long periods of time and experience reduced hepatic fi ltration. Additionally nanopar-
ticle size also affects their accumulation rate in tumor or its surroundings. This accu-
mulation is achieved through the EPR effect. Thus to take advantage of the EPR effect 
and to effi ciently escape from the physiological barriers, many studies advocate the 
optimal nanoparticle size range of approximately 10–250 nm. Second factor that 
could affect nanoparticles uptake by the MPS cells is their surface charge. Positively 
charged nanoparticles generate a higher immune response compared to neutral or 
negatively charged nanoparticle formulations. Similarly neutrally charged particles 
have demonstrated much lower opsonization rates than charged particles. For reduced 
phagocytosis and minimized nonspecifi c, it has been demonstrated optimal range of 
nanoparticle is between −10 and +10 mV. Third factor, PEGylation, referred to the 
surface modifi cation of nanoparticles with PEG, which has favorable intrinsic physi-
cochemical properties which was found to reduce nanoparticle accumulation in off-
target organs. A hydrophobic or charged particles PEG shell on the nanoparticle, 
leads to prolonged circulation half-life compared to non-PEGylated nanoparticles. 
Several factors such as length, shape, and density of PEG chains on the nanoparticle 
surface largely affect its surface hydrophilicity and phagocytosis. Brush confi guration 
in PEGylated nanoparticles would create more effective blocking or repulsion of 
opsonins than the mushroom one. Fourth factor i.e. ligand functionalization is the 
conjugation of targeting ligands to the surface of PEGylated nanoparticles which has 
also been proven to affect their biodistribution. However targeting ligands could 
improve the cell- or tissue-specifi c delivery of nanoparticles. They may compromise 
the particle surface properties by masking the PEG layer and adversely affecting the 
nanoparticles’ antibiofouling properties  in vivo .  
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2.6     Types of Pharmaceutical Nanosystems 

2.6.1     Carbon Based Structures 

 Carbon nano tubes are carbon based tubular structures that are discovered in 1991 
[ 65 ]. These structures are arranged in fashion like a graphite sheet rolled up into a 
cylinder and capped at one or both ends by a buckyball. These are hexagonal net-
works of carbon atoms having diameter of one nanometer and length from 1 to 
100 nm. These carbon networks are arranged layer of graphite rolled up into a cylin-
der. There are two carbon based confi guration that have received much attention 
recently: single-walled nanotubes (SWNTs) and multiwalled nanotubes (MWNTs). 
In addition to these types C 60  fullerenes is also a part of common confi gurations. 
These are hollow, carbon-based, cage-like architectures (nanotubes and fullerenes), 
also known as bucky balls, which are differ in the arrangement of their graphite cyl-
inders. The size, geometry, and surface characteristics of these macromolecules 
make them appealing for drug carrier usage and have remarkable physical proper. 
SWNTs and C60 fullerenes have internal diameters range of 1–2 nm. This dimension 
is equivalent to about half the diameter of the average DNA helix, whereas MWNTs 
have diameters ranging from several nanometers to tens of nanometers with 0.36 nm 
distance between layers of MWCNT, depending on the number of walls in the struc-
ture. Size may vary in their length ranging from 1 μm to a few micrometers [ 66 ]. As 
far as their architecture is concerned fullerenes and carbon nanotubes are typically 
fabricated using laser ablation, chemical vapor deposition, electric arc discharge, or 
combustion processes. Characterization of these concentric forms is based on their 
strength and stability so that they can be used as stable drug carriers. Cellular entry 
of nanotubes may be mediated by endocytosis or by insertion through the cell mem-
brane. Fullerenes have also shown drug targeting capability. Tissue-selective target-
ing and intracellular targeting of mitochondria have been shown with use of fullerene 
structures. Furthermore, experiments with fullerenes have also shown that they 
exhibit antioxidant and antimicrobial behavior. Carbon nanotubes and their applica-
tions are highlighted in Table  2.3 . Some of well known examples of carbon nantubes 
and their respective applications are highlighted in Table  2.3 .

    Table 2.3    Carbon nanotubes and their applications [ 67 ]   

 Drug  Type of disease  Type of CNTs 

 Breast cancer  MWCNTs 
 Amphotericin B  Leishmania donovani (parasite)  Not specifi ed 
 Carboplatin  Bladder cancer  Not specifi ed 
 Daunorubicin  Leukemia  SWCNTs 
 Doxorubicin  Lymphoma  SWCNTs 
 Gemcitabine  Ovarian cancer  SWCNTs 
 Methotrexate  Breast cancer  MWCNs 
 Paclitaxel  Breast cancer  SWCNTs 
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2.6.1.1       Applications 

•      Cell specifi city  
 Enhancement of cell specifi city by conjugating antibodies to carbon nanotubes 
with fl uorescent or radiolabelling [ 68 ]  

•    Internalization  
 Internalization within mammalian cells can be achieved by surface- functionalized 
carbon nanotubes  

•    Vaccine delivery  
 Conjugation with peptides may be used as vaccine delivery structures  

•    Gene delivery  
 With the advancement in molecular dynamics simulations, the fl ow of water 
molecules through surface-functionalized carbon nanotubes has been modeled in 
such a way so that they can be conveniently utilized as small molecule transport-
ers in transporting DNA, indicating potential use as a gene delivery tool. The 
ability of nanotubes to transport DNA across cell membrane is used in studies 
involving gene therapy. During this therapy DNA can be attached to the tips of 
nanotubes or can be incorporated within the tubes. It has been found that gene 
therapy with β galactosidase marker gene nanotubes showed greater expression 
compared to transfer of naked DNA. This assures the advantage of non immuno-
genicity in contrast to viral vectors used for gene transfer.  

•    Transport of peptides ,  nucleic acids and other drug molecules  
 Incorporation of carboxylic or ammonium groups to carbon nanotubes enhances 
their solubility which makes them more suitable for the transport of peptides, 
nucleic acids and other drug molecules. Pristine carbon nanotubes is a common 
example of water insoluble forms having high in vitro toxicity compared to mod-
ifi ed water dispersible forms of nanotubes. It has been also proven that the extent 
of toxicity decreases with functionalization. However functionalization also 
affects the elimination of the nanotube. Single-walled nanotubes without conju-
gation to monoclonal antibody have a high renal uptake. Whereas modest liver 
uptake as compared to single-walled nanotubes with conjugation to monoclonal 
antibody which is having higher liver uptake and lower renal uptake. In addition 
it was also reported that carbon nanotubes, except acetylated ones, when conju-
gated with peptide produce a higher immunological reactions when compared to 
free peptides. Such a property of inducing immunological responses can be uti-
lized in vaccine production to enhance the effi cacy of vaccines.  

•    Reduced toxicity and increases the effi cacy  
 Carbon nanotubes enhance drug delivery, effi cacy and reduces the toxicity as 
found in the case of Amphotericin B nanotubes. It has been found that 
Amphotericin B nanotubes has shown enhanced drug delivery to the interior of 
cells, increased antifungal effi cacy and reduced toxicity to mammalian cells 
when compared to amphotericin B administration without nanotubes [ 69 ]. The 
effi cacy of amphotericin B nanotubes was also effective on strains of fungi which 
are usually resistant to amphotericin B alone [ 69 ].  
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•    Gene silencing  
 Highly selective therapy is required for cancer therapy where tumor cells will be 
selectively modulated. In this case gene silencing has been done with small inter-
fering RNA. This can be achieved by targeting functionalized single walled carbon 
nanotubes with siRNA to silence targeted gene expression in the targeted cell [ 70 ].  

•    In diagnostics  
 It was reported that compounds that are bound to nanotubes enhance the effi -
ciency of diagnostic methods. This property of functionalization and high length 
to diameter aspect ratio (which provides a high surface to volume ratio), assists 
in designing the highly effi cient biosensors [ 71 ].    

 Thus carbon nanotubes offer diverse advantages over other drug delivery and 
diagnostic systems due to very interesting physicochemical properties such as 
ordered structure with high aspect ratio, high electrical conductivity, high mechani-
cal strength, ultra-light weight, high thermal conductivity, metallic or semi-metallic 
behavior and high surface area [ 72 ].   

2.6.2     Fullerenes 

 They are also known as bucky balls, that are the carbon allotrope discovered in 1985 
[ 72 ] having dimensions near around 7 Å in diameter and composed of 60 carbon 
atoms that are arranged in a shape known as truncated icosahedrons [ 73 ]. Its shape 
is quite similar to soccer ball with 20 hexagons and 12 pentagons and is highly sym-
metrical [ 74 ]. There are various types of fullerenes such as Alkali doped fullerenes, 
endohedral fullerenes, endohedral metallofullerenes, exohedral fullerenes and het-
erofullerenes. Alkali doped fullerenes are the carbon allotropic structures that con-
tains alkali metal atoms in between fullerenes contributing valence electrons to 
neighboring fullerenes [ 75 ]. Similarly endohedral fullerenes have another atom 
enclosed inside the buckyball. If they are enclosed with metallic atom then they are 
called as metallofullerenes [ 76 ,  77 ]. Owing to the very small size of C-60 fullerene, 
it is diffi cult to synthesize endohedral C 60  fullerenes. Therefore larger fullerenes 
(C 82  or C 84 ) fullerenes are used for synthesizing endohedral fullerenes. Another type 
of fullerenes called as exohedral fullerenes or fullerene derivatives or functionalized 
fullerenes which are synthesized by chemical reaction between the fullerene and 
other chemical groups. Last class of fullerene compounds are heterofullerenes 
where one or more carbon atoms are replaced by other atoms like nitrogen or boron. 

2.6.2.1     Applications 

•      Diagnostics     
 Endohedral metallofullerenes can be used for diagnostic purposes as radio con-
trast media in magnetic resonance imaging and other imaging procedures. Since 
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the radioactive metal is enclosed within the buckyball, these are less toxic and 
safer. This method can also be employed for imaging organs as radioactive trac-
ers [ 77 ]. Animal studies with C 60  fullerene conjugated with thyroglobulin have 
produced a C 60  specifi c immunological response which can be detected by 
ELISA with IgG specifi c antibodies. This can be used to design methods of esti-
mation of fullerene levels in the body when used for therapeutic or diagnostic 
purposes [ 78 ].

•     Drug transport     
 Fullerenes are being investigated for drug transport of antiviral drugs, antibiotics 
and anticancer agents [ 79 – 82 ].

•     Free radical scavengers     
 Due to presence of high number of conjugated double bonds in the core structure 
fullerenes can also be used as free radical scavengers. They also provide protec-
tion to the mitochondria against injury induced by free radicals [ 83 ], owing to 
this property they can be used in cancer therapy [ 84 ].

•     Photosensitizers     
 Fullerenes especially exohedral fullerenes can be used as photosensitizers in 
photodynamic therapy against various types of malignancies. These fullerenes 
potentially generate reactive oxygen species when stimulated by light and kills 
the target cells. This method is now also being investigated for antimicrobial 
property as these cause cell membrane disruption especially in Gram positive 
bacteria and mycobacterium [ 79 – 82 ].

•     Stimulate host immune response and production of antibodies     
 Fullerenes are effi cient in stimulating host immune response and production of 
fullerene specifi c antibodies.  

2.6.2.2     Toxicity 

 After its parenteral administration through intravenous injection, these fullerenes get 
distributed to various parts of the body and fi nally get excreted unchanged through 
the kidney. In comparison to non soluble derivatives, soluble derivates of fullerenes 
are safer and biocompatible. They are also having low toxic potential even at higher 
doses [ 78 ]. Cost of fullerenes is dependent on its degree of purifi cation. Purifi ed 
fullerenes are very expensive, restricting its application in medical fi eld.   

2.6.3     Quantum Dots 

 Quantumdots (QDs) are nanocrystals of semiconducting materials measuring 
around 2–10 nm, consisting of a semiconductor inorganic core (CdSe), an aqueous 
organic coated shell (e.g., ZnS) to improve optical properties, and can be made to 
fl uorescence when stimulated by light. Quantumdots bear a cap which enables them 
in improving their solubility in aqueous buffers. They are neither atomic nor bulk 
semiconductors. Core of the quantumdots determines the color emitted and outer 
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aqueous shell is available for conjugation with biomolecules. Biomolecular conju-
gation of the quantum dots can be modifi ed according to target various biomarkers 
[ 85 ]. Their properties originate from their physical size, which ranges from 2 to 
10 nm in radius. Owing to the to their narrow emission, bright fl uorescence, high 
photostability and broad UV excitation QDs have been adopted for tracking of intra-
cellular process for longer time, for in vitro bioimaging and for real time monitoring 
(Fig.  2.1 ). As far as the its applications are concerned QDs covers medical areas as 
a diagnostic as well as therapeutic tool for  in vitro  and  in vivo  detection and analysis 
of biomolecules, immunoassays, DNA hybridization, diagnostic tools (magnetic 
resonance imaging, MRI), time graded fl uorescence imaging of tissue, development 
of non-viral vectors for gene therapy, labeling of cells, as therapeutic tools for can-
cer treatment and transport vehicles for DNA, protein, drugs or cells [ 86 ]. In addi-
tion they can be also tagged with biomolecules and used as highly sensitive probes. 
Quantum dots and their therapeutic applications are highlighted in Table  2.4 .

2.6.3.1       Applications 

•      Cancer therapy     
 In one report it was proven that quantum dots are accumulated in prostate cancer 
developed in nude mice by enhanced permeability and retention [ 87 ]

•     Bioconjugation with polymer     
 It was reported that its conjugation with polyethylene glycol (PEG) and antibody 
and targeting to prostate specifi c membrane antigen enhances its accumulation 
and retention [ 87 ] in the tumor tissue

•     Imaging     
 They can also be utilized for imaging of sentinel node in cancer patients for 
tumor staging and planning of therapy. This application assists in detecting suit-
able therapy and stage for various malignancies like melanoma, breast, lung and 
gastrointestinal tumors [ 87 ]. In addition quantum dot probes provide real time 
imaging of the sentinel node with Near Infra Red (NIR) fl uorescence system 
which is having the potential to produce reduced [ 88 ] background noise and 
deeper penetration of rays into the biological sample.  

   Table 2.4    Various examples of drugs that are delivered via Quantum Dots   

 Therapeutics 
 Target cells/
diseases  Type of QDs  Effi cacy 

 5-Fluorouracil  Breast cancer  ZnS QDs  Targeting and controlled drug 
delivery to cancer cells. 

 Daunorubicin  Leukaemia  CdTe QDs  Enhanced drug uptake 
 Daunorubicin  Leukemia K562 

cells 
 CdS QDs  Inhibit multidrug resistance 

 Doxorubicin  Ovarian cancer  Mucin1- aptamer 
QD 

 Higher accumulation on target 

 Saquinavir  HIV-1  Carboxyl- 
terminated QDs 

 High site-specifi city and can cross 
BBB 
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2.6.3.2     Toxicity 

 QDs utilization in clinical practice is limited since it has serious elimination prob-
lems which cause extreme toxicity. After functionalization of the QDs size increases. 
This size range is greater than the pore size of endothelium and renal capillaries, 
thus reducing its elimination and resulting in toxicity. Additionally there are very 
less reports available on the metabolism and excretion of quantum dots making their 
utilization more diffi cult clinically [ 86 ].   

2.6.4     Nanoshells 

 Nanoshells are the new modifi ed forms of targeted therapy, having core of silica and 
a metallic outer layer [ 89 ]. These thin coated core particles of different material 
have gained considerable attention now days. The properties of nanoshells can be 
altered by simply tuning the core to shell ratio. With the recent advancement in new 
techniques it is now possible to synthesize these nanostructures in desired shape, 
size and morphology. Nanoshells are synthesized to create novel structures with 
different morphologies, since not possible to synthesize all the materials in desired 
morphologies. For obtaining desirable morphology core particles of different mor-
phologies such as rods, wires, tubes, rings, cubes, etc. can be coated with thin shell 
in core shell structures. These shells are inexpensive as precious materials can be 
deposited on inexpensive cores. Therefore while synthesizing nanoshells expensive 
material is required in lesser amount than usual. Targeting of nanoshells can be 
achieved by using immunological methods. Nanoshells occupies variety of applica-
tions in diverse areas such as providing chemical stability to colloids, enhancing 
luminescence properties, engineering band structures, biosensors, drug delivery, 
etc. Synthesis of nanoshells can be useful for creating. 

2.6.4.1     Applications 

•      Cancer therapy     
 This technology is being evaluated for cancer therapy. Nanoshells are tuned to 
absorb infra red rays when exposed from a source outside the body and get 
heated and cause destruction of the tissue. This has been studied in both  in vitro  
and  in vivo  experiments on various cell lines [ 89 ]

•     Diagnostic purposes     
 They are useful for diagnostic purposes in whole blood immunoassays e.g. cou-
pling of gold nanoshells to antibodies to detect immunoglobulins in plasma and 
whole blood

•     Hydrogel mediated delivery     
 Nanoshells can be easily embedded in hydrogel polymer containing the drug. 
Such type of delivery system can be used for targeting tumor cells. Mechanism 
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of action is based on the targeting of gel to tumor tissue by immunological meth-
ods and exposed under infrared laser beam to heat the polymer which facilitates 
the release of the drug at the desirable site.

•     Micro metastasis and diabetes     
 Nanoshells are currently studied for micro metastasis of tumors and also for 
treatment of diabetes [ 90 ]   

2.6.5     Nanobubbles 

 Nanobubbles (NBs) are nanoscaled bubble like structures that are generated in the 
interface of hydrophobic surfaces in liquids. These nanobubbles remain stable at room 
temperature and when heated to physiological temperature within the body coalesce to 
form microbubbles. The mechanism of NB formation is based on the nucleation of gas 
at the hydrophobic surface from a supersaturated solution, leading to trap atmospheric 
gases. However the formation of NBs is thermodynamically forbidden, but the life 
time of NBs is reached event to the orders of hours. There are four types of nanobub-
bles: bulk, interfacial, plasmonic and oscillating nanobubbles. Cancer therapeutic 
drugs can be incorporated into these nanoscaled bubbles like structures. Nanobubbles 
potentially exhibit advantages in targeting the tumor tissue and delivering the drug 
selectively under the infl uence of ultrasound exposure. This may enhance the intracel-
lular uptake of the drug by the tumor cells. Additionally these nanobubbles can be 
easily visualized in tumor by means of various ultrasound methods [ 91 ,  92 ]. 

2.6.5.1     Applications 

•      Delivery of drugs     
 NBs can be potentially utilized in delivery of drugs like doxorubicin  in vitro  and 
 in vivo . These NBs reach the tumor and get accumulated which is followed by 
formation of microbubbles by coalescing of nanobubbles. Disruption of the 
microbubbles occurs when the site is focused with high intensity focused ultra-
sound, which ultimately causes release of the drug. This may results in accumula-
tion of higher levels of drug in the target cells and reduced toxicity and increased 
effi cacy. This method needs further exploration for its utility in treatment of vari-
ous malignancies.

•     Gene therapy     
 Liposomal nanobubbles and microbubbles are also being studied for effective 
non viral vectors for gene therapy. Nanobubbles combined with ultrasound expo-
sure have shown improved transfer of gene in both  in vitro  and  in vivo  studies 
[ 93 ,  94 ].

•     Thrombolysis     
 Nanobubbles are also being investigated for removal of clot in vascular system 
in combination with ultrasound. This process is called as sonothrombolysis. This 
method is non invasive and causing less damage to endothelium [ 95 ].  
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•     Toxicity 
 NBs are not that much toxic since the disruption of the microbubbles occurs only 
at the targeted site when it’s being exposed to ultra sound waves. Therefore drug 
is released at a particular site.   

2.6.6     Paramagnetic Nanoparticles 

 Magnetic drug targeting is conceptualized with an objective to target magnetic drug 
carrier particles at a specifi c site in the body using an externally applied magnetic fi eld. 
Magnetic nanoparticles are a class of particulate materials of less than 100 nm size that 
can be manipulated under the magnetic fi eld. These particles are composed magnetic 
elements such as cobalt, nickel, iron and their respective oxides such as magnetite, 
maghemite, cobalt ferrite and chromium dioxide. The classifi cation of these particles is 
based on their magnetic susceptibility which is defi ned as ratio of induced magnetiza-
tion to the applied fi eld. Paramagnetic nanoparticles have a greater magnetic suscepti-
bility than conventional contrast agents. They are investigated for both diagnostic and 
therapeutic purposes. For diagnostic purpose paramagnetic iron oxide nanoparticles are 
used as contrast agents in magnetic resonance imaging. Targeting with paramagnetic 
nanoparticles enables identifi cation of specifi c organs and tissues [ 96 ]. 

2.6.6.1     Applications 

•      Cancer therapy     
 Conjugation of paramagnetic nanoparticles with antibodies and their expression in 
breast cancer cells have been used with MRI to detect breast cancer cells  in vitro  
[ 97 ]. Moreover conjugation of paramagnetic nanoparticles with luteinizing hor-
mone (releasing hormone as breast cancer cells express LHRH receptors) studied 
for the detection of breast cancer cells in vivo. Magnetic nanoprobes such as iron 
nanoparticles coated with monoclonal antibodies are used for cancer therapy. 
These nanoparticles are targeted towards tumor cells to generate high levels of heat 
after their accumulation at the target site by means of an alternating magnetic fi eld 
applied externally. Such procedure kills the cancer cells selectively [ 98 ].

•     Eliminate plasma opsonins and increase in circulation time     
 On intravenous administration of decoy of nanoparticle plasma opsonins can be 
eliminated and reduces uptake of the nanoparticles. Moreover alteration in sur-
face charge of the nanoparticle to neutral by covalent coupling to chemicals 
leads to an increase in circulation time

•     For internalization     
 Paramagnetic nanoparticles internalization by macrophages can be overcome by 
treatment with drugs like lovastatin which reduce macrophage receptor expres-
sion for the nanoparticle.
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•     Identifi cation of proteins     
 Magnetic microparticle probes with nanoparticle probes have been used for 
identifi cation of proteins like prostate specifi c antigen. Here magnetic micropar-
ticles coated with antibodies together with nanoprobes with similar coating and 
a unique hybridized DNA barcode are used [ 99 ]

•     Imaging     
 Utilization of Iron oxide in MRI imaging faces limitations like specifi city and 
internalization by macrophages. Monocrystalline iron oxide nanoparticles have 
been studied for magnetic resonance imaging of brain. These are rapidly taken up 
by the tumor cells [ 100 ]. Hence give long lasting contrast enhancement of tumor. 
The remaining nanoparticles are removed from the circulation by reticuloendothe-
lial system [ 100 ]

•     Targeted action     
 Conjugation of antibodies with paramagnetic nanoparticles to direct the nanopar-
ticle to the target site helped to overcome problems with specifi city of action.   

2.6.7     Nanosomes 

 Nanosomes are currently being used for medical applications such as targeting, 
diagnosis and therapy.
•     Brain targeting     

 These nanosomes are being developed for treatment of various tumors (CNS 
tumors) e.g. silica coated iron oxide nanoparticles coated with polyethylene gly-
col used to access specifi c areas of brain involved with tumor [ 101 ].

•     Tumor targeting     
 Nanosomal delivery with magnetic resonance imaging and laser assist in target-
ing the nanoparticle specifi cally to the tumor cells and destroy the cells loaded 
with these nanoparticles by the heat generated by iron oxide particles by absorb-
ing the infra red light.

•     ROS production     
 Their stable integration with photocatalyst produces reactive oxygen species when 
stimulated by light and destroy the target tissue. These nanoform exhibit advantages 
over conventional drugs in being much safer without the adverse effects of can-
cerchemotherapy drugs and also the absence of development of drug resistance.  

2.6.8     Pharmacyte 

 Pharmacyte is an ideal nanotechnology-based drug delivery system, which is a 
self- powered, computer controlled medical nanorobot system capable of digitally 
precise transport, timing, and targeted delivery of pharmaceutical agents to specifi c 
cellular and intracellular destinations within the human body. This nanotechnology 
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may be constructed using future molecular manufacturing technologies such as 
diamond mechanosynthesis. Pharmacytes will have many applications in nano-
medicine such as initiation of apoptosis in cancer cells and direct control of cell 
signaling processes [ 102 ]. 

2.6.8.1     Niosome 

 Niosome is a class of molecular cluster formed by self-association of non-ionic 
surfactants in an aqueous phase. The unique structure of niosome presents an effec-
tive novel drug delivery system (NDDS) with ability of loading both hydrophilic 
and lipophilic drugs. Niosomes are vesicles composed of non-ionic surfactants, 
which are biodegradable, relatively nontoxic, more stable and inexpensive, an alter-
native to liposomes. Niosomes behave in vivo like liposomes, prolonging the circu-
lation of entrapped drug and altering its organ distribution and metabolic stability. 
As with liposomes, the properties of niosomes depend on the composition of the 
bilayer as well as method of their production. It is reported that the intercalation of 
cholesterol in the bilayers decreases the entrapment volume during formulation, and 
thus entrapment effi ciency. However, differences in characteristics exist between 
liposomes and niosomes, especially since niosomes are prepared from uncharged 
single-chain surfactant and cholesterol, whereas liposomes are prepared from 
double- chain phospholipids (neutral or charged). The concentration of cholesterol 
in liposomes is much more than that in niosomes. As a result, drug entrapment effi -
ciency of liposomes becomes lesser than niosomes. Besides, liposomes are expen-
sive, and its ingredients, such as phospholipids, are chemically unstable because of 
their predisposition to oxidative degradation; moreover, these require special stor-
age and handling and purity of natural phospholipids is variable. Current opinions 
for the utilization of niosomes in the delivery of biomolecules can be unsubstanti-
ated with a wide scope in encapsulating toxic drugs such as anti-AIDS drugs, anti-
cancer drugs, and anti-viral drugs. Niosomes offers a promising carrier system in 
comparison with ionic drug carriers, which are relatively toxic and unsuitable. 
However, the technology utilized in niosomes is still in pipeline. Therefore 
researches are going on to develop a suitable technology for large production 
because it is a promising targeted drug delivery system.   

2.6.9     Dendrimers 

 Dendrimers are a unique class of polymers, are hyperbranched, tree-like structures, 
whose size and shape can be precisely controlled and have compartmentalized 
chemical polymer. Dendrimers are fabricated from monomers using either conver-
gent or divergent step growth polymerization. Size of these regular branching poly-
meric nanostructures is dependent on the number of branching which can be 
controlled. These nanostructures arise several branches from the core in shape of a 
spherical structure by means of polymerisation, resulting in formation of cavities 
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within the dendrimer molecule which can be used for drug transport. Free ends of 
dendrimer can be utilized for conjugation or attachment to other molecule. These 
end groups that can be tailored according to requirements. Such interconnecting 
networks transport the attached molecules at desirable site and give dendrimers 
various functional applications [ 103 ]. These well defi ned nanostructures are 
equipped with surface functionalization capability, monodispersity of size, and sta-
bility properties that make them attractive drug carrier candidates. Incorporation of 
drug molecule can be easily achieved via either complexation or encapsulation. As 
far as the construction is concerned it contains three different basic regions: core, 
branches, and surface (Fig.  2.1 ). Branches or end groups can be tailored or modifi ed 
into biocompatible compounds with low cytotoxicity and high biopermeability. 
Such branches or networks assist in delivery of bioactive ranging from vaccines, 
drugs, genes and metal to desired sites. Hollow networks present in dendrimers 
presents space to incorporate drugs and other bioactive physically or by various 
interactions to act as drug delivery vehicles. Dendrimers covers various distinct 
applications mainly are solubilization, gene therapy, dendrimer based drug delivery, 
immunoassay and MRI contrast agent. List of the various drugs that can be deliv-
ered through dendrimers are highlighted in Table  2.5 . This hollow branched nano-
structure is an ideal carrier for drug delivery due to several advantages like:

•     Can be modulated for target-specifi c drug delivery  
•   Feasibility to develop with defi ned molecular weight  
•   Good entrapment effi ciency  
•   Offering surface for functionalization  
•   Very low polydispersity index  
•   Very low size (1–5 nm)    

 Variety of polymers (single or in combinations) are used for designing drug 
delivery system in form of dendrimers:

•    Andpoly(ethylene glycol)  
•   Chitin  
•   Melamine, poly( L -glutamic acid)  
•   Poly(propyleneimine),  
•   Polyamidoamine  
•   Polyethyleneimine    

2.6.9.1     Applications 

•      Drug and gene delivery     
 Dendrimers are being investigated for both drug and gene delivery, as carriers for 
penicillin, and for use in anticancer therapy.

•     Imaging ,  targeting & diagnosis of disease     
 Complexes of dendrimers such as tectodendrimers with each dendrimer module 
of the complex performing different functions such as targeting, diagnosis of 
disease state, delivery of drug and imaging.
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•     Chemotherapy     
 Tectodendrimers are the nano device that acquires potential applications in can-
cer chemotherapy as a mode of targeted drug therapy [ 104 ]

•     Gene therapy     
 Dendrimers can be used for gene therapy where these can replace conventional 
viral vectors. They enter the cells by endocytosis and the DNA gets transported 
into nucleus for transcription of the applied gene.

•     Stimulation of immune reaction     
 The advantage of dendrimer based therapy is absence of stimulation of immune 
reaction.

    Table 2.5    List of drugs that can be delivered through Dendrimers [ 67 ]   

 Drugs/therapeutics 
 Type of dendrimers/
conjugates 

 Target cells/indications/
functions 

 Advantages/
features 

 Boron  EGF-carrying 
PAMAM dendrimers 

 Neuron capture 
technology 

 Intratumoral 
injection or CED 

 Doxorubicin  2,2 
bis(hydroxymethyl) 
propanoic acid-based 
dendrimers 

 Colon carcinoma cells of 
rat 

 In vitro and in vivo, 
dendrimer product 
was ten times less 
toxic 

 Efavirenz  Tuftsin-conjugated 
PPE dendrimers 

 HIV  Targeted delivery to 
macrophages 

 EGFR siRNA  Dendriworms  Knockdown EGFR 
expression 

 IV or CED 

 Galactosylceramide 
analogues 

 Multivalent 
phosphorus- 
containing catanionic 
dendrimers 

 HIV-1  Higher stability and 
anti-viral property, 
lower toxicity 

 Lamivudine  Mannose-capped 
PPE dendrimers 

 HIV  Increased cellular 
uptake, reduced 
cytotoxicity 

 Plasmid pEGFP-N2  Angiopep-carrying 
PEGylated PAMAM 
dendrimer G5.0 

 Encode green 
fl uorescence protein 

 IV 

 siRNA  Amino-terminated 
carbosilane 
dendrimers 

 Lymphocytes  Reduced HIV 
infection, in-vitro 

 SN38  G3.5 PAMAM 
dendrimers 

 Hepatic colorectal cancer 
cells 

 Increase oral 
bioavailability and 
decrease 
gastrointestinal 
toxicity 

 Sulphated 
oligosaccharides 

 Polylysine 
dendrimers 

 HIV  Higher activity due 
to dendrimer 
product 

   PAMAM  Poly(amido amine),  PPE  poly (propyleneimine)  
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•     Gene transfer     
 It was studied that the potential use of transferring conjugated gene transfer for 
tumors of various tumors PEG modifi ed polyamidoamine dendrimers and mag-
netic nanoparticle modifi ed dendrimers for targeted gene delivery to the brain 
and in transfer of antisense surviving oligonucleotides in tumor cell lines. These 
methods provide an effective alternative to viral vectors of gene transfer for treat-
ment of various tumors [ 105 ]

•     Transfection     
 Various dendrimer based DNA transfection kits (NanojuiceTM Transfection Kit 
produced by EMD Chemicals Inc. and Superfect ®  Transfection Reagent of 
Qiagen) are used for delivering DNA into the cell. These are claimed to have 
improved transfection effi cacy and low toxicity to cells [ 106 ]

•     Antiretroviral therapy     
 Dendrimer based drugs are being tried for antiretroviral therapy. Some of the 
dendrimer based drugs was found to successfully prevent simian HIV infection

•     Treatment of cancer     
 Treatment of cancer by conjugating with anti-cancer drugs like cisplatin, adriamycin 
or methotrexate [ 107 ]. PAMAM dendrimers can also be used in treatment of 
cancer.

•     Reduces the cytotoxicity     
 While antibacterial investigation it was observed that PEG coating of the den-
drimer reduces the cytotoxicity of unmodifi ed PAMAM dendrimers. Hover 
reduces the effi cacy against Gram positive bacteria without change in effi cacy 
against Gram negative bacteria like  Pseudomonas 

•     Contrast agents for imaging     
 Dendrimers are also used as contrast agents for imaging. The 1, 4-diaminobutane 
core dendrimer and the PAMAM dendrimer are well studied commercially avail-
able dendrimers for imaging studies. Renal excretion is the main route of clear-
ance and is dependent on the size of the particle and more than 60 % of injected 
DAB or PAMAM dendrimer is cleared from circulation within 15 min

•     Rapid clearance     
 Smaller sized dendrimers undergo rapid renal clearance whereas dendrimers 
with charged surface or hydrophobic surfaces are rapidly cleared by the liver. 
Those dendrimers with a hydrophilic surface escape renal clearance and have a 
greater circulation time  

2.6.9.2     Toxicity 

 Toxicity profi le of dendrimers renders them not very popular system for use as 
delivery means. Cationic dendrimers have a greater potential to cause cytotoxicity 
compared to anionic dendrimer or PAMAM dendrimers. It is proposed to cause cell 
membrane instability and cell lysis. The toxicity of dendrimer is dependent on the 
size of the particle and increase with size. It can be reduced by means of surface 
modifi cation of the dendrimers with incorporation of PEG or fatty acids   
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2.6.10     Nanopores 

 Nanopores were designed in 1977, consist of wafers with highly dense pore of size 
20 nm (diameter). Main advantage of these nanopores that they doesn’t allow the 
entry of oxygen glucose and other products. They can be potentially utilized to pro-
tect transplanted tissues from the host immune system. 

2.6.10.1     Application 

•      DNA sequencing     
 Currently several researchers are working on modifi ed nanopores that have the 
ability to differentiate DNA strands based on differences in base pair sequences. 
Nanopores are also being developed with ability to differentiate purines from 
pyrimidines.

•     Pharmacogenomics in drug development process     
 DNA sequencing via nanopores could possibly read a thousand bases per second 
per pore. These can be used for low cost high throughput genome sequencing 
which would be of great benefi t for application of pharmacogenomics in drug 
development process.

•     Treatment for insulin dependent diabetes mellitus :    
 β cells of pancreas can be enclosed within the nanopore device and implanted in 
the recipient’s body.   

2.6.11     Microbivores 

 Function of these nano based hypothetical forms is to trap circulating microbes just 
like the function of white blood cells in the blood stream. They are designed in such 
a way so that they acquire greater effi cacy than cellular blood cells in phagocytosis. 
Their surface is arranged in such a fashion which can extend in length and secure 
the microbe which gets in contact with it. Entrapped microbe will be gradually 
transferred to the ingestion port and undergoes the process of morcellization and 
enzymatic degradation. Degraded products are ultimately released as amino acids, 
fatty acids, nucleotides and sugars. 

2.6.11.1     Application 

•      Clear the blood circulation     
 Microbivores could theoretically clear the blood stream in septicaemia at a much 
greater rate than the natural defense mechanism with antibiotics [ 108 ]   
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2.6.12     Nanocrystals and Nanosuspension 

 These are aggregated structures that are formed by the combination of various par-
ticles of drug in crystalline form coated with surfactant or combination of surfac-
tants. To achieve static and electrostatic surface stabilization a minimum quantity of 
surfactants needs to be added in nanocrystals. These aggregated forms reduce limi-
tations of several drugs that are suffering from bioavailability and absorption prob-
lems. In addition problems of preparing the parenteral dosage form may be resolved 
by formulation as nanocrystals. Loading capacity especially in carrier-based 
nanoparticles is quite low however administration of high drug levels with depot 
release can be achieved if dissolution is suffi ciently slow. Nanocrystal technology 
can be utilized for many dosage forms. 

2.6.12.1     Applications 

•      Drugs in pipeline     
 Nanocrystals such as Rapamune ® , containing sirolimus which is an immunosup-
pressant drug and Emend ® , which contains aprepitant, MK 869, are in pipeline

•     Favorable drug delivery system     
 Serve as a favorable delivery system for drugs like amphotericin B, tacrolimus, etc.

•     Safe and effective passage     
 The size of nanocrystals allows for safe and effective passage through capillaries.

•     Targeting     
 Nanoparticles offer the potential for targeting the mucosa of the gastrointestinal 
tract after oral administration, and targeting the cells of the mononuclear phago-
cytic system (MPS) to treat infections of the MPS such as fungal mycobacterial 
infections and leishmaniasis.  

2.6.12.2     Toxicity 

 Since pure drug is used and no carrier is needed, eliminating potential toxicity 
issues associated with the carrier molecule.   

2.6.13     Solid Lipid Nanoparticles 

 Solid lipid nanoparticles were developed as an alternative carrier system to lipo-
somes, polymeric nanoparticles and emulsions as a colloidal carrier system for con-
trolled drug delivery. Solid lipid nanoparticles carry distinct advantages that make 
them unique carriers systems than others like liposomes and polmeric nanoparticles. 
This type of nanoparticles constitute solid lipid matrix with an average diameter 
below 1 μm. Drug is normally incorporated in this matrix. These nanoparticles can 
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also be produced by high pressure homogenization. Different surfactants are used to 
avoid aggregation and to stabilize the dispersion. These surfactants have an accepted 
GRAS (Generally Recognized as Safe) status. 

2.6.13.1     Applications 

•      Can be used for diverse route system     
 SLN have been developed and investigated for parenteral, pulmonal and dermal 
application routes.

•     Non - viral transfection     
 SLN have been considered as new transfection agents using cationic lipids for 
the matrix lipid composition. Cationic solid lipid nanoparticles for gene transfer 
can be formulated using the same cationic lipids as for liposomal transfection 
agents. Cationic lipid composition seems to be more dominant for  in vitro  trans-
fection performance than the kind of colloidal structure it is arranged in. Hence, 
cationic SLN extend the range of highly potent non-viral transfection agents by 
one with favorable and distinct technological properties.   

2.6.14     Silicon-Based Structures 

 These silicon-based structures can be fabricated by techniques such as etching, pho-
tolithography, and deposition commonly used in the manufacture of and microelec-
tromechanical systems and semiconductors. Among various silicon-based materials, 
porous silicon and silica, or silicon dioxide are the most materials that are architec-
ture in form of calcifi ed nanopores, platinum materials containing nanopores, porous 
nanoparticles, and nanoneedles. Nanopores size (diameter) and density can be accu-
rately controlled to achieve a constant drug delivery rate through the pores. There are 
various forms (porous hollow silica nanoparticles) that are fabricated in a suspension 
containing sacrifi cial nanoscale templates. This followed by the addition of silica 
precursors, such as sodium silicate, into the suspension, which is then dried and cal-
cinated. Template material is then dissolved further leaving behind the porous silica 
shell. These nanoparticles mixed with the drug molecule and subsequently drying the 
mixture to coalesce the drug molecules to the surface of the silica nanoparticles. 

2.6.14.1     Applications 

 Various examples of therapies being studied for use with silicon-based delivery sys-
tems include

•     For delivery of antitumor agent     
 Porous silicon embedded with platinum is reported
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•     Act as an artifi cial growth factor     
 Calcifi ed porous silicon designed is reported

•     For antibody delivery     
 Silicon nanopores are reported

•     For antibiotics ,  enzymes ,  and DNA delivery     
 Porous silica nanoparticles are reported   

2.6.15     Metallic Nanoparticles 

 Currently these nanoparticles are emerging as good delivery carrier for drug and 
biosensor. For the synthesis of metallic nanoparticles diverse metals have been 
explored though silver and gold nanoparticles are of prime importance for biomedi-
cal use (Fig.  2.1 ). Surface functionalization on these nanonarticles can easily been 
done and various ligands have been decorated onto the surface. Variety of ligands 
such as sugars, peptide, protein and DNA has been linked to nanoparticles. 

2.6.15.1     Applications 

 Metallic nanoparticles have been used for active delivery of bioactive, drug discov-
ery, bioassays, detection, imaging and many other applications due to surface func-
tionalization ability, as an alternative to quantum dots.   

2.6.16     Liposomes 

 Liposomes are lipid based vesicles that are extensively explored and most devel-
oped nanocarriers for novel and targeted drug delivery. Drugs that can deliver 
through liposomal delivery system are highlighted in Table  2.6 . These vesicles are 
synthesized by hydration of dry phospholipids. Depending upon on their size and 
number of bilayers they are classifi ed into three basic types:

•      Multilamellar vesicles     
 These vesicles consist of several lipid bilayers separated from one another by 
aqueous spaces. These entities are heterogeneous in size, often ranging from a 
few hundreds to thousands of nanometers in diameter.

•     Small unilamellar vesicles     
 Small unilamellar vesicles consist of a single bilayer surrounding the entrapped 
aqueous space having size range less than 100 nm.

•     Large unilamellar vesicles     
 These vesicles consist of a single bilayer surrounding the entrapped aqueous 
space having diameters larger than 100 nm. 
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 Based on the physicochemical characteristics drug molecules can be entrapped 
in the aqueous space or intercalated into the lipid bilayer of liposomes. Liposomes 
are prepared with distinct structure, composition, size, fl exibility with variety of 
surface modifi cation. Such availability of liposomes with enormous diverse proper-
ties makes them most intelligent carrier system for both active and passive delivery 
of bioactive. 

2.6.16.1     Applications 

 They have been successfully exploited in cancer therapy, carrier for antigens, pul-
monary delivery, leishmaniasis, ophthalmic drug delivery etc. Some of liposome- 
based formulations are already in market (Table  2.5 ).   

2.6.17     Polymeric Micelles 

 Polymeric micelles contains amphiphilic block copolymers assemble to form nano-
scopic supramolecular core-shell structures called as ‘polymeric micelles’. These 
micelles are formed in solution as aggregates in which the component molecules are 
generally arranged in a spheroidal structure with hydrophobic cores shielded from 
water by a mantle of hydrophilic groups (Fig.  2.1 ). There are several examples of 
component molecule such as Amphiphilic AB-type or ABA-type block copoly-
mers, where A and B are hydrophobic and Hydrophilic components, respectively. 
These polymeric micelles are usually <100 nm and are used for the systemic deliv-
ery of water-insoluble drugs. Their hydrophilic surface of these dynamic systems 
protects their nonspecifi c uptake by reticuloendothelial system. Polymeric micelle 

   Table 2.6    Liposomes and their respective model drugs [ 67 ]   

 Therapeutics  Type of liposome  Indications 

 Amiloride hydrochloride  Small molecular liposome  Cystic fi brosis 
 Budesonide  Small molecular liposome  Asthma 
 Doxorubicin + Verapamil  Transferrin- (Tf-) conjugated 

PEG-Liposome 
 MDR-leukemia 

 Insulin  Protein liposome  Diabetes 
 Interleukin-2  Protein liposome  Lung cancers 
 Irinotecan + Cisplatin  Mixture of two liposomes  Small-cell lung cancer 
 Ketotifen  Small molecular liposome  Asthma 
 siRNA + Doxorubicin  PEG-Liposome  MDR-breast cancer 
 Tobramycin  Small molecular liposome  Pulmonary infections 
 Topotecan + Vincristine  PEG-Liposome  Brain cancer 
 VEGF gene  Gene liposme  Pulmonary hypertension 

   VEGF  vascular endothelial growth factor  
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carries advantage in trapping drugs or contrast agents physically within the hydro-
phobic cores or can be linked covalently to component molecules of the micelle. 
Additionally they are proved as an excellent novel drug delivery system due to their 
high stability in physiological conditions, high and versatile loading capacity, high 
accumulation of drug at target site, possibility of functionalization of end group for 
conjugation of targeting ligands and slower rate of dissolution.  

2.6.18     Polymer Drug Conjugate 

 Polymer drug conjugate formed by the conjugation of low molecular weight drugs 
with polymer. This interaction/conjugation causes drastic change in pharmacoki-
netic disposition of drug in whole body and at cellular level. They are designed to 
increase the overall molecular weight, which facilitates their retention in cancer 
cells through enhanced permeation and retention effect using passive delivery 
approach.  

2.6.19     Polyplexes/Lipopolyplexes 

 Polyplexes/Lipopolyplexes are the assemblies which are used in transfection proto-
cols. These assembies are formed by spontaneous interaction between nucleic acids 
and polycations or cationic liposomes (or polycations conjugated to targeting 
ligands or hydrophilic polymers). Usually composition and charge ratio of nucleic 
acid to that of cationic lipid/polymer determines the shape, size distribution, and 
transfection potential of these complexes. Current research offers various types of 
polycations that have been used in gene transfer/therapy protocols:

•    Cationic cyclodextrin  
•   Linear- and branched-poly (ethyleneimine)  
•   Poly (amidoamine)  
•   Poly-amino esters  
•   Poly- L -lysine     

2.6.20     Respirocytes 

 These are hypothetical nanodevices or called as artifi cial red blood cells 51 and 
function as red blood cells but with greater effi cacy. Respirocytes are having higher 
capacity to deliver oxygen to tissues. Their oxygen supplying capacity is 236 times 
more oxygen per unit volume than natural red blood cells. Respirocytes equipped 
with sensors on their surface which can detect changes in the environment. There is 
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also a provision to regulate the intake and output of the oxygen and carbon dioxide 
molecules. According to past investigation an infusion of 1 L dose of 50 % respiro-
cytes saline suspension in a human can theoretically keep the patient oxygenated up 
to four hours following cardiac arrest [ 109 ]. According to FDA these devices are 
regulated under the provisions of the Medical Device Amendments of 1976, Safe 
Medical Devices Act of 1990, and the Medical Device Amendments of 1992 [ 110 ].  

2.6.21     Polymeric Nanoparticles 

 The main objective of our book is to explore the recent nano application of wide 
array of natural polymers obtained from different sources. Natural polymers based 
nano-conjugates and their advance applications are discussed in this chapter. In 
addition various drug delivery and targeting based considerations are also discussed. 
Natural polymer based nanoparticles are usually biocompatible and non toxic, 
although often suffer from stability problems when delivered across the various 
biological membranes. Such delivery exposed nanoparticles against various 
pH. This variation in pH and certain other problems limit their use sometime. 

 Polymeric nanoparticles consist of a biodegradable polymer which is biocompat-
ible and non toxic. Feature such as biocompatibility is required for potential applica-
tion in tissue engineering, drug and gene delivery and new vaccination strategies. 

 Recently research explore some advance modifi cation of natural polymers which 
consists of synthetic polyesters like poly( D ,  L -lactide) or polycyanoacrylate and 
related polymers like poly(lactide-co-glycolide) PLA or poly(lactid acid). Among 
natural polymers the most widely used polymer which is used now days is chitosan. 
In addition to chitosan many other such as gelatin, and sodium alginate overcome 
some toxicological problems with the synthetic polymers. Natural polymer based 
nanoparticles offers a signifi cant improvement over traditional oral and intravenous 
methods of drug delivery system in terms of effi ciency and effectiveness. The vari-
ous natural polymers like gelatin, albumin and alginate are used to prepare the 
nanoparticles. However they have some inherent disadvantages like poor batch-to 
batch reproducibility, prone to degradation and potential antigenicity. Various poly-
meric nanoparticles and their respective model drugs are highlighted in Table  2.7 . 
Synthetic polymers used for nanoparticles preparation may be in the form of pre-
formed polymer e.g. polyesters like polycaprolactone (PCL), poly lactic acid (PLA) 
or monomers that can be polymerized in situ e.g. polyalkyl cyanoacrylate. There are 
many advantages of using polymeric nanoparticles in drug delivery:

•     Biocompatable and biodregerable  
•   Increase the stability of any volatile pharmaceutical agents  
•   Less toxic  
•   They are easily cheaply fabricated in large quantities by a multitude of methods  
•   Have engineered specifi city, allowing them to deliver a higher concentration of 

pharmaceutical agent to a desired location  
•   Nonimmunogenicity and nontoxicity    
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 Various polymers that have been used recently for the preparation of nanoparti-
cles are mentioned in Table  2.8 .

   Polymeric nanoparticles (Fig.  2.1 ) provide an alternative to abovementioned 
nanosystems due to some inherent properties like biocompatibility, nonimmunoge-
nicity, nontoxicity and biodegradability. These are colloidal carrier, 10 nm −1  μm in 
size, consisting of synthetic or natural polymers. Polymeric nanoparticles are a 
broad class comprised of both vesicular systems (nanocapsules) and matrix systems 
(nanospheres). Nanocapsules are systems in which the drug is confi ned to a cavity 
surrounded by unique polymeric membrane whereas nanospheres are systems in 
which the drug is dispersed throughout the polymer matrix. Polymeric nanoparti-
cles are considered as a matrix system in which the matrix in uniformly dispersed. 
It should be mentioned, that besides of these spherical vesicular systems nanocap-
sules are also known, where a polymeric membrane surrounds the drug in a matrix 
core. The candidate drug is dissolved, entrapped, attached or encapsulated through-
out or within the polymeric shell/matrix. The choice of polymer and the ability to 
modify drug release from polymeric nanoparticles have made them ideal candidates 
for cancer therapy, delivery of vaccines, contraceptives and delivery of targeted 
antibiotics. Moreover, polymeric nanoparticles can be easily incorporated into other 
activities related to drug delivery, such as tissue engineering, and into drug delivery 
for species other than humans. Depending on the method of preparation, the release 
characteristic of the incorporated drug can be controlled. Polymeric nanoparticulate 
systems are attractive modules for intracellular and site specifi c delivery. 

   Table 2.7    Different types of Polymer used for the preparation of nanoparticle [ 16 ]   

 Polymer  Model drug  Technique 

 Hydrophilic Albumin, Gelatin  Hydrophilic and protein 
affi nity 

 Desolvation and cross linking 
in water 

 Hydrophilic Albumin,Gelatin  Hydrophilic  Heat denaturation and cross 
linking in w/o emulsion 

 Hydrophilic Alginates and chitosan  Hydrophilic and protein 
affi nity 

 Cross-linking in water 

 Hydrophilic Dextran  Hydrophilic  Polymer precipitation in an 
organic solvent 

 Hydrophobic 
Poly(alkylcyanoacrylates) 

 Hydrophilic  Emulsion polymerization 

 Hydrophobic 
Poly(alkylcyanoacrylates) 

 Hydrophobic  Interfacial O/W 
polymerization 

 Polyesters Poly (lactic acid), 
poly(caprolactone) 

 Hydrophilic and 
Hydrophobic Soluble in 
polar solvent 

 Solvent extraction 
evaporation 

 Polyesters Poly (lactic acid), Poly 
(lactide-co-glycolide), 

 Hydrophilic and 
Hydrophobic Soluble in 
polar solvent 

 Solvent displacement 

 Polyesters Poly (lactic acid), Poly 
(lactide-co-glycolide) 

 Soluble in polar solvent  Salting out . 
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Nanoparticles can be made to reach a target site by virtue of their size and surface 
modifi cation with a specifi c recognition ligand. Their surface can be easily modifi ed 
and functionalized. From the polymer chemistry viewpoint, there will be in the 
future a challenging fi eld to create new polymers matching hydrophilic and lipo-
philic properties of upcoming drugs for smart formulation.  

2.6.22     Applications of Nanoparticulate Delivery Systems 

 Targeting of the drug to cells or tissue of choice is the potential area in drug delivery. 
With the assistance of profi cient drug targeting systems it’s now possible to decide 
the fate of a drug entering in the body. Modern drug delivery systems and technolo-
gies are far away from the model of magic bullet (proposed by Paul Ehrlich) in 
which the drug is precisely targeted to the exact side of action. Nanotechnology 
present challenge to achieve this goal (to deliver the drug in the right place at the 
right time) a bit closer [ 111 ]. Branch of nanotechnology is anticipated to bring a 
fundamental transformation in manufacturing and have an enormous impact on Life 
Sciences especially in delivery, diagnostics, nutraceuticals and the production of 
biomaterials. In delivery systems targeting is the ability to direct the drug-loaded 
system to desirable site. There are two major mechanisms (addressing the desired 
sites for drug release) involved in this process (Table  2.9 ):

   Table 2.8    Various examples of drugs those can be delivered through polymeric nanoparticles [ 67 ]   

 Therapeutics 
 Type of polymer/
functionalization  Indication/activity  Effects 

 Amphotericin B  PLA-b-PEG  Neurodegenerative 
diseases 

 Improved transport 
across the BBB 

 Cisplatin  Aptamer- PEG-PLGA  Prostate cancer  Higher effi ciency 
 Doxorubicin + Cyclo-
sporine A 

 PACA  Various cancers  Synergistic effect. 

 Lamivudine  Methylmethacrylate- 
sulfopropylmethacrylate 

 HIV/AIDS  100 % increased 
BBB permeability 

 Nerve growth factor 
(NGF) 

 Polysorbate 80 coated 
PBCA 

 Parkinsonism  Improved transport 
across the BBB 

 Paclitaxel  Aptamer- PEG-PLGA  Gliomas  Enhanced delivery 
 Stavudine  Polybutylcyanoacrylate 

(PBCA) 
 HIV/AIDS  8–20 times higher 

Permeability 
 Vincristine + Vera-
pamil 

 PLGA  Hepatocellular 
carcinoma 

 Reduced multidrug 
resistance 

 Zidovudine  Poly (isohexyl cyanate)  Targeting lymphoid 
tissue 

 Drug levels is four 
times higher 

 Zidovudine  Polyhexylcyanoacrylate  Targeting lymphoid 
tissue 

 Higher Zidovudine 
levels in the body 

   PACA  Polyalkylcyanoacrylate,  PLA-b-PEG  Polysorbate 80 coated poly(lactic acid)-b- 
poly(ethylene glycol),  PLGA  poly (lactide-co-glycolide)  
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2.6.23        Passive Targeting 

 Most popular example of passive targeting is the preferential accumulation of che-
motherapeutic agents in solid tumors. This result in to the enhanced vascular perme-
ability of tumor tissues compared with healthy tissue. In passive targeting 
ligand–receptor interactions can be highly selective; hence precise targeting at the 
site of interest [ 112 ] is possible. In this process targeting with nanoparticles encoun-
ters multiple obstacles on the way to their target. These include mucosal barriers, 
nonspecifi c uptake of the particle and non-specifi c delivery of the drug (as a result 
of uncontrolled release).  

2.6.24     Active Targeting 

 Active targeting allows the surface functionalization of drug carriers with ligands 
that are selectively recognized by receptors on the surface of the cells of interest. 
Therefore, two most important aspects of nanoparticle drug delivery must be:

•     Specifi c targeting of the diseased tissue with nanoparticles     
 Appropriate size and functionalization with antibodies or other means of selec-
tive binding provides means of enhanced delivery of drugs and reduced nonspe-
cifi c toxicity. This issue can be resolved by functionalization of the nanoparticles 
with recognition elements on their surfaces towards receptors present on the par-
ticular diseased tissue. Conjugation with short chain variable fragments (scFvs) 
or antibodies will provide selective binding to the specifi c cell’s surface, and 
their endocytosis will be enhanced with suitably adjusted binding affi nities.

•     Timed release of the drug     
 To prevent nonspecifi c toxicity the drug must not diffuse out of the particle while 
it is still in the circulatory system, and must remain encapsulated until the particle 

   Table 2.9    Various applications of nanotechnology in the different fi eld   

 Applied fi eld  Application 

 Agriculture  Atomic force, microscopic and scanning tunnelling microscope 
 Chemical and Cosmetics  Nanoscale chemicals and compounds, paints, coatings etc. 
 Electronics  Semiconductors chips, memory storage, photonica, 

optoelectronics 
 Environment and Energy  Water and air purifi cation fi lters, fuel cells, Photovoltaic 
 Food Sciences  Processing, nutracetical food, nanocapsules 
 Materials  Nanoparticles, carbon nanotubes, biopolymers, points, coatings 
 Military and Energy  Biosensors, weapons, sensory enhancement 
 Nanomedicines  Nano drugs, Medical devices, Tissue Engineering 
 Scientifi c Tools  Atomic force, microscopic and scanning tunnelling microscope 
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binds to the target. For addressing this issue, nanoparticles with multilayeres can 
be engineered, where each layer will contain one drug from the cocktail, and their 
release will be sequenced in accordance with the appropriate timing of the delivery 
of each drug for combination therapy. 

 Nanoparticles can be signifi cantly used in targeted drug delivery at the site of 
disease

•    Improve the drug bioavailability  
•   Targeting of drugs to a specifi c site  
•   To improve the uptake of poorly soluble drugs    

 Chemotherapeutic agents such as dexamethasone, doxorubicin 5-fl uorouracil and 
paclitaxel have been successfully formulated using nanomaterials. To encapsulate 
dexamethasone (a glucocorticoid with an intracellular site of action) polylactic/gly-
colic acid (PLGA) and polylactic acid (PLA) based nanoparticles have been used. 
Dexamethasone potentially binds to the cytoplasmic receptors and the subsequent 
drug-receptor complex is transported to the nucleus resulting in the expression of 
certain genes that control cell proliferation [ 113 ]. Site-specifi c-targeted drug delivery 
is important for such class of drugs in the therapeutic modulation of effective drug 
dose and disease control. NPs have been reported for their potential use in targeting 
to improve the bioavailability, reducing side effects, decreasing toxicity to other 
organs. This less costly NP-based drug delivery is feasible in hydrophilic and hydro-
phobic states through variable routes of administration such as oral, vascular, and 
inhalation. Advantages of using nanoparticles in drug development and discovery

•    Nanoparticles can better deliver drugs to tiny areas within the body.  
•   Engineering on this scale enables researchers to exercise exquisite and previ-

ously unthinkable control over the physical attributes of polymers and other 
biomaterials.  

•   Nanocarriers holds promise to deliver biotech drugs over various anatomic 
extremities of body such as blood brain barrier [ 114 ]  

•   Nanoparticles aid in effi cient drug delivery to improve aqueous solubility of 
poorly soluble drugs that enhance Bioavailability for timed release of drug mol-
ecules, and precise drug targeting.  

•   Nanoparticles overcome the resistance offered by the physiological barriers in 
the body  

•   Particle size and surface characteristics of nanoparticles can be easily manipu-
lated to achieve both passive and active drug targeting after parenteral 
administration.  

•   Site-specifi c targeting can be achieved by attaching targeting ligands to surface 
of particles or use of magnetic guidance.  

•   Targeted nano drug carriers reduce drug toxicity and provide more effi cient drug 
distribution.  

•   The surface properties of nanoparticles can be modifi ed for targeted drug deliv-
ery for e.g. small molecules, proteins, peptides, and nucleic acids loaded nanopar-
ticles are not recognized by immune system and effi ciently targeted to particular 
tissue types.  
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•   The system can be used for various routes of administration including oral, nasal, 
parenteral, intra-ocular etc. [ 115 ]  

•   They control and sustain release of the drug during the transportation and at the 
site of localization, altering organ distribution of the drug and subsequent clear-
ance of the drug so as to achieve increase in drug therapeutic effi cacy and reduc-
tion in side effects because effi cient delivery of drug to various parts of the body 
is directly affected by particle size.     

2.6.25     Tumor Targeting Using Nanoparticulate Delivery 
Systems 

 The rationale of using nanoparticles for tumor targeting is based on one of the most 
effi ciency of nanoparticles is delivering drug in the area of the tumor targets via the 
enhanced permeability and retention effect. This can also be achieved by active 
targeting by ligands on the surface of nanoparticles 

 Nanoparticles limits the drug distribution to target organ, hence reduces the drug 
exposure against healthy tissues. It was reported that mice treated with doxorubicin 
based poly (isohexylcyanoacrylate) nanopsheres showed higher concentrations of 
doxorubicin in the liver, spleen and lungs than in mice treated with free doxorubicin 
[ 116 ]. It was also demonstrated that polymeric composition of nanoparticles such as 
biodegradation profi le of the polymer along with the associated drug’s molecular 
weight, polymer type, its localization in the nanospheres and mode of incorporation 
technique, adsorption or incorporation and hydrophobicity have a great infl uence on 
the drug distribution pattern  in vivo . In addition nanaoparticles are advantageous in 
their rapid nanoparticles rate, within 1/2 h to 3 h, and it likely involves MPS and 
endocytosis/phagocytosis process [ 117 ]. 

 Earlier report suggested the biodistribution and pharmacokinetics (PK) pattern of 
a cyclic RGD doxorubicin-nanoparticle formulation in tumor bearing mice [ 118 ]. 
During this biodistribution study it was revealed that drug concentrations over time in 
the heart, lung, kidney and plasma was decreases and drug accumulation has been 
found in the liver, spleen and tumor. Maximum of the injected dose was observed in 
the liver (56 %) and only 1.6 % in the tumor at 48 h post injection. This study ensures 
that nanoparticles have a great tendency to be captured by liver. This and several other 
studies indicates the greatest challenge of using nanoparticles for tumor targeting is to 
avoid particle uptake by mononuclear phagocytic system (MPS) in liver and spleen. 
Such tendency of mononuclear phagocytic system for endocytosis/phagocytosis of 
nanoparticles provides an opportunity to effectively deliver therapeutic agents to 
these cells. This biodistribution can be of benefi t for the chemotherapeutic treatment 
of mononuclear phagocytic system rich organs/tissues localized tumors

•    Brochopulmonary tumors  
•   Gynaecological cancers  
•   Hepatic metastasis arising from digestive tract  
•   Hepatocarcinoma,  
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•   Mall cell tumors  
•   Myeloma and leukemia  
•   Primitive tumors and metastasis    

 According to earlier report it has been proven that the utilization of doxorubicin 
loaded conventional nanoparticles was effective against hepatic metastasis model in 
mice. Moreover it was also discovered that greater reduction in the degree of metas-
tasis than when free drug was used. This is possible due to the allocation of drug 
reservoir to the malignant tissues and transfer of doxorubicin from healthy tissue, 
resulting in increased therapeutic effi cacy of the formulation [ 119 ]. Several other 
parameters such as histological examination of tissue ensures considerable accumu-
lation of nanoparticles in the lysosomal vesicles of Kupffer cells, whereas nanopar-
ticles could not be clearly identifi ed in tumoral cells [ 119 ]. 

 Following a massive uptake of nanoparticles by phagocytosis, Kupffer cells, 
potentially induce the release of doxorubicin, resulting in to drug concentration 
gradient, favorable for a prolonged diffusion of the free and still active drug towards 
the neighboring metastatic cells [ 119 ]. 

 When conventional nanoparticles are used during chemotherapy, toxicity up to 
certain extent against the Kupffer cells can be expected would result in defi ciency of 
Kupffer cells. This may fi nally resulted in to the reduced liver uptake and decreased 
therapeutic effect [ 120 ]. In addition, conventional nanoparticles can also be a excel-
lent target for bone marrow. Bone marrow site is an important but unfavorable site 
of action for most anticancer drugs since treatment with chemotherapeutic agents at 
this site increase myelosuppresive effect. Thus potential of conventional nanoparti-
cles to improve anticancer drugs effi cacy is limited to targeting tumors at the level 
of mononuclear phagocytic system -rich organs. Furthermore, targeting anticancer 
drug-loaded nanoparticles to other tumoral sites is not feasible if a rapid clearance 
of nanoparticles occurs shortly after intravenous administration.  

2.6.26     Long-Circulating and Target-Specifi c Nanoparticles 

 Nanoparticles are known to be the most successful way of delivering drug at 
desirable site. They can be used to target tumors which are localized outside 
mononuclear phagocytic system rich organs. Instantaneous identifi cation of col-
loidal carriers (liposomes and polymeric nanospheres) from the blood by Kupffer 
cells, has begin a surge of development for “Kupffer cell-evading” or long-circu-
lating particles. These carriers have major applications in vascular drug delivery 
and release, site-specifi c targeting (passive as well as active targeting), as well as 
transfusion medicine. So much effort has been done to develop so-called “stealth” 
particles (PEGylated nanoparticles), which are invisible to macrophages or 
phagocytes [ 121 ]. 

 Utilization of hydrophilic polymers (poloxamines, poloxamers, polyethylene 
glycol, and polysaccharides) has begun a major breakthrough in the nanotechnol-
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ogy fi eld to effi ciently coat conventional nanoparticle surface produced an opposing 
effect to the uptake by the mononuclear phagocytic system [ 122 ]. coating around 
these nanoparticles provide a active “cloud” of hydrophilic and neutral chains at the 
particle surface which repel plasma proteins [ 123 ], resulting in to the invisibility of 
coated nanoparticles against mononuclear phagocytic system, therefore, remained 
in the circulation for a longer period of time. Introduction of hydrophilic polymers 
can be achieved in two ways, either by adsorption of surfactants or by use of block 
or branched copolymers for production of nanoparticles. 

 Several studies also proved that PEG coated nanoparticles have a prolonged half- 
life in the blood compartment. However they can be selectively extravasate in patho-
logical sites such as tumors or infl amed regions with a leaky vasculature, resulting in 
increase in potential of long-circulating nanoparticles directly towards targeted tumors 
located outside MPS-rich regions. Several characteristics such as size of the colloidal 
carriers and surface characteristics are critical to the biological fate of nanoparticles. 

 Nanoparticle size (less than 100 nm) and surface characteristics (hydrophilic 
surface) obligations are required in achieving the reduction of opsonisation reac-
tions and subsequent clearance by macrophages. Surface coating of conventional 
nanoparticles with PEG or surfactants to obtain a long-circulating carrier has now 
been used as a standard strategy for drug targeting  in vivo . Various researches 
have been contributed to achieve “active targeting” of nanoparticles in order to 
deliver drugs to the right targets. This is particularly based on molecular recogni-
tion processes such as ligand-receptor or antigen-antibody interaction. Based on 
earlier reports related with overexpression of folate receptors on the surface of 
some human malignant cells and the cell adhesion molecules (selectins and inte-
grins), it was concluded that nanoparticles bearing specifi c ligands such as folate 
may be used to target ovarian carcinoma while specifi c peptides or carbohydrates 
may be used to target integrins and selectins [ 124 ]. In one more report it was sug-
gested that the benefi ts of folate ligand coating were to facilitate tumor cell inter-
nalization and retention of Gd-nanoparticles in the tumor tissue [ 125 ]. Small 
ligands based targeting emerges more likely to be successful since they are easier 
to handle and manufacture. 

 In addition they could be more signifi cant when the active targeting ligands are 
used in combination with the long-circulating nanoparticles. Such combination can 
be used to maximize the likelihood of the success in active targeting of nanoparti-
cles. Since cancer cells are able to develop mechanisms of resistance, deterioration 
of multidrug resistance anticancer drugs in tumor cells or in the tumor interstitium 
occurs, resulting in to their limited effi cacy against numerous solid tumors. Such 
mechanism facilitates tumors to evade chemotherapy. One of the most serious prob-
lems in chemotherapy is multidrug resistance, mainly due to the over expression of 
the plasma membrane pglycoprotein (Pgp), which is capable of extruding various 
positively charged xenobiotics, including some anticancer drugs, out of cells. 
Several strategies including the use of colloidal carriers have been applied in order 
to restore the tumoral cells’ sensitivity to anticancer drugs by circumventing Pgp- 
mediated MDR. The underlying principle behind the drugs association with colloi-
dal carriers (such as nanoparticles), against drug resistance derives from the fact that 
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Pgp probably recognizes the drug to be effl uxed out of the tumoral cells. This can 
be achieved only when this drug is present in the plasma membrane, and not when 
it is located in the cytoplasm or lysosomes after endocytosis [ 126 ].  

2.6.27     Nanoparticles for Oral Delivery of Peptides 
and Proteins 

 Exploration of more antigenic substances in biotechnology and biochemistry fi eld 
persist the production of vaccines. Owing to the recent advancement biotechnology 
various bio macromolecules and vaccines are explored. Thus there is an urgent 
requirement of their suitable carriers system which still remains a challenge due to 
the fact that bioavailability of these molecules is limited by the epithelial barriers of 
the gastrointestinal tract and their susceptibility to gastrointestinal degradation by 
digestive enzymes. Polymer based nanoparticles facilitates the encapsulation of bio-
active molecules and protect them against enzymatic and hydrolytic degradation 
e.g. insulin-loaded polymeric nanoparticles have preserved insulin activity and pro-
duced blood glucose reduction in diabetic rats for up to 14 days following the oral 
administration. It’s universally known that the surface area of human mucosa 
extends to 200 times that of skin [ 127 ]. Protein or peptide based drug delivery 
encountered a variety of physiological and morphological barriers:

•    Bacterial gut fl ora  
•   Mucus layer and epithelial cell lining itself  
•   Proteolytic enzymes at the brush border membrane (endopeptidases)  
•   Proteolytic enzymes in the gut lumen like pepsin, trypsin and chymotrypsin    

 Histological feature of intestinal mucosa is designed in such a way to effi ciently 
prevent uptake of particulate matter from the environment. To overcome the gastro-
intestinal barrier, drug can be delivered in a colloidal carrier system (nanoparticles), 
which can potentially enhance the interaction mechanisms of the drug delivery sys-
tem and the epithelia cells in the GI tract. Nanoparticles based targeting to epithelial 
cells using ligands is an potential strategy to improve the interaction of nanoparti-
cles with adsorptive enterocytes and M-cells of Peyer’s patches in the GI tract. Such 
type of targeting can be classifi ed into those utilizing specifi c binding to ligands or 
receptors and those based on nonspecifi c adsorptive mechanism. M cells display 
cell-specifi c carbohydrates and enterocytes surface may serve as binding sites to 
colloidal drug carriers containing appropriate ligands. Several glycoproteins and 
lectins effi ciently bind to this type of surface structure by specifi c receptor-mediated 
mechanism. Lectins such as tomato lectin and bean lectin have been studied to 
enhance oral peptide adsorption [ 128 ]. For an instance vitamin B-12 absorption 
from the gut under physiological conditions (occurs via receptor-mediated endocy-
tosis) can be enhanced by covalent coupling with peptides such as granulocyte col-
ony stimulating factor, erythropoietin, resulting in enhancement of oral bioavailability 
[ 129 ]. For making process more effi cient and selective mucoprotein is required, 
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which is prepared by the mucus membrane in the stomach and binds specifi cally to 
cobalamin. After reaching to the ileum mucoprotein resorption is mediated by 
selective binding to specifi c receptors which can further enhance the absorption. 
Absorption can also be enhanced by using non-specifi c interactions. Generally, 
absorption of macromolecules and particulate materials in the gastrointestinal tract 
is achieved by either paracellular route or endocytotic pathway. Less than 1 % of 
mucosal surface area is utilized for the paracellular route of absorption of nanopar-
ticles having polymeric material such as starch or chitosan, poly(acrylate) [ 130 –
 132 ]. Such polymers enhance the paracellular permeability of macromolecules. 
Absorption of nanoparticles mediated by endocytotic pathway can be accomplish 
by receptor-mediated endocytosis (active targeting) or adsorptive endocytosis which 
does not need any ligands. Existence of electrostatic forces (hydrogen bonding or 
hydrophobic interactions) between the cell surface and absorbed material encour-
ages this whole process. Adsorptive endocytosis primarily dependent on the size 
and surface properties of the material e.g. positive surface charged nanoparticles 
provide an affi nity to adsorptive enterocytes though hydrophobic, whereas negative 
surface charged nanoparticles and hydrophilic shows greater affi nity to adsorptive 
enterocytes and M cells. So it has been concluded that of size, surface charge and 
hydrophilicity play a major role in absorption of material.  

2.6.28     Nanoparticles for Gene Delivery 

 Several vaccines based nanomedicines functions to deliver genes to host cells and 
show their expression by production of antigenic protein to initiate immune 
response. One of the recent example of polynucleotide vaccines work by delivering 
genes encoding relevant antigens to host cells (where they are expressed) producing 
the antigenic protein within the vicinity of professional antigen presenting cells to 
initiate immune response. Such types of vaccines are responsible for the both 
humoral and cell-mediated immunity since intracellular production of protein, as 
opposed to extracellular deposition, stimulates both arms of the immune system. 
Polynucleotide vaccines are composed of a key ingredient called as DNA, can be 
produced economically and has much better storage and handling properties than 
the ingredients of the majority of protein-based vaccines. Based on the potential 
immunotherapy these polynucleotide vaccines are set to supersede many conven-
tional vaccines. Nevertheless these polynucleotides based vaccine suffers from sev-
eral issues which limit their application. These issues include effi cient delivery of 
the polynucleotide to the target cell population and its localization to the nucleus of 
these cells, and ensuring that the integrity of the polynucleotide is maintained dur-
ing delivery to the target site are still in consideration. Owing to the rapid escape 
from the degradative endo-lysosomal compartment to the cytoplasmic compart-
ment, plasmid DNA based nanoparticulate system serve as a potential sustained 
release gene delivery system. Previous fi nding suggested the intracellular uptake 
and endolysosomal escape of these nanoparticles offer sustained release of DNA 
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resulting in sustained gene expression. Such strategy could be utilized to facilitate 
bone healing by using PLGA nanoparticles containing therapeutic genes such as 
bone morphogenic protein [ 133 ,  134 ].  

2.6.29     Nanoparticles for Drug Delivery into the Brain 

 Nervous system is one of the most delicate microenvironments of the body which is 
protected by the blood–brain barrier (BBB) regulating its homeostasis. The blood–
brain barrier (BBB) is the most important factor limiting the development of new 
drugs for the central nervous system. BBB is a highly complex structure that tightly 
regulates the movement of ions of a limited number of small molecules and of an 
even more restricted number of macromolecules from the blood to the brain, pro-
tecting it from injuries and diseases. The BBB is characterized by relatively imper-
meable endothelial cells with tight junctions, enzymatic activity and active effl ux 
transport systems. It effectively prevents the passage of water-soluble molecules 
from the blood circulation into the CNS, and can also reduce the brain concentration 
of lipid-soluble molecules by the function of enzymes or effl ux pumps. BBB only 
permits selective transport of molecules that are essential for brain function, conse-
quently, the BBB also signifi cantly precludes the delivery of drugs to the brain, thus, 
preventing the therapy of a number of neurological disorders. As a consequence, 
several strategies are currently being sought after to enhance the delivery of drugs 
across the BBB. For example polysorbate 80/LDL, transferrin receptor binding 
antibody (such as OX26), lactoferrin, cell penetrating peptides and melano transfer-
rin have been shown capable of delivery of a self non transportable drug into the 
brain via the chimeric construct that can undergo receptor-mediated transcytosis 
[ 135 – 139 ]. It has been discovered that poly(butylcyanoacrylate) based nanoparti-
cles was able to deliver dalargin, hexapeptide, doxorubicin and other agents into the 
brain which is signifi cant because of the great diffi culty for drugs to cross the 
BBB. In addition to several reports which are based on the success of polysorbate 
coated NPs, this system does have many shortcomings including rapid NP degrada-
tion, toxicity caused by presence of high concentration of polysorbate and desorp-
tion of polysorbate coating. In addition to some reports OX26 MAbs (anti-transferrin 
receptor MAbs), the most studied BBB targeting antibody, have been used to 
enhance the BBB penetration of lipsosomes. Presently, there are no effective thera-
pies for many diseases include neurodegeneration (e.g., amyotrophic lateral sclero-
sis, Alzheimer’s, Parkinson’s, Huntington disease, and Prion disease), genetic 
defi ciencies (e.g. lysosomal storage diseases, leukodystrophy), and several types of 
brain cancer. Even if candidate drugs for therapy of such diseases may be already 
available in line of principle, they cannot be currently utilized because of their insig-
nifi cant access to the central nervous system (CNS), due to the presence of the 
blood–brain barrier (BBB) preventing the passage from blood to the brain. It is pos-
sible soon we will see these BBB specifi c molecules used for targeting nanoparti-
cles to the brain.  
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2.6.30     Anthrax Vaccine Uses Nanoparticles to Produce 
Immunity 

 Anthrax is caused by the spore-forming, Gram-positive bacterium  Bacillus anthra-
cis . The toxic effects of  B. anthracis  are predominantly due to an AB-type toxin 
made up of the receptor-binding subunit protective antigen (PA) and two enzymatic 
subunits called lethal factor and edema factor. Protective immunity to  B. anthracis  
infection is conferred by antibodies against PA, which is the primary component of 
the current anthrax vaccine. A vaccine against anthrax that is more effective and 
easier to administer than the present vaccine has proved highly effective in tests in 
mice and guinea pigs, report University of Michigan Medical School scientists in 
the August issue of Infection and Immunity. Although the vaccine is safe and effec-
tive, it requires multiple injections followed by annual boosters. The scientists were 
able to trigger a strong immune response by treating the inside of the animals’ noses 
with a “nanoemulsion” a suspension of water, soybean oil, alcohol and surfactant 
emulsifi ed to create droplets of only 200–300 nm in size. The oil particles are small 
enough to ferry a key anthrax protein inside the nasal membranes, allowing immune- 
system cells to react to the protein and initiate a protective immune response. That 
primes the immune system to promptly fi ght off infection when it encounters the 
whole microbe. It would take about 265 of the droplets lined up side by side to equal 
the width of a human hair. The oil particles are small enough to ferry a key anthrax 
protein inside the nasal membranes, allowing immune-system cells to react to the 
protein and initiate a protective immune response. That primes the immune system 
to promptly fi ght off infection when it encounters the whole microbe. Besides elimi-
nating the need for needles, the nanoemulsion anthrax vaccine has another advan-
tage, the researchers say: It is easy to store and use in places where refrigeration is 
not available. An effective and easy-to-administer vaccine would be a valuable tool 
for health authorities dealing with any future attack in which a terrorist might spread 
anthrax microbes. The researchers say a nasal nanoemulsionbased anthrax vaccine, 
if it proves effective in humans, could be given easily to people even after they are 
exposed in an anthrax attack, along with antibiotics. With some diseases, vaccines 
given after exposure are used to boost the speed of the immune response.  

2.6.31     Stem Cell Therapy 

 Nanotechnology presents effi cient tools for improving stem cell therapy. The syn-
ergy between size, structure and physical properties of NPs makes them key players 
in revealing the fate and performance of stem cell therapy. Clearly NPs have much 
to offer in stem cell research and therapy. Stem cell therapies offer great potentials 
in the treatment for a wide range of diseases and conditions. With so many stem cell 
replacement therapies going through clinical trials currently, there is a great need to 
understand the mechanisms behind a successful therapy, and one of the critical 
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points of discovering them is to track stem cell migration, proliferation and differ-
entiation in vivo. To be of most use tracking methods should ideally be noninvasive, 
high resolution and allow tracking in three dimensions. Magnetic resonance imag-
ing is one of the ideal methods, but requires a suitable contrast agent to be loaded to 
the cells to be tracked, and one of the most wide-spread in stem cell tracking is a 
group of agents known as magnetic nanoparticles. Researchers have successfully 
used nanoparticles to improve stem cells potential in stimulating the regeneration of 
damaged vascular tissue and reduce muscle degeneration in mice (published online 
on October 5 in Proceedings of the National Academy of Sciences). In addition 
researchers investigating stem cells role in stimulating new blood vessel formation. 
This was investigated after their implantation into a living organism. Cells may not 
continue to renew tissue effectively enough to keep the tissue alive long-term. 
Hence cells can benefi t from help with performance-enhancing genes, which pro-
mote growth in the target tissue. Researchers usually rely on viral vectors to deliver 
these therapeutic genes to stem cells. It has been now investigated that (Chemistry 
researchers at the University of Warwick) tiny nanoparticles can be utilized for 
delivering this therapeutic gene since tiny nanoparticles could be twice as likely to 
stick to the interface of two non mixing liquids than previously believed. This 
research open gateways for the utilization of nanoparticles in living cells, polymer 
composites, and high-tech foams, gels, and paints.  

2.6.32     Gold Nanoparticles Detect Cancer 

 Metallic nanostructures are more fl exible particles compared to other nanomateri-
als owed to the possibility of controlling the size, shape, structure, composition, 
assembly, encapsulation and tunable optical properties. Between the metallic 
nanostructures possible applied, AuNPs appears of great interest in the medical 
fi eld, 3showing great effi ciency towards cancer therapy [ 140 – 143 ]. The continu-
ous interest in AuNPs is based in their tunable optical properties that can be con-
trolled and modulated for the treatment and diagnosis of diseases. Various 
researchers have utilized gold nanoparticles as ultrasensitive fl uorescent probes to 
detect cancer biomarkers in human blood. High sensitivity of this approach sur-
pass the current methods by several orders of magnitude and make the process 
more suitable for direct detection of viral or bacterial DNA. These nanoparticles 
are promising probes for biomedical applications since they can be easily manu-
factured and, unlike other fl uorescent probes (quantum dots or organic dyes), they 
don’t get heated and burn out after long exposure to light. In one report, china 
based researchers apply the particles to detect carcinoembryonic antigen (CEA) 
and alpha foetal protein (AFP) - two important biomarkers in the diagnosis of 
various cancers, including liver, breast and lung cancer. In this work they have 
conjugated nanoparticles with antibodies to measure the amount of biomarker 
levels present in the sample. 
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2.6.32.1     AuNPs in Cancer Therapy 

•      Photothermal Therapy     
 AuNPs presents tunable optical properties that allow the absorption of light at 
near UV to near infrared, being the last one a characteristic that allows nanopar-
ticles to enter cells, constituting a major breakthrough for its application in pho-
tothermal therapy or hyperthermia [ 144 ].

•     Radiotherapy     
 AuNPs have been review in radiotherapy experiments in order to overcome the 
problems associated to the healthy tissue damage imposed by radiotherapy [ 144 ].

•     Angiogenesis inhibition     
 The inhibition of angiogenesis, i.e. the formation process of new blood 
 vessels, is also a potent mechanism by which AuNPs can operate for cancer 
therapy [ 144 ]. 

   2.6.32.1.1 AuNPs as Delivery Systems 

 The well-known application of AuNPs in cancer therapy described above, lead to 
further investigation of new potential therapeutic strategies and was verifi ed that 
AuNPs can be used in the design of delivery systems [ 145 ]. AuNPs as a potential 
nanocarrier have the possibility to carry different payloads, such as small drug mol-
ecules for drug delivery or biomolecules like DNA, proteins and RNA (siRNAs), 
being recognized as an attractive gene delivery system

•     Specifi c targeting     
 The potency of such systems is achieved by the enhancement of cellular accumu-
lation of AuNPs by an active targeting to cancer cells compared to a free drug 
that passively enters the cells, which simultaneously avoid the biological response 
and biophysical barriers  in vivo  [ 146 ].

•     AuNPs for drug / cargo delivery     
 The construction of DDSs depends on size, charge and surface functionalities of 
the AuNPs, once they dictate the uptake capacity of such nanovectorization sys-
tems as well as its intracellular fate [ 147 ].

•     AuNPs for gene therapy     
 Gene therapy is though as a hopeful strategy in cancer therapy being consid-
ered as a powerful treatment like chemotherapy and radiotherapy, however the 
implementation of such systems is based in viral vectors that raise cytotoxic 
and immune response problems [ 148 ]. When conjugated to AuNPs, siRNAs 
have been shown to exhibit increased stability, cellular uptake and effi cacy in 
physiological conditions, retaining the ability to act through the RNAi 
pathway   
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2.6.32.2     Toxicity of AuNPs 

 One major concern regarding AuNPs application in medical fi eld relies in its toxic-
ity in the biological systems, i.e. the production of a general toxicity response not 
only in cancer cells but also reaching healthy cells at the vicinity. Taken into account 
the size, surface modifi cations and solubility in promoting biocompatibility of the 
nanovectorization systems, they can be safer to apply in the medical fi eld to the 
treatment of cancer. In fact, nanoparticles size is an important feature because it 
turns possible to circumvent the immune response and renal clearance, which main-
tains the therapeutic capacity of such systems [ 149 ].    

2.7     Hazards and Toxicity Profi le of Nanoparticles 

 Various reports are available on the toxicity of nanoparticles (Table  2.10 ) that are 
originated from the inhalation toxicology including particulate matter with a size 
below 10 nm.

2.7.1       Health Implication of Nanoparticles 

 It’s very essential to recognize and differentiate ‘free’ and ‘fi xed’ nano particles. Free 
nanoparticles exhibit serious health threat since they are more diffi cult to contain due 
to airborne and can be inhaled. Nanoparticles can be entered in human body via

•    Absorptions by the intestinal tract  
•   Absorptions by the skin [ 151 ]  
•   Lungs where a rapid translocation through the blood stream to vital organ is pos-

sible, including crossing the BBB and    

 Nanoparticles affect the following organs in several ways:

•     Lungs     
 It has been already observed that titanium dioxide (TiO 2 ) carbon black and the 
diesel particles exhibit various adverse effects. Based on previous fi ndings it has 
been observed that the administration of ultrafi ne nanoparticles to the lung pro-
duce more potent adverse effect in the form of infl ammation and subsequent 
tumors compared with larger sized particles, of identical chemical composition 
at equivalent mass concentration. Toxicity of these particles is dependent on their 
surface charachterstics such as surface chemistry [ 152 ]

•     Intestinal tract     
 To facilitate the absorption of the food particles, the epithelium of the small and large 
intestinal is in close contact with ingested material. These food particles are converted 
in to a mixture of disaccharides, peptides, fatty acids and monoglycerides generated 
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   Table 2.10    Nanoparticles and their related toxicities   

 Type of 
nanoparticles  Toxicity 

 Carbon 
nanotubes 

 • MWCNT: Elicit proinfl ammatory responses in keretenocytes; Platelet 
aggregation 

 • On a dose per mass basis carbon nanotubes are more toxic then quartz 
particles which are well known for their lung toxicity 

 • SWCNT:  In vitro  incubation of high dose of SWCNT with keratinocytes 
and bronchial epithelial cells results in ROS generation, oxidative stress, 
lipid peroxidation, mitochondrial dysfunction and changes in cell 
morphology; Platelet aggregation; Intratracheal instillation of high doses 
of nanotubes causes chronic lung infl ammation, foreign body granuloma 
formation, interstitial fi brosis;  in vivo  studies SWCNT induce lung 
granuloma 

 Dendrimers  • Albertazzi et al. [ 150 ] demonstrated the  in vivo  distribution and toxicity 
of PAMAM dendrimers in the central nervous system depend on their 
surface chemistry 

 • Limited clinical experience using dendrimers make it impossible to 
designate any particular chemistry intrinsically “safe” or “toxic” 

 Fullerenes  • Sonicated c-60 fullrenes LC50 was relatively found to be very high, 
causes lipid peroxidation and related toxicity in brain 

 Gold 
nanoparticles 

 • For gold nanorods the cytotoxicity is attributed to the presence of 
stablizer CTAB 

 • Gold nanoparticlse can cause cell death in the presence of activated laser 
light 

 Quantum dots  • Cadmium-containing QDs can kill cells in culture 
 • QDs undergo design-dependent intracellular localization and they can 

cause cytotoxicity by releasing free cadmium into solution and by 
generating free radical species. In animal experiments, QDs 
preferentially enter the liver and spleens following intravascular 
injection, undergo minimal excretion if larger than 6 nm, and appear to 
be safe to the animal 

 • In vitro and  in vivo  studies show an apparent discrepancy with regard to 
toxicity. Dosing provides one explanation for these fi ndings. Under 
culture conditions, a cell experiences a constant QD dose, but the  in vivo  
QD concentration can vary, and the organ-specifi c dose may not be high 
enough to induce detectable toxicity 

 • Surface coating of quantum dotes during in vitro studies might be toxic. 
In contrast many studies also report that the surface modifi cation 
decrease the toxicity induced by naked quantum dots 

 Silica 
nanoparticles 

 •  For silica nanoparticles both  in vitro  toxic and non toxic responses have 
been found 

 •  Silica exposure results in an increased ROS levels indicating increase in 
oxidative stress 

 •  Cell with long doubling time is more toxic against silica nanoparticles 
then with short doubling time 

 •  Alveolar macrophage cell line is more susceptible against cytotoxicity 
then lung epithelial cell line 
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however digestion in small intestine are further transformed and taken in the villi. 
Particles having charge (e.g. like carboxylated polystyrene nano particles or those 
composed of positively charged polymer) exhibit poor oral bioavailability through 
electrostatic repulsions and means entrapment [ 153 ]. Smaller the size of particles 
facilitate the faster penetration (within 2 mints,); 415 nm particles took 30 mints 
whereas 1000 nm particles were not capable to translocate through this barrier [ 154 ].

•     Skin     
 Particles having size range 500–1000 nm, theoretically afar from the area of 
nanotechnology can infi ltrate and reach the lower level of human skin. Size range 
smaller than 128 are more likely penetrate deeper in to the skin [ 155 ].

•     Blood and cardiovascular system     
 Cationic nanoparticles including gold and polystyrene have been shown to cause 
hemolysis and blood clotting while anionic nanoparticle are non toxic. 
Combustion and model nanoparticles can gain access to blood following inhala-
tion and can enhance the experimental thrombosis. High exposure to DEP by 
inhalation cause altered heart rate in hypertensive rats. Inhalation of PM causes 
atheromatous plaque and destablization in rabbits. Recent data showed that 
Carbon derived nanomaterials induce platelet aggregation

•     Brain     
 High concentrations of anionic and cationic nanoparticles are toxic to brain. 
Nanoparticles have been shown to produce reactive oxygen species and oxida-
tive stress. This has been confi rmed in the brain after inhalation of MNO 2  
nanoparticles. Oxidative stress induced by nanoparticles causes various neurode-
generative disease such as Parkinson and Alzheimer. In addition inhalation of 
nanoparticles in balb/c mice to particulate matter showed the activation of pro-
infl ammatory cytokines in the brain      
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    Chapter 3   
 Natural Polymers vs Synthetic Polymer                     

    Abstract     Polymers play an important role as excipients in any dosage form. They 
infl uence drug release and should be stable, economic compatible, non-toxic, etc. 
They are broadly classifi ed as natural polymers and synthetic polymers. Synthetic 
and natural based biodegradable polymers have received much more attention in the 
last decades due their potential applications in the fi elds related to environmental 
protection and the maintenance of physical health. Biodegradable materials are 
used in agriculture, medicine packaging, and other areas. In recent years there has 
been an increase in interest in biodegradable polymers. Two classes of biodegrad-
able polymers can be distinguished: synthetic or natural polymers. Synthetic poly-
mers are widely used in biomedical implants and devices because they can be 
fabricated into various shapes. Natural polymers are basically polysaccharides so 
they are biocompatible and without any side effects. In this chapter we have dis-
cussed various natural polymers, their advantages over synthetic polymers and role 
of natural polymers in designing novel drug delivery systems.  

  Keywords     Synthetic polymer   •   Natural polymer   •   Polysaccharide   •   Drug delivery   
•   Toxicity  

3.1           Bioengineered Materials: Nano-Engines of Drug 
Delivery Systems 

 Engineered materials have been employed for rising smart drug delivery systems. 
Design and multi-functionalities synthesize effi cient smart drug delivery systems 
are vitally necessary for medicine and healthcare development. In the material sci-
ence fi eld offers biodegradable, environment-responsive, biocompatible, and highly 
effective novel polymeric system for targeted delivery. Nanotechnology offers bot-
tom- up and top-down nanofabrication with size controlled and multi-functionality 
of particulate for targeted delivery. Novel materials invention and advanced technol-
ogy have been synergistically accomplished in drug delivery so far. The important 
objectives of medical pharmacology to offer the right medicine, right dosage, and 
right route at the right time to the right patient, so additional research required to 
optimize the therapeutic effi cacy of the drug. This is the most important principles 
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behind the smart drug delivery. A smart, controlled delivery system requires syner-
gistic consideration of a number of factors summarized in Fig.  3.1 . It is not easy to 
get all consideration factors in a smart controlled delivery system owing to other 
infl uencing factors. Also high effi ciency, quality, reliability, and reproducibility are 
the most considerable issue while designing such a smart system.

3.2        Polymeric Nanoparticles 

 The polymeric nanoparticles are fabricated from biocompatible and biodegradable 
polymers in size between 10–1000 nm where the drug is entrapped, dissolved, encap-
sulated or attached to a nanoparticle matrix. Depending upon the methodology of fab-
rication nanoparticles, nanospheres or nanocapsules can be obtained. Nanocapsules 
are systems in which the drug is restricted to a cavity enclosed by a unique polymer 
membrane, while nanospheres are matrix systems in which the drug is physically and 
uniformly dispersed. The fi eld of polymer nanoparticles (PNPs) is rapidly growing and 
playing an signifi cant role in a wide spectrum of disciplines ranging from electronics, 
sensors, medicine, photonics, biotechnology, conducting materials, pollution control 
and environmental technology. PNPs are promising vehicles for drug delivery by sim-
ple manipulation to fabricate carriers with the aim of delivering the drugs to particular 
target, such an merit advances the drug safety. Polymer based nanoparticles effi ciently 
carry drugs, proteins, and DNA to target cells and organs. Their nanometer size encour-
ages effective permeation via cell membranes and stability in the blood stream. 
Polymers are very suitable materials for the manufacture of countless and varied 
molecular designs that can be integrated into exclusive nanoparticle constructs with 
many potential medical applications. PNPs can be expediently fabricated either from 
preformed polymers or by direct polymerization of monomers using classical polym-
erization or polyreactions. Methods like salting-out, dialysis solvent evaporation, and 
supercritical fl uid technology, encompassing the rapid expansion of a supercritical 
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  Fig. 3.1    Considerations of various factors for simultaneous refl ection to design a polymeric 
nanoparticle for the smart drug delivery system       
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solution or rapid expansion of a supercritical solution into liquid solvent, can be 
employed for the fabrication of polymeric nanoparticles from preformed polymers. 
Alternatively, polymeric nanoparticles can be directly fabricated by the polymerization 
of monomers using different polymerization techniques e.g. micro-emulsion, surfac-
tant-free emulsion, mini-emulsion, and interfacial polymerization. A representation of 
various fabrication techniques for polymeric nanoparticles is mentioned in Fig.  3.2 . 
The selection of fabrication method is made on the basis of a number of factors such as 
the type of polymeric system, area of application, size requirement and others.

3.3        Contemporary Methodologies for Fabrication 
of Polymeric Nanoparticles 

 In recent times, the polymeric nanoparticles have appeared as a most potential and 
viable technology platform for recognizing the targeted, environment-responsive 
and, multi-functional with navigated controlled drug delivery system. 
Polysaccharides in smart drug delivery is a fast rising new technological discipline 
in which different therapeutic applications of nanoproducts are predictable to over-
come the patient complaints in healthcare. Smart delivery will offer new keys for 
therapeutic interventions. There is immense interest from the commencement in 
smart medicine of advanced and well-characterized bionanotechnological products 
that will be particularly effective in fi ghting diseases like cardiovascular diseases, 
aging, diabetes, cancer, some chronic metabolic syndrome and different degenera-
tive diseases and disorders. For an instance, the innovative smart polymers with 
nanoparticulate drug-delivery systems can clearly advances in therapeutics by 
directing the drugs to target cells and reducing the adverse-effect/side-effect on well 
being. Presently, a number of smart polymer with multi-functioned nanoparticle 
system strategies in clinical trials, and it demonstrate promising result. Defi nitely 
the morbidity and mortality rate of disease affected patients could improve their 
lifestyle by the initial course of smart therapeutic intervention. This smart 
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  Fig. 3.2    Plan illustration of different techniques for the preparation of polymeric nanoparticles       
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intervention can be achieved by developing high sensitivity and reliable smart drug 
delivery. The quick development in the above course has been made with the initia-
tion and development of more advanced alternative nanofabrication techniques to 
offer structures in various nano-scales level of controlled manners. Drug loaded 
polymeric nanosystems can offer controlled release of both hydrophilic and hydro-
phobic drugs over a long period of time while reducing undesirable side effects in 
the body. This encompass the fabrication of various novel biocompatible polymers 
with well-defi ned nanometers to a few micro-meters structures using several mod-
ern techniques e.g. microfl uidic systems, microelectromechanical systems, 
microneedle based system, advanced high pressure homogenization, electrodrop-
ping system, interfacial emulsion polymerization and combined systems. Figure  3.3  
explained the small number of modern techniques for polymeric nanoparticles fab-
rication with various concepts. The physiochemical features of polymeric nanopar-
ticles have to be optimized based on the specifi c application. A variety of 
methodologies can be utilized to offer different nano-particulate systems with vari-
ous polymers. The multifunctional polymeric nanoparticles developments e.g. core-
shell nanoparticles, environment-responsive micelles, colloids, nano hydrogel, 
nano-spheres and coreshell nano-spheres with layer-by-layer assembly for single/
dual or multi drug release have been achieved so far. So as to get the preferred fea-
tures, the mechanism of formulation method plays a vital role. Therefore, it is tre-
mendously benefi cial to have synthesis mechanism at hand to approach 
multi-functional polymeric nanoparticles with exact physiochemical properties for 
a specifi c application.

3.4        Activation-Modulated Drug Delivery: Environmental 
Activation/Stimuli Responsive Smart Delivery System 

 The smart drug delivery with activation-modulated system has been accomplished 
by external or environmental stimuli. These environmental responsive smart deliv-
ery systems attained a lot more with double and multiple-responsive delivery sys-
tem. Different activation/stimuli responsive drug delivery vehicles have been 
prepared and evaluated, in different particle sizes, ranges from nanometers to a few 
micro-meters sized carriers for various routes of administration. The transdermal 
electro-activated or electro-modulated drug delivery has been recognized as a com-
petent model. In this assembly of activation-modulated controlled drug delivery 
system, the release of active agents from the systems is activated by some physical, 
chemical, electrical, environmental condition or biochemical processes and/or facil-
itated by an energy supplied externally. The release profi le has been regulated by the 
input energy. Based on the activation/stimulation process applied or energy type 
used, this activation-modulated controlled drug delivery system can be classifi ed 
into the different as mentioned in Fig.  3.4 . These stimuli-responsive materials dis-
play variation in the physicochemical feature while the environmental condition 
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changes. These variations in features can be entirely utilized in smart delivery sys-
tem, which defi nitely alike to the biological response behavior. Various sorts of 
body organs, different tissues and various types of cellular compartments might 
have vast dissimilarity in every stimulus with great response. Any defi nite behav-
ioral changes in the system results in phase transition, these transitions will be key 
factors for the stimuli-responsive drug delivery system and some selected instances 
of applications are explained in the Fig.  3.4 .
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  Fig. 3.3    Schematic representation of the advanced techniques of preparation of polymeric 
nanoparticles. ( a ) Core shell particulate system: in situ semi batch emulsion method. Size of the 
core controlled via surfactant. Surfactant was removed via dialysis pH-responsive polymer core-
shell. ( b ) Sonication based system: mostly probe sonicator is used. Various optimization condi-
tions require ON/OFF cycle to reduce temperature. Ice bath to maintain the temperature. ( c ) 
Electrodropping system: dual delivery using biocompatible care, homogeneous core shell, layer-
by layer assembly possible, difference of release profi le possible. ( d ) Well controlled synthesis of 
particles, tunable nanoparticles possible, reproducible synthesis, distinct nanoparticles for specifi c 
target       
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3.5        Time to Move on Innovative Methods of Administration 

 Polymers are macromolecules having repeating structural units which are typically 
connected by covalent chemical bonds. Synthetic and natural polymers are having 
various applications specifi cally in the pharmaceutical sector because of their eco-
nomical, readily available and non-toxic nature. Additionally natural polymers are 
capable of chemical modifi cations, potentially biodegradable and with few excep-
tions, also biocompatible. Various applications of natural and synthetic polymers 
are mentioned in Fig.  3.5 . Most of the pharmaceutical industries primarily manufac-
ture/dispense drugs orally (as solid pills and liquids) or as injectables.

   Owing to the recent innovations in pharmaceutical sciences most of the manufac-
turers are focusing on different strategies for the production of formulations that 
control the rate and period of drug delivery (i.e., time-release medications) and target 
specifi c areas of the body for treatment have become increasingly common and com-
plex. Inclination of current researchers towards development of novel and potential 

  Fig. 3.4    Plan illustration representing the activation-modulated drug delivery systems, which the 
polymeric nanoparticles activated by different stimuli e.g. physical, chemical, biochemical, envi-
ronment, and/or a combination of two or more       
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treatments and discoveries of bioactive molecules lead to exploration of mechanisms 
and their assisted strategic methods of administration. The most  complicated work 
for current researchers is to design methods of drug delivery that exhibit specifi c 
problems such as limited therapeutic effects of certain drugs or their partial degrada-
tion that occurs before they reach a desired target in the body. Accountability of fac-
tors which directly or indirectly infl uences the pathway(s) of drug assists in designing 
the specifi ed or targeted drug delivery system. Such systems not only deliver drug at 
targeted site but also encourage time dependent release of medications which may 
provide the relief from symptoms and protection from adverse events solely when 
necessary. Focus can also be stretched towards development of injectables drugs 
which could be manufactured less expensively and administered more conveniently 
if they could simply be dosed orally. Nevertheless such an approach cannot be 
achieved unless more advanced and scientifi c methods will be developed to safely 
direct medications through specifi c areas of the body, such as the GIT, where pH 
variation can destroy drug activity, or through an area where healthy bone and tissue 
might be adversely affected. Objective of all complicated drug delivery systems is to 
organize medications which can integrate to specifi cally targeted parts of the body 
through a medium. Such medium can control the therapy’s administration by means 
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of either a physiological or chemical trigger. This objective can be achieved by 
designing more advance micro- and nanotechnology in form of polymeric micro-
spheres, polymer micelles, and hydrogel-type materials. Such micro or nano scien-
tifi c based delivery system can be designed in such a way where it can promote drug 
specifi city, lower systemic drug toxicity, improves treatment absorption rates, and 
provide protection for pharmaceuticals against biochemical degradation.  

3.6     History of Drug Delivery from the Ancient to Date 

 Treatments obtained from plants and other natural sources were earlier delivered 
either orally or topically. Various traditional system medicines (e.g. ayurvedic) and 
their respective formulations were highly recommended in form of oral and topically 
active preparations. It was later discovered that potential of these preparations is 
based on the integumentary and gastrointestinal (GI) system integrity. Various natu-
ral extracts were supplemented to treat the disease e.g. cinchona tree powdered bark 
containing quinine administered orally by native Brazilians to treat malaria [ 1 ]. 
Currently inspite of the development of resistant strains, quinine is still one of the 
core treatments for malaria [ 2 ]. Traditional ayurvedic medicines in the form of gut-
tikas, churnas, leha, avleha, bhasmas, arishtas, asavas, and tailas form the foundation 
of drug delivery system. According to an interview that a pharmacist historian gave 
the LA Times [ 1 ], pills date as far back as 1500 BC. Earliest evidence to pills was 
found on papyruses in ancient Egypt, and contained bread dough, honey or grease. 
Pill name was introduced by Roman scholar Pliny (23–79 AD), he called them “pil-
ula,” later named as Pill. During medieval period people coated pills with slippery 
plant substances and gilded them in gold and silver to facilitate their swallowing 
more easily. The fi rst concrete evidence of active table (sugar-coating and gelatin-
coating) was explored in the 1800s and during the same time the compressed tablet 
also was invented in the 1800s by a Brit named William Brockedon. Later on it was 
realize that these formulations require more advance, more effi cient and effective 
methods of drug delivery systems. Moreover signifi cant role of drug delivery systems 
in herbal medicines was explored. For the fi rst in 1656, Sir Christopher Wren reported 
the use of a syringe [ 3 – 5 ]. The earliest drug delivery systems, fi rst introduced in the 
1970s, were based on polymers formed from lactic acid. Later on in 1853, Scottish 
physician Alexander Wood and French surgeon Charles Pravaz independently publi-
cized two extraordinary functional syringe designs [ 3 – 5 ]. This achievement explored 
the potential of different types of injectables to directly inject medications with either 
controlled or spontaneous rate. At last after the development of different designs of 
injectables, in 1960s, disposable syringes were introduced [ 6 ]. This outstanding 
achievement eliminated the need of boiling or sterilizing glass syringes, which 
resulted in improved hygiene and convenience. Thus purpose of most of the earlier 
delivery systems to deliver the therapeutic agent so that it will easily accumulated in 
target cells in optimal concentrations for a prolonged period. Nevertheless potential 
drug delivery via topical and systemic routes requires their transport through several 
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physiological barriers [ 7 ,  8 ]. Till today enteral (entering the body via the GI tract) or 
parenteral (entering the body by any route other than the GI tract) [ 7 ,  8 ] are the two 
most primary drug delivery routes used to deliver medications. Most of the manufac-
tures designed different formula or delivery system for same medicines to control 
their release at the desired site. In spite of the delivery route drug features such as 
hydrophilic or hydrophobic nature plays an important role in determining the ulti-
mate fate during its transport across lipidic membranes. These membranes are most 
permeable to lipophilic molecules nevertheless in order for a drug to dissolve in body 
fl uids and be transported, it must also be somewhat hydrophilic [ 9 ]. Some additional 
factors such as low molecular weight and non-polarity improve drug transport across 
membranes. Strategies were developed to design more advance drug delivery system. 
In 1997, Glucose-sensitive hydrogel that could be used to deliver insulin to diabetic 
patients using an internal pH trigger was synthesized by chemical engineers at Purdue 
University in West Lafayette, IN, under the direction of Nicholas A. Peppas [ 10 ]. 
Development of different types of drug delivery system leads to the germination of 
new sector where drug release rate can be controlled in a more systematic and effec-
tive fashion, exclude side effects and encourages safe delivery of medication. This 
fi eld is known as controlled drug delivery fi eld began the founders who introduced 
this exciting and important fi eld, and the prominent researchers who came after them 
[ 11 ]. This section is following the subsequent development phases of the fi eld from 
its origins in the 1960s to the 1970s and 1980s, when various macroscopic “con-
trolled” drug delivery devices and implants were developed for delivery as mucosal 
inserts, as implants, as ingestible capsules, as topical patches, and were approved for 
clinical use. Moreover these historical events section traces various phases of devel-
opment in the 1960s to the 1980s and 1990s when microscopic degradable polymer 
depot DD systems (DDS) were commercialized [ 11 ]. Lastly the section objectives 
were set to explore the currently very active and exciting nanoscopic era of targeted 
nano-carriers, in a sense bringing to life Ehrlich’s imagined concept of the “Magic 
Bullet”. In the 1970s nanoscopic period began with systems projected which were 
fi rst used in the clinic in the 1980s, and which came of age in the 1990s. These are 
currently emerging as exciting and clinically successful products in the 2000s. Most 
of these successful products are based on PEGylation and active targeting to specifi c 
cells by ligands conjugated to the DDS, or passive targeting to solid tumors via the 
EPR effect [ 11 ]. Key events and pioneers are highlighted in Table  3.1 .

   While this is of course one of the major reasons for the emergence of this fi eld in 
the 1960s and 1970s, to me the surge of the fi eld in the last 35 years is a classic 
example of an early form of “convergence to biomedical science”, the idea pro-
moted recently by Sharp and Langer [ 12 ]. ALZA Corporation was founded in 1967 
by Alejandro Zaffaroni and immediately attracted a distinguished group of scien-
tists from the chemical and pharmaceutical fi elds. A result of the introduction of 
mathematical models and molecular design principles in pharmaceutical formula-
tions was the development of a new fi eld setting the foundations, mechanisms and 
defi ning the principles of controlled release profi les. The founding of ALZA 
Corporation of 1967 had a signifi cant effect on the development of the fi eld of “con-
trolled release”. 
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   Table 3.1    Historical events occur in drug delivery   

 Year  Event  Researcher  References 

 1960s 
and 
1970s 

 Emergence of drug delivery fi eld 
“convergence to biomedical science” 

 Sharp and Langer  [ 12 ] 

 1967  ALZA Corporation: Include the 
scientists from the chemical and 
pharmaceutical fi elds to introduce 
mathematical models and molecular 
design principles in pharmaceutical 
formulations 
 This was done for the development of a 
new fi eld setting the foundations, 
mechanisms and defi ning the principles 
of controlled release profi les 

 Alejandro Zaffaroni  [ 12 ] 

 1967  ALZA Corporation had a signifi cant 
effect on the development of the fi eld of 
“controlled release” 

 Alejandro Zaffaroni  [ 12 ] 

 1961  The fi rst pharmaceutical scientist to 
apply physical chemical principles to the 
design of controlled release devices 

 Takeru Higuchi (professor 
at the University of 
Wisconsin and then the 
University of Kansas) 

 [ 13 ] 

 1960–
1985 

 His classic equation (metamorphosed 
several times by 1963 to be applied also 
to porous systems with high or low drug 
solubility [ 4 ]) became the standard of 
design of drug delivery systems and 
continues to be widely used in the design 
of many ethical and generic products, 
especially of the oral/transmucosal 
delivery 

 Takeru Higuchi (professor 
at the University of 
Wisconsin and then the 
University of Kansas) 

 1964  Developed systems of medical relevance 
for the prolonged drug therapy of 
patients 

 Folkman and Long  [ 14 ] 

 1981  Offered the fi rst systematic, mechanism- 
based classifi cation of controlled release 
systems 

 Langer and Peppas  [ 15 ] 

 1980  Design of drug delivery systems was a 
publication: provided simple but 
accurate solutions and design equations 
for drug delivery from matrices 

 Ping Lee  [ 16 ] 

 1990  Developed the fi rst successful 
biodegradable systems for treatment of 
brain tumors 

 Langer and Brem, working 
with researchers at MIT 
and Johns Hopkins 

 [ 17 ] 

 1976  Speiser was the father of pharmaceutical 
nanotechnology, having written about 
nanoparticles in drug delivery as early as 
1976 [ 16 ] 

 Speiser  [ 18 ] 

(continued)
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3.6.1     Historical Role of Polymers as Plastics 

 The plastics industry is recognized having its beginning in 1868 with the synthesis 
of cellulose nitrate. It all started with the shortage of ivory from which billiard balls 
were made. The manufacturer of these balls, seeking another production method, 
sponsored a competition. Johny Wesley Hyatt (in the U.S.) mixed pyroxin made 
from cotton (a natural polymer) and nitric acid with camphor. The result was cel-
lulose nitrate which is called celluloid. It is on record; however that Alexander 
Parkes, seeking a better insulating material for the electricity industry, had in fact 
discovered that camphor was an effi cient plasticizer for cellulose nitrate in 1862. 
Hyatt, whose independent discovery of celluloid came later, was the fi rst to take out 
patents for this discovery. Cellulose nitrate is derived from cellulose a natural poly-
mer. The fi rst truly man made plastic came from 41 years later (in 1909) when Dr. 
Leo Hendrick Baekeland developed phenol-formaldehyde plastics (phenolics), the 
source of such diverse materials as electric iron and cookware handles, grinding 
wheels and electrical plugs. Other polymers-cellulose acetate (toothbrushes, combs, 
eyeglass frames etc.), urea-formaldehyde (buttons, electrical accessories), poly(vinyl 
chloride) (fl ooring, upholstery etc.) and nylon (toothbrush bristles, surgical sutures) 
followed in the 1920s. It is obvious that the pace of development which was pain-
fully slow up to the 1920s picked up considerable momentum in the 1930s and the 
1940s. The fi rst generation of manmade polymers was the result of empirical activi-
ties; the main focus was on chemical composition with virtually no attention paid to 
structure. However during the half of the twentieth century, extensive organic and 
physical developments led to the fi rst understanding of the structural concept of 
polymers-long chains or a network of covalently bonded molecules. In this regard 
the classic work of German chemist Hermann Staudinger on polyoxymethylene and 
rubber and of the American chemists W.T. Carothers on nylon stand out clearly. 
Staudinger, fi rst proposed the theory that the polymers are composed of giant mol-
ecules and he coined the word macromolecule to describe them. Carothers discov-
ered nylon, and his fundamental research (through which actually nylon was 

Table 3.1 (continued)

 Year  Event  Researcher  References 

 1986  Worked on the enhanced permeability 
and retention (EPR) effect that explained 
the mechanisms of macromolecular 
transport and accumulation to tumors 

 Hiroshi Maeda  [ 19 ] 

 1960–
1970 

 Resulted in historical development of 
nanoparticles 

 Contribution of Paul 
Ehrlich and then by Ursula 
Scheffel and colleagues 
and the extensive work by 
the group of Professor 
Peter Speiser at the ETH 
Zürich in the late 1960s 
and early 1970s 

 [ 20 ] 
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discovered) contributed considerably to the elucidation of the nature of polymers. 
His classifi cation of polymers as condensation or addition polymers persists today. 
The years following World War II (1950s) witnessed great strides in the growth of 
established plastics and the development of new ones. The Nobel Prize winning 
development of stereo specifi c catalysis by professors Karl Ziegler of Germany and 
Giulio Natta of Italy led to the ability of polymer chemists to order the molecular 
structure of polymers. As a consequence, a measure of control over polymer proper-
ties now exists, polymers can be tailor made for specifi c purposes. In recent years as 
a result of better understanding of polymer structure property relationship, introduc-
tion of new polymerization techniques and availability of new and low cost mono-
mers, the concept of a true tailor made polymer has become reality. In the years 
ahead, polymers will continue to grow. The growth from all the indications will be 
not only from the development of new polymers, but also from the chemical and 
physical modifi cation of existing ones.   

3.7     Shift from Nature to Synthetic (Including the Merits 
and Demerits of Synthetic Polymers) 

 Polymers have become a crucial part of life, especially biodegradable polymers are 
of special interest since they do not accumulate in or nor harm the environment and 
thus can be considered as green [ 21 ]. 

 To date, due to versatility of polymeric materials, specifi cally biodegradable 
ones, they are rapidly replacing other biomaterial classes, such as metals, alloys, 
and ceramics for use in biomedical applications. In 2003 the sales of polymeric 
biomaterials exceeded $7 billion, accounting almost 88 % of the total biomaterial 
for that year. The global market for biodegradable polymers increased from 409 
million pounds in 2006 to 3 % an estimated 541 million pounds by the end of 2007. 
It should reach an estimated 1203 million pounds by 2012, a compound annual 
growth rate of 17 [ 21 ]. 

 Biodegradable polymers can be either natural or synthetic. In general synthetic 
polymers great advantages over natural polymers since they can be tailored in such 
a way to yield wide array of possibilities with different types of products. Some of 
the natural polymers have important functional groups that are suitable for applica-
tions such as tissue engineering and less prone to produce toxic effects. Nevertheless 
presence of such functional groups and contaminants present in the material of 
natural origin may produce undesirable immunological effects [ 21 ]. On the other 
hand synthetic polymers are available with wide range of chemical linkages that can 
greatly affect the degradation and other derived properties. To obtain the intermedi-
ate property two or more polymers can be blended and or chemically linked (copo-
lymerized). This latter approach has basically attracted lot of attention because of 
the possibility of generating polymers with desired properties without limitation 
such as phase separation [ 21 ]. 
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 Polymers are either naturally occurring or purely synthetic. All the conversion 
process occurring in our bodies are due to the presence of enzymes. Life itself may 
cease if there is a defi ciency of these enzymes [ 22 ]. Enzymes, nucleic acid and pro-
teins are polymers of biologic origin. These structures are normally very complex 
were not understood until very recently. Starch, cellulose and natural rubber are on 
the other hand example of plant based natural polymers and have relatively simple 
structure then those of enzymes or proteins. There are large numbers of synthetic 
polymers consisting of various families: fi bers elastomers, plastics, adhesives. Each 
family itself has subgroups [ 22 ]. 

 From last 10 to 15 years much attention has been given to the development of 
synthetic polymers for drug delivery devices, especially polymers those are fabri-
cated from synthetic polymers that degrade under in vivo conditions. Various data-
bases, literature, and scientifi c reports in the fi eld polymers science have 
demonstrated that natural polymers to this fi eld received far less publicity that the 
synthetic polymers as they play major role in drug delivery science. Three broad 
classes of natural polymers (proteins, polysaccharides and polyesters) derived from 
hydroxyacids showed the variable candidates for drug delivery applications [ 23 ]. 
However Kopecek and Ulbrich correctly reported the certain advantages offered by 
synthetic polymers over natural polymers. He has also suggested that the techniques 
or methodologies employed to fabricate synthetic polymers simply cannot create 
the well-designed molecular structures with unique properties featured by many 
natural polymers [ 23 ]. This is the most important reason for considering the latter. 
Protocol employed in the development of synthetic or natural polymers as drug car-
rier play a major role in deciding its ultimate applications in drug delivery. 
Degradation by external factors such as biodegradability by enzymatic hydrolysis or 
by other means is considered as the dominant feature of natural polymers. This type 
of degradation eventually causes a molecular weight variation which ultimately 
affects the molecular weight dependent biological activity of the natural polymer. 
Process of degradation is more advantageous when the degradation products are the 
part of normal metabolic process of the body. Potential of natural polymers to show 
bioactivity offers interesting possibilities that are being explored to some degree, 
but warrant further study [ 23 ]. In such cases, the carrier becomes an active partici-
pant in the therapeutic process. Nevertheless antigenicity, a form of bioactivity 
exhibit by natural polymers like proteins can be very dangerous, though not consid-
ered as a major problem to date. Current research cited various references for appli-
cations of collagen based drug delivery devices. Consequently it’s suitable to review 
nature for such applications. It is relevant to point out that collagen represent com-
plex family of numerous proteins [ 23 ]. Collagens are considered as the most impor-
tant protein for connective tissue and form a major part of the organic matrix of 
bones. Although 11 type of collagens with varying features have been discovered 
and according to researchers many more will be identifi ed in future [ 23 ]. 

 Biodegradable synthetic polymer offers a number of advantages for application 
in tissue engineering and regenerative medicine [ 24 ]. The biomaterials can be easily 
synthesized with reproducible quality and purity and fabricated in to various shapes 
with desired bulk and surface properties [ 24 ]. Specifi c advantages include the abil-
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ity to tailor the mechanical properties and degradation kinetics of these materials to 
suit various applications. Poly-hydroxy acids such as poly(glycolic acid), poly( L - 
lactic acid), and their copolymer poly(lactide-co-glycolide) are the most widely 
used biodegradable synthetic polymers for tissue engineering applications. The 
polymers have gained popularity due to their processing, consistency, adequate 
mechanical properties and Biodegradability and they are already FDA approved for 
human use in variety of applications including as sutures and in drug delivery sys-
tem [ 24 ]. The ester bond in these polymers degrades non enzymatic hydrolysis and 
their non toxic degradation products are eliminated from the body in form of carbon 
dioxide and water. The degradation rate of these polymers can be controlled by 
alteration of their crystalline, initial molecular weight and the copolymer ratio of the 
lactide and glycolide and the degradation times that can be achieved ranges from 
several weeks to several months. Since these polymers are thermoplastics, they can 
be confi gured in three dimensional structures with a desired microarchitecture, 
shape and dimension, however synthetic polymer generally lacks intrinsic biologi-
cal activity and their degradation products may cause adverse effects or alter local 
microenvironment in vivo. In addition the surface hydrophobicity of synthetic poly-
mer may mediate protein denaturation in the vicinity of the implant and induce 
fi brous encapsulation [ 24 ]. A number of groups have begun to explore the synthesis 
of biomaterials that unite the advantages of smart synthetic polymers with the bio-
logical activities of proteins at the same chemical level. The concept of smart poly-
mers was initially derived from the development of materials that show large 
conformational changes in response to micro environmental stimuli such as tem-
perature, ionic strength, pH, or light. The responses of the polymer may include 
precipitation or gelation, reversible adsorption on a surface, collapse of a hydrogel 
or surface graft, and alteration between hydrophobic and hydrophobic state [ 24 ]. In 
many cases change in the state of the polymer is reversible. Biological application 
of this technology currently under development span diverse areas including biosep-
aration, drug delivery, reusable enzymatic catalysts, molecular switches, biosen-
sors, regulated protein folding, microfl uides and gene therapy. Smart synthetic 
polymers may offer promise for revolutionary improvements in tissue engineering 
scaffolds. Beyond the physical properties of these polymers, a major goal is to 
impart smart biomaterials with the specifi c properties of signaling proteins such as 
growth factors. Natural  polymers  are oxygen-permeable and available in large quan-
tities from renewable sources, while synthetic polymers are produced from non 
renewable petroleum resources. 

 Biodegradable synthetic polymer exhibit number of advantages such as easy to 
process, bioactive molecules can be easily incorporated and mimic natural ECM 
structure and function. However it also exhibits numerous disadvantages less bio-
compatible than natural polymer and easily degrades to form bio products. Naturally 
derived materials are biocompatible, bioactive material can be easily incorporated, 
mimic natural ECM structure and composition, however its diffi cult to control bio-
degradable rate and having poor mechanical stability. Additionally they are tem-
perature sensitive and transfer of pathogen is possible. 
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 In contrast with natural polymers synthetic polymer enjoy the tremendous advan-
tage of versatility. Through creative polymer chemistry, the synthetic polymer can 
be custom designed to meet specifi c needs. The toxicology of breakdown products 
and tissue biocompatibility of the polymers are the major issue in deciding the suc-
cess of the devices. When intended as a long term delivery systems the cyto-toxicity 
of degraded products may be less of a problem because of the slow degradation rate 
and hence the low dose. Any acute infl ammatory response to the implant may also 
have the chance of being resolved as the polymer disappears. However other poten-
tial side effects such as carcinogenicity and teratogenicity are diffi cult to address 
and evaluate. Nevertheless with the tremendous potential advantages, research in 
this area is still rewarded with a high benefi t to risk ratio. 

3.7.1     Natural Polymers and Synthetic Polymers for Scaffolds 

 Recent report suggested the potential applications of polymers as biomaterials for 
the fabrication of medical device and tissue-engineering scaffolds [ 25 ,  26 ]. The 
most preferable features for suggesting the materials as biomaterials are molecular 
weight, material chemistry, shape and structure, solubility, lubricity, hydrophilicity/
hydrophobicity, water absorption degradation, erosion mechanism and surface 
energy. Owing to their distinctive properties such as high porosity with very small 
pore size, biodegradation, high surface-to-volume ratio, and mechanical property, 
polymeric scaffolds are considered for its potential biomedical applications. Their 
unique characteristics represent distinct advantages of biocompatibility, versatility 
of chemistry, and the biological properties which are signifi cant in the application 
of tissue engineering and organ substitution. According to reports various research-
ers have worked to culture skin and cartilage [ 27 ], bone and cartilage [ 28 ], liver 
[ 29 ], heart valves and arteries [ 30 ], bladder [ 31 ], pancreas [ 32 ], nerves [ 33 ], corneas 
[ 34 ], and various other soft tissues [ 35 ]. Depending on the intended use, scaffold 
materials can be synthetic or biologic, degradable or nondegradable. Based on the 
properties of polymers such as composition, structure, and arrangement of their 
constituent macromolecules it can be classifi ed into various types in terms of their 
structural, chemical, and biological characteristics, for example, ceramics, glasses, 
polymers, and so forth. In broad terms it can be classifi ed in to naturally occurring 
polymers, synthetic biodegradable, and synthetic nonbiodegradable polymers used 
as biomaterials. According to earlier report natural polymers can be considered as 
the fi rst biodegradable biomaterials used clinically [ 36 ]. Since they exhibit bioactive 
properties and have better interactions with the cells which allow them to enhance 
the cells’ performance in biological system. Natural polymers can be broadly clas-
sifi ed as polysaccharides (cellulose, amylose, dextran, chitin, and glycosaminogly-
cans), proteins (silk, collagen, gelatin, fi brinogen, elastin, keratin, actin, and 
myosin), or polynucleotides (DNA, RNA) [ 37 ]. The most dominating feature of 
synthetic polymer over natural polymers is that synthetic biomaterial direction pro-
vided by biomaterials may assist restoration of structure and function of damaged 
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or diseased tissues, thus highly considered in biomedical fi eld. In addition their 
properties (e.g., porosity, degradation time, and mechanical characteristics) can be 
tailored for specifi c applications which may further encourage its utilization in bio-
medical fi eld. In contrast with natural polymer, synthetic polymers are having broad 
class with defi ned purity and properties. Additionally they often cheaper than bio-
logic scaffolds; it can be produced in large uniform quantities and have a long shelf 
time. It has been observed that various commercially available synthetic polymers 
show physicochemical and mechanical properties comparable to those of biological 
tissues. As discussed above synthetic polymers correspond to the largest group of 
biodegradable polymers, and they can be produced under controlled conditions and 
exhibit, in general, predictable and reproducible mechanical and physical properties 
such as tensile strength, elastic modulus, and degradation rate [ 38 ]. The most com-
monly used synthetic polymers in tissue engineering [ 39 ] are PLA, PGA, and PLGA 
copolymers. Among various polymers, PHA (belongs to a class of microbial poly-
esters) is being increasingly considered for applications in tissue engineering [ 40 ]. 
In soft tissue engineering bioactive ceramics (such as HAP, TCP), and certain com-
positions of silicate and bioactive glasses (such as phosphate glasses) and glass- 
ceramics (such as apatite-wollastonite) react with physiological fl uids and through 
cellular activity form tenacious bonds to hard [ 41 ]. Nevertheless the issues related 
with their biocompatibility and biodegradability is often inadequate. This may limit 
their potential use in the clinical side. Researchers are still working on overcoming 
these issues by developing suitable blend of synthetic and natural polymers or by 
exploring composite materials that improve the scaffold properties and thereby 
allowing controlled degradation [ 42 ] and improving the biocompatibility in tissue 
engineering applications [ 43 ]. For achieving mechanical and biological perfor-
mance in hard tissue the suitable blend of degradable polymers and inorganic bioac-
tive particles can be developed. This and many other alike approaches promote their 
utilization in biomedical fi eld [ 44 ].  

3.7.2     Natural vs Synthetic Polymer (as Biomaterial) 

 Natural polymers can be found in living creatures and plants; for example, silk, 
protein, cotton, linen, wool and DNA. Synthetic polymers, as their name indicates, 
are synthesized in the lab through a series of chemical reactions. Examples of such 
polymers are polyvinylchloride, polypropylene, chewing gum, rubber and nylon. 
There are various biomedical applications of synthetic and natural polymers 
(Table  3.2 ). Synthetic and natural polymers have diverse applications in drug deliv-
ery. Natural polymers faced many problems like instability, irreproducibility, 
changes in aesthetics on storage, uncontrollable formulation characteristic etc. 
therefore novel designs were required to develop in form of synthetic polymer by 
some chemical processes like polymerization. Development of new structural 
imprints could require solutions for some of the problems that are usually associ-
ated with natural polymers. Most of natural polymers are covered by gums such as 
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acacia, tragacanth, guargum, xanthan, etc. these polysaccharides are having molec-
ular weight which sometime hinders its biological property. Natural polymers those 
are derived from the animal origin carry antigenicity and therefore interfere with 
function of model drug by inducing some immune reactions. Microbial based poly-
saccharides often carries the antigenic property which again interferes with in vivo 
biological reactions induced by model drug, though they are still use for various 
pharmaceutical applications. On the other hand synthetic polymers are either syn-
thesized from natural polymers or completely synthesized from synthetic mono-
mers. Synthetic derivatives like cellulose, acryl, vinyl polymers relatively address 
these issues. In modern day formulations well engineered polymers are gradually 
replacing the natural polymers. Natural polymers are less toxic, biodegradable and 
don’t contain any synthetic chemical as synthetic polymers and derivatives con-
tains. Though the Synthetic polymers are more stable then the natural polymers 
therefore synthetic polymers can be readily sterilized. Most of the natural polymers 
tend to change color due to the process called as auto oxidation. This will lead to the 
leaching of colorful substance in product which can interfere with the physic-chem-
ical properties of parent product. Therefore plasticizer supplementation is highly 
recommended while fabricating natural polymer based formulation. Natural poly-
mers have the problem of short shelf life when compared with synthetic polymer. 
Some of toxicities under  in vivo  and  in vitro  conditions were also highlighted in 
some of the reports. There are various structural variable used to control 

   Table 3.2    Biomedical applications of synthetic and natural polymers   

 Polymer  Biomedical applications 

 Poly (2-hydroxyethyl methacrylate)  Contact lens 
 Poly(dimethyl siloxane)  Breast implants, contact lenses, knuckle 

replacements 
 Poly(ethylene)  Orthopedic joint implants 
 Poly(ethylene glycol)  Pharmaceutical fi llers, wound dressings 
 Poly(ethylene terepthalate)  Vascular grafts, sutures 
 Poly(e-caprolactone)  Drug delivery devices, sutures 
 Poly(lactic-co-glycolic acid)  Resorbable meshes, sutures 
 Poly(methyl-methacrylate)  Bone cements, diagnostic contact lenses 
 Poly(tetrafl uoroethylene)  Vascular grafts, sutures 
 Poly(isoprene)  Gloves 
 Poly(propylene)  Sutures 
 Alginate  Wound dressing 
 Chitosan  Wound dressing 
 Collagen  Orthopedic repair material, 

 Nerve repair matrices, 
 Tissue engineering matrices 

 Elastin  Skin repair matrices 
 Fibrin  Hemostatic products, tissue sealants 
 Glycosaminoglycan  Orthopedic repair matrices 
 Hyaluronic acid  Orthopedic repair matrices 
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bio-degradable polymer properties (Table  3.3 ). Toxicity assessment of both syn-
thetic and natural polymers can be achieved by considering the biocompatibility and 
biodegradability parameters which can be further assessed by  in vivo  and  in vitro  
cyto-toxicity (e.g. lactate  dehydrogenase  assay).

3.7.3         Natural vs Synthetic Polymer in Tissue Engineering 

 Natural based polymer can be derived from the sources within the body or outside the 
body. One of the most common natural biomaterial found in the human body is the 
protein collagen. Many different type of collagen exist in different tissues and several 
of these particularly type I and II have been explored as biomaterials. Another protein 
base biomaterial fi brin, results from the combination of blood clotting factors fi brino-
gen and thrombin. Both fi brin and collagen have been frequently used in tissue engi-
neering attempts to repair cartilage damage and other orthopedic applications. 

 In addition to proteins, naturally based polymers may be derived from sugars 
(carbohydrates). Hyaluronic acid is an example of carbohydrate molecule occurring 
in human tissue that is often employed as a biomaterial. However the source of other 
carbohydrate derived materials may be non human. Chitosan, a sugar based sub-
stance found in arthropod exoskeletons, agarose which is formed by algae and algi-
nate derived from seaweed, are all currently being investigated as biomaterials for a 
variety of applications. For example, combination of chitosan and alginate has been 
examined for wound dressings. 

   Table 3.3    Structural variable used to control biodegradable polymer properties [ 45 ]   

 Variables  Effects  Examples 

 Inco-operation of both 
natural or non natural 
monomers 

 May reduce/eliminate 
immunologic response often 
found in natural derived 
polymers 

 Nonimmunologic PGA and PLA 
(vs collagen) 

 Inco-operation of labile 
groups in polymer chain 

 Control kinetics of 
biodegradation 

 Hydrolysable ester bond in PGA 

 Inco-operation of 
functional groups in side 
chains 

 Control chemical and physical 
properties of polymers 

 Hydrophilic, hydrophobic and 
amphiphilic polyphosphazenes 

 Inco-operation of chiral 
centers in polymeric 
chains 

 Control chemical and 
mechanical properties of 
polymers 

 Semi-crystalline I PLA, 
amorphous di PLA 

 Possibility of utilizing 
multiple monomers 

 Control properties of polymers  Glycolic and lactic acids in 
PLGA 

 Use of natural 
compounds as 
monomers 

 Biocompatible breakdown of 
products 

 Lactic acid in PLA 

 Use of different polymer 
 Architectures 

 Control chemical and 
mechanical properties of 
polymers 

 Branched polymers lower 
viscosity 
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 There are advantages and disadvantages of both natural and synthetic polymer 
and particularly materials may lend themselves to certain applications over others. 
In many cases natural polymers have composition similar to tissues they are replac-
ing. Therefore they may be more fully integrated in to the surrounding tissue over 
the time or more easily remolded in response to changes in tissue needs. However 
concerns about the feasibility of fi ndings large amount of some these materials for 
clinical applications, their relatively low mechanical properties and the assurance of 
pathogen removal. In addition regions of these molecules may be recognized as 
foreign by the body immune system leading to a type of material rejection. Further 
potential problem arise when the biomaterial is based on not a single naturally 
occurring polymer, but decellularized tissue. Here unwanted calcifi cation leading to 
device failure is a particular concern. 

 In contrast synthetic polymer can be easily mass produced and sterilized so sup-
ply issues are not a problem at all. Additionally their physical, chemical, mechanical 
and degradative properties can be tailored for specifi c applications. However unless 
specifi cally treated, most synthetic materials do not interact with tissue in an active 
manner and therefore cannot direct or aid in healing around the implant site. Also 
few synthetic polymers have been approved by regulatory agencies for use in 
humans in specifi c applications.  

3.7.4     Natural vs Synthetic Polymer Hydrogels 

 Hydrogel can be prepared from natural or synthetic polymer using various methods. 
Hydrogels made from natural sources can be derived from polymers such as colla-
gen, hyaluronic acid, fi brin, alginate, agarose, and chitosan. Many natural polymer 
such as collagen HA and fi brin have been used in tissue engineering applications 
because they are either components or have macromolecular properties similar to 
the natural extracellular matrix. Collagens are composed of three polypeptide 
strands twisted together to form a triple helix and are the main protein of mamma-
lian ECM. Likewise hyaluronic acid an anionic glycosaminoglycan polysaccharide, 
is also found in nearly all adult animal tissues. Alternatively alginate, agarose and 
chitosan are hydrophilic, linear polysaccharides derived from marine algae sources 
(alginate and agarose) or crustaceans (chitosan). Another natural derived gel 
Matrigel™, is derived from soluble basement membrane extract of mouse tumors. 
Various natural polymers have specifi c utilities and properties based on their origin 
and composition. Advantages of natural polymer based gels include inherent biode-
gradability and biologically recognizable moieties that support cellular activities. 
Disadvantages of some of these hydrogels include mechanical weakness and the 
possibility of evoking immune/infl ammatory responses. Synthetic hydrogels are 
appealing for tissue engineering due to amount of control scientists have over struc-
ture, such as cross-linking density and tailored properties such as bio-degradation, 
mechanical strength, and chemical and biological response to stimuli. Synthetic 
polymers such as poly(ethylene glycol) (PEG) and other PEG based polymers or 
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poly(vinyl alcohol) (PVA) can be reproducibly produced with specifi c molecular 
weights, block structures, degradable linkages and cross linking density and 
mechanical and degradation properties of the material. Hydrogels made from syn-
thetic polymers like PVA, PEG or their derivatives do not possess the inherent bio-
active properties that gels made from natural polymers do. However, they do have 
well defi ned structures and are versatile templates for subsequent modifi cations that 
yield taliorable degradability and functionality.   

3.8     Natural Polymers (Reasons for Reverting to Nature) 

 Polymers derived from natural resources have been widely researched as biomateri-
als for a variety of biomedical applications including drug delivery and regenerative 
medicine. These molecules have biochemical similarity with human ECM compo-
nents and hence are readily accepted by the body. Additionally these polymers 
inherit several advantages including natural abundance, relative ease of isolation 
and room for chemical modifi cation to meet the technological needs. In addition 
these polymers undergo enzymatic and hydrolytic degradation in the biological 
environment with body friendly degradation bye products. Natural polymers include 
the list of polysaccharides and animal derived proteins. Polysaccharides are an 
important class of biomaterials with signifi cant research interest for a variety of 
drug delivery and tissue engineering applications due to their assured biocompati-
bility and bioactivity. Polysaccharides are often isolated and purifi ed from renew-
able sources including plants, animals, and microorganisms. Essentially these 
polymers have structural similarities, chemical versatilities and biological perfor-
mance similar to ECM components, which often mitigate issues associated with 
biomaterials toxicity and host immune responses. The building block of carbohy-
drate monosaccharide’s are joined together by o-glycosidic linkages to form poly-
saccharide chains. Polysaccharides offer a diverse set of physicochemical properties 
based on monosaccharide’s that constitutes the chain, its composition and source. 
The popular list of polysaccharides used for a variety of biomedical applications 
includes cellulose, chitin/chitosan, starch, alginates, HAs, pullulan, guar gum, xan-
than gum, and GAGs. In spite of many merits as biomaterials, these polysaccharides 
suffer from various drawbacks including variation in the material properties based 
on the source, microbial contamination, uncontrolled water uptake, poor mechani-
cal strength and unpredictable degradation pattern. These inconsistencies have lim-
ited their usage and biomedical applications related technology development. 
Numerous synthetic polymers with well defi ned mechanical and degradation prop-
erties have been developed to meet the technological needs in the biomedical appli-
cations. However these polymers from the biological standpoint lack much desired 
bioactivity and biocompatibility and may cause toxicity and immune response. 
Polysaccharide structure offers freely available hydroxyl and amine functionalities 
that make it possible to alter its physicochemical properties by chemically modify-
ing polysaccharide structure. For instance grafting synthetic monomers on the 
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polysaccharide chains offer an easy way to control polymer solubility undesired 
solvents, water uptake and degradation. These semi synthetic polymers offer best 
feature of the both natural and synthetic polymers. Various cross linking techniques 
to restrict the polysaccharide chain movement to control their water uptake, degra-
dation and mechanical properties have also been developed. Polysaccharides based 
porous scaffolds, fi ber matrices, hydrogels, and micro and nanoparticles have been 
developed for variety of tissue regeneration and drug delivery applications. In the 
recent years glycochemistry has gained research momentum for understanding car-
bohydrate biological functions and development of carbohydrate based drugs and 
vaccines. Engineered carbohydrate based polymeric structures may serve as an 
alternative material platform for a variety of regenerative medicine and drug deliv-
ery applications. A new nonpetroleum based biomaterial platform to meet the ver-
satile needs in biological science and biomedical engineering could be achieved by 
collaborative efforts between academia, government and industry partnership. The 
collaborative efforts should include bringing scientist working in different disci-
plines of chemistry, biology, polymers, materials sciences and engineering to work 
toward these activities. The collaborative efforts could lead to the development of a 
methodology for synthesis natural polymer based semi synthetic polymers and pro-
vide a greater depth of understanding of carbohydrate biological functions, polymer 
structure, material properties degradation and mechanical properties. Further the 
development of modeling tools to predict the structure, property and biological 
activity of carbohydrates for biomedical applications is a step in this direction. The 
goal of new initiatives should focus on the development of natural polymer based 
orthopedic fi xation devices, biomedical implants, drug delivery vehicles, carbohy-
drate based drugs, hydrogels, surfactants, coagulants, and absorbents for a variety of 
biomedical applications. The research activities in this area could generate com-
mercially available technologies and product from the renewable resources and con-
tribute immensely toward economic development. 

3.8.1     Need of Natural Polymers 

•      Biodegradable  
 Naturally occurring polymers produced by all living organisms. They show no 
adverse effects on the environment or human being.  

•    Biocompatible and Non-Toxic  
 Chemically, nearly all of these plant materials are carbohydrates in nature and 
composed of repeating monosaccharide units. Hence they are non-toxic.  

•    Economic  
 They are cheaper and their production cost is less than synthetic material.  

•    Safe and Devoid of Side Effects  
 They are from a natural source and hence, safe and without side effects.  

•    Easy Availability  
 In many countries, they are produced due to their application in many industries.     

3.8 Natural Polymers (Reasons for Reverting to Nature)
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3.8.2     Disadvantages of Herbal Polymers 

•      Microbial Contamination  
 During production, they are exposed to external environment and hence, there 
are chances of microbial contamination.  

•    Batch to Batch Variation  
 Synthetic manufacturing is controlled procedure with fi xed quantities of ingredi-
ents while production of natural polymers is dependent on environment and vari-
ous physical factors.  

•    The Uncontrolled Rate of Hydration  
 Due to differences in the collection of natural materials at different times, as well 
as differences in region, species, and climate conditions the percentage of chemi-
cal constituents present in a given material may vary [ 46 ].  

•    Slow Process  
 As the production rate is depends upon the environment and many other factors, 
it can’t be changed, thus natural polymers have a slow rate of production.  

•    Heavy Metal Contamination  
 There are chances of Heavy metal contamination often associated with herbal 
excipients [ 47 ].         
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    Chapter 4   
 Plant Derived Polymers, Properties, 
Modifi cation & Applications                     

    Abstract     Current polymeric research has explored various applications in drug 
delivery and its related biomedical applications. Natural polymers especially those 
are derived from plant sources has evidenced for growing interest and attention in 
biomedical and pharmaceuticals sectors. Owing to their relative abundance, low 
cost, and biodegradable and eco-friendly profi les, plant derived polysaccharides are 
more preferred over the synthetic polymers. Present work demonstrates the drug 
delivery applications of plant based polysaccharides especially in nanotechnology 
sector. Outstanding features of these polysaccharides attributed to its unique 
physico-chemical properties. These plants polymer based nanomaterials used or 
investigated as release retardant in sustained or controlled release drug delivery 
systems. Nanomaterials of these plant based polysaccharide exhibit high water 
content, functionality, biocompatibility, tunable size from submicrons to tens of 
nanometers, large surface area for multivalent bioconjugation, and interior network 
for the incorporation of therapeutics. These unique properties present great potential 
for the utilization of polysaccharide-based microgels/nanogels in tissue biomedical 
implants, engineering, bionanotechnology, and particularly, drug delivery.  

  Keywords     Plant   •   Nanomaterials   •   Polysaccharides   •   Drug delivery   •   Biomedical   • 
  Natural polymer   •   Nanotechnology   •   Nanoparticles  

4.1           Introduction 

 Owing to their relative toxicity and stability issues under physiological environment 
drugs are rarely administered as such since most of them are always formulated into 
a desirable dosage form with the support of active excipients. Active excipients are 
those excipients that may mask the toxic or undesirable effect of drug without 
affecting its signifi cant biological activity. Additionally most of the recent formula-
tions tend to enhance biological activity by increasing its stability profi le especially 
under in vivo environment. According to International Pharmaceutical Excipients 
Council excipients are those substances, other than the active drug substances of 
fi nished dosage form, though some excipients also exert similar or different biologi-
cal activity then active drug and sometime impart synergistic or cumulative effect 
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to the active drug. Objectives of each and every excipients is to either aid the 
 processing of the drug delivery system through its manufacture, protect, bioavail-
ability, support or enhance stability, assist in product identifi cation, or patient 
acceptability, or enhance any other features of the general safety and effi ciency of 
the drug delivery system throughout storage or use [ 1 ]. Therefore excipients plays a 
major role in deciding the fi nal fate of drug under both in vitro and in vivo environ-
mental conditions. Currently a variety of excipients have been explored as binding, 
fl avoring, suspending, lubricating, gelling, sweetening and bulking agent among 
others [ 2 ]. They also play an important role in preserving the effi ciency, safety, and 
stability of active drug and guarantying that they deliver their assured benefi ts to the 
patients. One of the major advantages of excipients is that their utilization at opti-
mal concentration offers enhanced functionality, pharmaceutical manufacturers 
with cost-savings in drug development and help in drug formulations innovation. 
Since excipients are the largest components of any pharmaceutical formulation, 
therefore its essential to determine their stability and toxicological parameters from 
pre formulation studies. They can be obtained from natural or synthetic origin and 
in contrast with natural excipients, synthetic excipients are more utilized in pharma-
ceutical dosage forms [ 3 ]. Owing to the exclusive properties and advantages over 
naturally derived compounds, including a low sensitivity to various ingredients or 
moisture, resulting in more effi cient and effective pharmaceutical products, syn-
thetic and semi-synthetic products are preferred more [ 3 ]. Synthetic and semi-syn-
thetics excipients differentiated on the basis of their origin such as pure synthetic 
organic chemical called as synthetic compound and substance that is naturally 
derived but has been chemically modifi ed is called as semi-synthetic. 

 Polymeric materials obtained from lipids, carbohydrates and protein covers a 
broad class of excipients. Most of them are derived from natural polysaccharides 
and their derivatives. Polysaccharides of plant origin endow a group of polymers 
that are widely used in pharmaceutical formulations and play a signifi cant role in 
evaluating the underlying mechanism and rate of drug release from the dosage form. 
Currently variety of plant based polysaccharides have been explored as excipients 
in the formulation of solid, liquid and semisolid dosage forms in which they play 
distinct functions as fi lm formers, matrix formers or release modifi ers, disintegrates, 
binders, stabilizers, emulsifi ers, suspending agents, thickeners or viscosity enhancers 
and muco adhesives [ 4 ,  5 ]. Additionally plant based natural polymers can also be 
used in the implants, micro particles, fi lms, nanoparticles, beads, formulation and 
manufacture of solid monolithic matrix systems, inhalable and injectable systems as 
well as viscous liquid formulations [ 5 – 7 ]. These plant based polymers are not only 
considered over synthetic polymers because of its signifi cant features such as 
biodegradability, biocompatibility, non toxic and low cost and relative abundance 
compared to their and synthetic counter parts [ 8 ,  9 ], however also as natural 
resources are renewable and provide constant supply of raw material if cultivated or 
harvested in a sustainable manner [ 10 ]. The most popular plant based natural 
polymers that are used in pharmacy and other fi elds are chitosan, ispaghula, acacia, 
agar, guar gum, carrageenan, gelatin, shellac and gum karaya. These natural 
polymers are extensively used in pharmaceutical industry as adjuvant, emulsifying 
agent and adhesive in packaging; and also suitable for cosmetic and pharmaceutical 

4 Plant Derived Polymers, Properties, Modifi cation & Applications
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product development. Moreover various wide ranges of applications in drug delivery 
have been explored since as polymers, they endow exclusive properties which so far 
have not been exhibited by any other materials [ 11 ]. Natural polymers can be 
conjugated with small molecular weight proteins, polypeptides, lipids, surfactants, 
drugs, peptides, metals, nucleic acid, antibody, etc. They can be modifi ed in such a 
way so that large chains and functional groups can be conjugated with other low and 
high molecular-weight materials to attain new materials with a variety of 
physicochemical properties. To overcome their demerits, natural polymers are 
tailored by chemical modifi cation. Various physico-chemical modifi cation reports 
are also available on natural gums, mucilages and other polysaccharides suggesting 
their potential role in pharmaceutical industry especially in drug delivery [ 12 ,  13 ]. 
Owing to the rising concern towards natural polymeric materials as pharmaceutical 
excipients, it’s very diffi cult to document all the polymers at one platform, though 
we tried to cover most of the plant based polymers with its physic-chemical 
modifi cations and current applications in pharmaceutical industry.  

4.2     Sources of Plant Polymers 

 Diversity of natural polymers in nature confers variation in their structural and gell-
ing properties. As a matter of fact native polymers show variability and versatility, 
associated with their complex structures, not found in other classes of polymers. 
Plant and algal derived polysaccharides are the precursors for the diverse polymers 
which are widely used in drug delivery industry as advanced therapeutics. From a 
view of commercial utilization plant derived polymers are at most priority, however 
more researches are currently enduring on algal polysaccharides because of its com-
plex structure related gelling properties. Moreover mammalian and microbial poly-
saccharide is another foundation for the polymeric industries because of their unique 
properties or because they provide a cheaper and superior alternative to other materi-
als derived from plant, animal, or synthetic sources. Throughout the whole literature 
we found that usage of polysaccharides falls into three distinct areas: food applica-
tions, nonfood applications and biological purpose, whereas their growth and evalu-
ation requires considerable investment in time, money, and technology. Many of 
these native polysaccharides for which potential industrial applications have been 
claimed have not proved to be of commercial value. Thus latest tools are required for 
their better study. Further discoveries in polymeric sciences furnish the continuous 
supply of novel polysaccharide from novel origin which makes a trouble in covering 
all the polymers under one platform. Combining together, here our attempt addresses 
the nature’s broad class of polysaccharide from diverse origin with their current 
advancements and contribution in the fi eld of pharmaceutics. Exploration of exten-
sive class of plant based polysaccharides suitable for nanodelivery, chiefl y from 
natural sources with techniques to increase its development in pharmaceutics. Here 
in this chapter we have covered the following set of objectives to explore the diverse 
polysaccharides in pharmaceutical sciences.

4.2 Sources of Plant Polymers
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•    To cover the utmost diversity of natural polysaccharides with aim to distinguish 
their commercial and medicinal utilization according to their structure related 
gelling properties.  

•   Broad view of nano applications of these polymers  
•   Latest equipments and knowledge used in the structural interpretation and gelling 

properties evaluation of diverse polysaccharides from different foundation.    

 Natural polysaccharides based polymers guarantee a new class of compounds for 
the development of a variety of drug delivery systems. They are now distinguished 
as valuable polymers for their signifi cant pharmaceutical properties. These 
renewable compounds are extremely advantageous as compared to synthetic 
polymers in properties like non-toxic, biocompatible and show a number of peculiar 
physico-chemical properties [ 14 ]. Polysaccharides have some common uniqueness 
which are signifi cant from a view of its applications; they have the ability to form 
multiple hydrogen bonds implying the local stiffness of the molecules, generally 
giving them the property of being water-soluble, but they also can be water-insoluble 
when they form intermolecular hydrogen bonds with each other to give crystals or 
large, high molecular weight, insoluble crystalline aggregates, granules, or fi bers; 
from this rigidity, they get a high thickener character [ 15 ]. Knowledge of solution 
properties is needed to understand the polysaccharides’ behavior in different 
applications. The main factors affecting the solution properties of polysaccharides 
are the molecular structures of the polysaccharides themselves, for example, the 
content of side galactose units and degree of substitution, molar mass, and 
temperature, pH, and ionic strength circumstances [ 16 ]. 

 Polysaccharides are present in all kind of organisms, mammals, plants and 
microorganisms (Table  4.1 ). Because of its abundance it’s very diffi cult to furnish 
absolute classifi cation of polysaccharides. Polysaccharide derived from plants 
polymers are nowadays of greatest interest. This interest is generated by the features 
of these natural sources, such as being able to produce biodegradable and 
biocompatible new products and as value-added materials [ 16 ]. Whereas algal 
galactans like agar, alginate and carrageenan are the major hydrocolloids used as 
texturing agents for food and non-food applications. Their extraordinary gelling and 
thickening properties make them more complex then plant polysaccharides [ 17 ,  18 ]. 
In this context mammalian and microbial polysaccharides also play a great 
contribution in pharmaceutical fi eld [ 18 – 24 ]. More focusing event in studding the 
polysaccharides is to establish a relationship between its structural and gelation 
properties. Various chemical, physical and biochemical tools are now available for 
their precise chemical and structural characterization.

   Recently advance techniques and equipments have provided a more precise view 
of the interaction between the structural and the gelling characteristics of these com-
plex polysaccharides. The quantitative estimation of all the constituent sugars, moe 
specifi cally the acid labile 3,6-anhydyrogalactose can be done by methanolysis and 
reductive acid hydrolysis procedures coupled to different chromatographic separa-
tions techniques. This advancement also presents the means of determining sugar 
linkages, substitutions and sequences using chemical, enzymatic and spectroscopic 
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     Table 4.1    Classifi cation of polysaccharides   

 Plant 
polysaccharides 

 Cellulose and its derivatives, starch (cyclodextrins and amylose) and its 
derivatives, rosin, inulin, pectin, psyllium and arabinogalactans (larch) 
Other polysaccharides from different sources like aloe, cereal, psyllium, 
quince seed and oat brans also play some important role. 
  Gums and mucilages  
 Xanthan gum, gellan gum, konjac glucomannan, Xyloglucan, Guar gum 
(guar beans), Karaya gum (Sterculia gum), Gum tragacanth (Astragalus 
shrubs), Chicle gum (From Chicle tree), Konjac glucomannan (From 
Konjac plant), Gum Arabic (Acacia tree), Gum ghatti (sap of Anogeissus 
tree), Locust bean gum (carub tree), Cashew gum Mastic gum (mastic 
tree), Tamarind kernel gum, Hakeagibbosa gum, Irvingiagabonensis, 
Moringaoleifer gum, Kyaha gum, Okra, Grewia, mucilage gum, Mimosa 
scabrella, Mimosa pudica, Albizia gum, Hupu gum, Lepidium sativum, 
Gum Copal, Gum Damar, Bhara Gum, Moi gum, Cactus mucilage, 
Cordia gum, Hakea, Karaya gum, Mucuna gum, Satavari mucilage, 
Ocimum seed, Mucilage, Leucaena seed gum, Cassia tora, Cashew gum, 
Asario mucilage, Bavchi mucilage, Abelmoschus mucilage, 
galactomannans (locust bean, guar, fenugreek and tara gum, 
hexofuranosides) Gum kondagogu, gum olibanum, Sida acuta gum 
(SAG), Cashew-nut tree exudate gum, gum from Meryta sinclairii, peach 
tree gum, angico gum, Laguncularia racemosa, Durian seed gums, 
Lepidium perfoliatum, Flaxseed gum, Albizia lebbeck gum, seeds of 
Gleditsia sinensis Lam gum, Mesquite gum (Prosopis spp.), Albizia 
procera gum, Yanang (Tiliacora triandra) leaves, Mesona Blumes gum, 
tamarind seed gum, Salvia macrosiphon) seed gum, hsian-tsao leaf gum, 
fl amboyant (Delonix regia) seed gum, Boswellia and Commiphora gum, 
Angum gum, Gum karaya (Sterculia urens L.), Bael gum 

 Algal 
polysaccharides 

  Brown algae : mannitol, Alginates and fucose/fucans/fucoidans, 
sargassan, Laminaran, Polyuronan, alginic acid 
  Green algae : Ulvan Oligo-Ulvans 
  Red algae : Agar/Agarose (agarans), carrageenans, hypneans, porphyran, 
furcellaran, funoran, dulsan, and iridophycan, mannans, crystalline 
mannas and xylomannans, rhamnanns 
  Mirco alga : Spirulan, sacran 
 However certain green algae polysaccharides also play some important 
role. Cyanobacteria (cyanobacterial polysaccharide) of the genera 
Aphanocapsa, Cyanothece, Gloeothece, Synechocystis, Phormidium, 
Anabaena and Nostoc are able to produce sulfated polysaccharides 
containing uronic acids 

 Microbial 
polysaccharides 

  Bacterial polysaccharide : Bacterial cellulose, dextran, bacterial 
hyaluronic acid, xanthan, emulsan, β-d glucans, curdlan, alignate, gellan 
and pullulan, Scleroglucan and Schizophyllan. Bacterial Hyaluronic 
Acid, kefi ran, exopolysacharide (EPS). xanthan gum, dextran, welan 
gum, gellan gum, diutan gum and pullulan. 
  Fungal polysaccharides  (Chitin, Scleroglucan, Lentinan, Schizophyllan 
Krestin, galactofurinase) 
  Yeast polysaccharide : Zymosan, glucans, glycogen, mannan 

 Mammalian 
polysaccharides 

 Glycosaminoglycans (Hyaluronic acid or hyaluronan, Chondroitin 
sulphate), gelatin and heparin sulfate. Chitin and chitosan 

 Others  β 1,3-Glucans derived from a variety of natural sources (such as yeasts, 
grain, mushroom or seaweed), poly-gamma-glutamate (Aminoacid 
polymer) 

4.2 Sources of Plant Polymers
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methods. Developments in multi- and low-angle laser-light diffusion detectors cou-
pled to high performance size exclusion chromatography now render the determina-
tion of molecular weight and molecular weight distribution of these galactans more 
accessible. Moreover techniques like NMR, rheology, dissolution techniques, bioad-
hesion testing methods, DSC, desulfation methods, various carbohydrate determina-
tion methods, SEC, freeze-drying, scanning electron microscopy, colorimetry, 
turbidimetry, X-ray diffraction method, plane polarized microscopy¸ fi ngerprinting 
approaches, Chromatographic separations of the fragments by HPLC, HPAEC and/
or capillary electrophoresis and mass- spectrometric identifi cation methods using the 
recently developed ESI-MS-MS and/or MALDITOF-MS technologies. (high perfor-
mance size exclusion chromatography) coupled to multiple or low angle laser light 
scattering detectors, various other hydrolysis and chemical modifi cation methods, 
establish a more clear link between structure and gelation of polysaccharides. From 
the view of their applications and structural complexicity now a day’s polymers from 
algal sources are getting more magnitude of concern then from plants, mammalian 
and microbial resources. However here we have targeted certain gelling polysaccha-
rides of natural origin with a objective to study its broad pharmaceutical applications, 
to testify their effectiveness in curing various human disorders and how current 
research is employing different tools in studying and improving their native proper-
ties [ 18 – 32 ]. 

 Carbohydrate-containing structures are amongst the most complex, heteroge-
neous, and abundant biomolecules on earth. Diversity of polysaccharides has given 
germination to modern knowledge to understand its structure related gelling proper-
ties. It is essential to classify these compounds to distinguish their role and quality 
in the drug delivery systems. Throughout our literature survey we comes to conclu-
sion that plant derived polysaccharides has wide applications in pharmaceutics 
however algal or sulphated polysaccharides gives more advancement to the area of 
polymeric sciences [ 5 ,  33 ]. Whereas mammalian polysaccharides are considered as 
non toxic biomolecules having excellent mucoadhesive capacity and many impor-
tant applications in formulation of bioadhesive drug delivery systems. Besides its 
mucoadhesive properties, it was found that this biopolymer may enhance the 
absorption of drugs and proteins via mucosal tissues. Furthermore microbial poly-
saccharides are more economic and exclusive polymers provide an alternate source 
to the current polymers exploiting industries.  

4.3     Methods of Extractions 

4.3.1     Cold Extraction 

 5 g of dried algal material was dissolved in 250 mL of distilled water and kept in 
orbital shaking incubator for 12 h at 20–25 °C degree. To obtain polysaccharide 
fraction the insoluble fraction was removed by centrifugation (15,000 rpm at 4 °C). 
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The supernatant was separated and treated with ethanol (1:3 v/v). Ethanol precipi-
tated fraction was again dissolved in distilled water and dialyzed. The obtained 
dialyzed sample was lyophilized weighed (0.38 g) and coded as EC [ 34 ].  

4.3.2     Hot Extraction [Mild Acidic (EHA), Alkaline (EHB) 
and Radical Hydrolysis (EHR)] 

 5 g of dried algal material was extracted with HCl (0.1 M) and maintained at 80 °C 
with constant mechanical stirring for different periods of time. The acid solublized 
fraction was separated by centrifugation (15,000 rpm at 4 °C) for 15 min. Similar 
procedure was again repeated for alkaline hydrolysis using NaBH 4  (0.1 M). Both 
fractions were lyophilized and their yield was denoted as EHA and EHB. For all 
the procedures the reaction time between sample and hydrolyzing agent was lim-
ited to 2 h.

  
%yield of POR

Dry weight of Porphyran g

Dry weight of Seaweed g
=

( )
( )

´1000
   

4.3.3       Radical Hydrolysis (EHR) 

 Radical hydrolysis was conducted by using ascorbate (0.1 M) and H 2 O 2  (0.1 M) at 
25 °C for 5 g of dried algal sample and the lyophilized product was denoted as HER 
[ 35 – 37 ]. The percentage yield was calculated on the basis of following equation:

  
%yield of POR

Dry weight of Porphyran g

Dry weight of Seaweed g
=

( )
( )

´1000
   

4.3.4       Microwave Assisted Extraction (EM) 

 Domestic Microwave oven (CATA 2R, 140–700 W, Catalyst System, Pune, India) 
equipped with closed vessel (100 mL), power sensor, temperature sensor and tem-
perature controller was used at conditions specifi ed in the Table  4.1 . 5 g of distilled 
water dissolved algal sample was introduced in to the closed vessel followed by open-
ing of the vessel and cooling in an ice bath shortly to relieve the pressure. Subsequent 
procedures were similar to those for hot extraction of polysaccharides [ 29 ].  
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4.3.5     Ultrasonic Extraction (EU) 

 5 g of algal sample was dissolved in distilled water and placed in a 250 mL beaker. 
The beaker and its contents were placed in to 42 kHz bath (Branson Ultrasonic 
cleaning bath unit, model 1510 DTH) and extracted under specifi ed conditions 
(Table  4.1 ). After this, the beaker was taken out of the sonication bath and subsequent 
steps were followed as mentioned in Hot extraction for polysaccharides [ 38 ].  

4.3.6     Enzymatic Hydrolysis (EE) 

 5 g of algal sample was treated with different percent of weighed amount of  cellu-
lase  in conditions as specifi ed in Table  4.1 . After the addition of distilled water pH 
was adjusted (4.5). Rest procedure was followed in a similar manner as followed in 
hot extraction method [ 39 ].   

4.4     Chemical Composition Analysis 

 Chemical composition of polysaccharides can be determined by these methods. 
Total sugar content, galactose and 3, 6 anhydrogalactose (AGR) contents were 
estimated by phenol sulfate [ 40 ,  41 ] resorcinol methods. Furthermore sulfur and 
protein content were determined by toluidine [ 42 ,  43 ] methods [ 40 – 43 ]. The organic 
functional groups of the polysaccharides preparations can be identifi ed by using an 
FTIR spectrophotometer via the KBr 141 pressed-disc method.  

4.5     Physical Properties 

4.5.1     Determination of Gelling Strength (GS) 

 5 % polysaccharide solution can be prepared in an autoclave at 100 °C. Gel formation 
took place in dark place at 25 °C after which the gel was kept at 10 °C overnight in 
a refrigerator [ 44 ]. Strength of the gel was measured at 20 °C using a Model TA-XT2 
Texture analyser (Stable Micro System, Surrey, UK).  

4.5.2     Determination of Gelling Temperature (GT) and Melting 
Temperature (MT) 

 The gelling and melting temperatures were measured according the method 
described by Craigie and Leigh [ 45 ]. For measurement of gelling temperature, 
10 mL solution of agar was allowed to cool gradually and a thermometer was 
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emerged in the sol. The temperature at which the thermometer was fi xed to the gel 
was noted. For melting temperature the gel was heated on a water bath and one iron 
ball (ca. 1 g of weight) was placed on the surface of the gel. The temperature at 
which the ball touched the bottom of the tube was noted.  

4.5.3     Viscosity Measurement (VS) 

 Apparent Viscosity of polysaccharide can be measured by Brookfi eld Viscometer 
(Synchrolectric Viscometer, Stoughton, MASS 02072). Spindle No. 1 at 60 rpm was 
used for measuring apparent viscosities of agar samples (5 % in deionized water) at 
60 °C.  

4.5.4     Molecular Mass Determination (MM) 

 Owing to structural similarity with many polysaccharides, Agarose of known MW 
was taken as standard. 5 % polysaccharide solution of all fractions (test samples) 
and agarose (standard) was prepared in double distilled water. Flow time of the all 
solutions (test and standard) and solvent (double distilled water) was determined by 
using Cannon-Ubbeholde viscometer which gives the intrinsic viscosities [η] values 
of all preparation. Viscosity average MWs were calculated from the intrinsic 
viscosity using the Mark–Houwink equation for agarose, [η] = 0.07 M 0.72 where 
[η] is mL/g [ 46 ,  47 ].   

4.6     Physical-Chemical Modifi cation of Plant Based 
Natural Polymers (PBNPS) 

 In contrast with synthetic polymers plant based natural polymers have their dominant 
features that can be physically or chemically modifi ed for improvement in their 
respective utilization and applications. Owing to the diverse class of natural 
polymers it’s very diffi cult to cover each and every polymer therefore here in this 
section we are more emphasizing on starch and cellulose based modifi cation as an 
ideal tool to endow the strategic platform for other PBNPs. PBNPs can also be 
modifi ed by grafting or conjugation on either linear or branched backbone or on its 
active functional groups. This type of tailoring can be achieved by surface 
modifi cation, polymer-peptide conjugation, polymer-DNA conjugation, polymer- 
siRNA conjugation, conjugation of polymer-surfactant, polymer-antibody, polymer- 
gene and polymer-drug. These conjugates can be formulated in to nano or micro 
forms for their delivery at suitable site. 
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4.6.1     Chemical Modifi cations of Plant Based Natural 
Polymers (PBNPS) 

 Chemical modifi cation of plant based natural polymer involves the polymer mole-
cules in its native form. Modifi cation is generally achieved through derivatization 
such as esterifi cation, etherifi cation and oxidation, crosslinking, cationization and 
grafting. Nevertheless, there has been shortage of new methodologies in chemical 
modifi cations since this type of modifi cation endows issues concerning consumers 
and the environment. Currently polymeric science is adopting combinational treat-
ment using various types of chemical treatments to create new kinds of modifi ca-
tions. In a similar way, chemical methods have been combined with physical 
modifi cations such as microwave, radiation and extrusion to produce modifi ed poly-
mer with specifi c functional properties. Overall merits of these modifi cations were to 
reduce the time of modifi cation and encourage production. Owing to the presence of 
large amount of hydroxyl groups at the surface of PBNPs different chemical modifi -
cations have been attempted, including etherifi cation, esterifi cation, oxidation, 
silylation, polymer grafting, etc. noncovalent Surface modifi cation by adsorbing sur-
factants and polymer coating has also been reported. Chemical modifi cations of plant 
based natural polymers (PBNPs) have been mainly conducted to alter their surface 
energy characteristics which can further improve compatibility, particularly when 
employed in conjunction with hydrophobic or nonpolar matrices in nanocomposites. 
Additionally chemical modifi cations establish stable negative or positive electro-
static charges on the surface of PBNPs. This introduction of charge provides better 
dispersion. Conducting this chemical modifi cation or functionalization in a safe 
mode i.e. only alter the surface characteristics of PBNPs by maintaining the unique 
morphology. This step may avoid any polymorphic conversion and to preserve the 
integrity of the crystal. Various polymers especially polysaccharides have been 
chemically modifi ed such as Kaur et al. [ 48 ] reported various surface modifi cations 
of starch e.g. microwave radiation with lipase as catalyst [ 49 ,  50 ], hydrophobic reac-
tion of starch and alkenyl ketene dimer [ 51 ], esterifi cation of starch nanoparticles 
with lipase as a catalyst [ 52 ], dual modifi ed crosslink-phosphorylated [ 53 ], cross-
linking coupled with osmotic pressure [ 54 ], starch-based hydrogels prepared by UV 
photopolymerization [ 55 ], starch esterifi ed with ferulic acid [ 56 ], microwave-assisted 
synthesis of starch maleate and starch succinates [ 57 ,  58 ], microwave and ultrasound 
irradiation [ 59 ], hydroxypropylation and enzymatic hydrolysis [ 60 ], Ozone-oxidised 
starch [ 61 – 63 ]. 

4.6.1.1     Noncovalent Surface Chemical Modifi cations of Plant Based 
Natural Polymers (PBNPS) 

 Noncovalent surface chemical modifi cations of plant based natural polymers 
(PBNPs) are usually achieved by surface adsorption of surfactants. This was initially 
studied by Heux et al. [ 64 ,  65 ] who employed surfactant consisting of the 

4 Plant Derived Polymers, Properties, Modifi cation & Applications



129

mono- and di-esters of phosphoric acid bearing alkylphenol tails and the obtained 
surfactant-coated CNs dispersed very well in nonpolar solvents [ 64 ]. it was further 
observed that surfactant molecules formed a thin layer of about 15 Å at the surface 
of the CNs [ 66 ]. Later on various surface modifi er (ionic and non-ionic) were used 
to accelerate the characteristics of whole CNs based formulation [ 67 ]. Recently 
saccharide-based amphiphilic block copolymers were used to induce the surface 
modifi cation on CNs, which resulted in to the excellent dispersion abilities in 
nonpolar solvents [ 68 ].  

4.6.1.2     Tempo-Mediated Oxidation 

 At present, the more frequently used pre-treatment is TEMPOmediated oxidation. 
Certainly, the TEMPO-oxidized cellulose nanofi bers, confers a complete class of 
nanocellulose valuable of consideration, in addition to PBNPs and MPBPs. This 
oxidation based method is the most reliable method for altering the surface 
modifi cation of natural/raw cellulose, in which functional groups such as carboxylate 
and aldehyde can be incorporated into solid native cellulose under suitable conditions 
[ 69 – 74 ]. Additionally in contrast with energy consumption of repeated cycles of a 
high pressure homogenizer (700–1400 MJ/kg), this oxidation based pre-treatment 
considerably decline the consumption to values less than 7 MJ/kg [ 58 ,  60 ]. 

 For chemical modifi cation of plant based natural polymers (PBNPs) 
(2,2,6,6-Tetramethylpiperidine-1-oxyl)-mediated (or TEMPO-mediated) oxidation 
employed to convert the hydroxylmethyl groups present on their surface to their 
carboxylic form. Advantage of this reaction is that the oxidation reaction is highly 
selective for primary hydroxyl groups, thus the whole reaction is “green” and easy 
to execute. This reaction encompass the application of stable nitroxyl radical, the 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) in the presence of NaBr and NaOCl. 
This TEMPO-Mediated Oxidation was initially explored by De Nooy et al. In his 
study he observed that only the hydroxymethyl groups of polysaccharides were 
oxidized, whereas the secondary hydroxyls remained unaffected. The whole method 
is based on of pre-treatment consisting cellulose fi bers oxidation via the addition of 
NaClO to aqueous cellulose suspensions in the presence of 2,2,6,6-tetramethyl-1- 
piperidinyloxy (TEMPO) and NaBr (at pH 10–11 at room temperature). During this 
chemical reaction primary hydroxyl groups (C6) selectively transformed to 
carboxylate groups by means of the C6 aldehyde groups. Additionally only the 
NaOH and NaClO are consumed [ 73 ]. Owing to the presence of the repulsive forces 
among the ionized carboxylates (which overpower the hydrogen bonds by holding 
them together) nanofi brils within the fi bers separate from each other [ 75 ]. Amount 
of NaClO supplemented in reaction determines number of carboxylate groups 
formed on the surface of the MPBPs i.e. more carboxylate groups when more 
amount of NaClO is added. Similarly this supplementation of NaClO allows the 
oxidation for extended time [ 76 ]. It was reported that enhancing the addition 
concentration of NaClO (3.8–5.0 mmol/g) increases the carboxylate content from 
0.2 to 0.3 mmol/g. Additionally this reaction extends the oxidation time period from 
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40–45 min to 115–130 min. TEMPO based oxidation reaction is applied over vari-
ous sources such as cotton linters, tunicate, wood pulp, ramie, bacterial cellulose 
and even spruce holocellulose [ 74 ,  77 ]. These researchers have described the 
effectiveness of this reaction on the basis of their oxidation effi ciency of their pre- 
treatment [ 77 ] (Table  4.2 ).

   One more TEMPO-mediated oxidation based methodology reported by Isogai 
et al., Isogai et al., and Saito et al. [ 78 – 80 ] based on the same principle apart from 
pH 7, NaClO instead and NaBr, and replacement of the primary oxidant NaClO 
with NaClO 2 . In one review Isogai et al. [ 78 ,  79 ] already discussed the dissimilarity 
among these two processes. During fi rst process oxidation of C 6 -primary hydroxyls 
of wood cellulose achieved by TEMPO/NaBr/NaClO system at pH 10 and at room 
temperature, however very little amount of aldehyde groups (<0.08 mmol/g) are 
present in the oxidized cellulose [ 78 ,  79 ]. On contrary no aldehyde groups is 
obtained by the TEMPO/NaClO/NaClO 2  system at pH 5–7, from oxidized wood 
cellulose with a higher molecular weight. Moreover concentration of carboxylate 
was found to be 0.8 mmol/g, and the optimum reaction time and temperature 
required are higher [ 78 ,  79 ]. Recently TEMPO electro-mediated reaction discovered 
by Isogai et al. [ 78 ,  79 ] was explored as an alternative method to oxidize the 
C6-primary hydroxyls of cellulose. Electro-mediated oxidation with TEMPO at 
pH 10, and 4-acetamido-TEMPO at pH 6.8 in a buffer solution were recently applied 
to softwood bleached kraft pulp explored as new sustainable method to yield 
MPBPs. Such MPBPs must be having carboxylate and aldehyde groups on its 
surface so that and it could well replace the fi rst two systems, however longer 
oxidation times are required, resulting in to high yield more than 80 % and preserves 
the main characteristics of TEMPO-oxidized MFC produced from bleached 
softwood kraft pulp [ 78 ,  79 ]. This procedure of pre-treatment with TEMPO 
oxidation is followed by mechanical treatment, which can be achieved using a 
cooking blender or an ultra turax system. To remove the partial fi brillated MPBPs, 
generally centrifugation is employed separation on a laboratory scale. However now 
day’s sonication is employed inspite of blending in order to separate the TEMPO 
oxidized pulp and it was observed that the sonication time infl uences the yield of 
nanofi brils [ 75 ,  81 ]. TEM characterization confi rmed the transformation of 97.5 % 
of the fi ber suspension into MPBPs with a width of 3–5 nm. On contrary Li and 
Renneckar [ 82 ], measured an average thickness value of 1.38 nm and a length of 

   Table 4.2    Effectiveness of TEMPO based oxidation reaction in terms of oxidation effi ciency of 
their pre-treatment   

 Reaction  Raw material 
 Oxidation 
effi ciency  Reference 

 TEMPO based oxidation reaction using 
NaClO at high concentration 

 Sulfi te pulp  70–95 %  [ 77 ] 

 Cotton linters  62 % 
 Ramie  85 % 
 Spruce 
holocellulose 

 96 % 
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580 nm with the help of AFM after 30 min of sonication. Various researchers estab-
lished apparent relationship between sonication time and its signifi cant impact on 
the nanofi bril dimensions. It has been reported that with longer sonication time 
thickness decreased to 0.74 nm and the length to 260 nm. 

 It was observed that when this TEMPO-mediated oxidation was employed for 
oxidation of CNs only half of the accessible hydroxymethyl groups are available to 
react, whereas the other half is buried within the crystalline particle. Araki et al. [ 83 ] 
demonstrated CNs maintained their initial morphological integrity and formed a 
homogeneous suspension when dispersed in water after the TEMPOmediated 
oxidation. This is due to the presence of the newly installed carboxyl groups that 
imparted negative charges at the CN surface and thus induced electrostatic 
stabilization. Later on similar observations were reported by Montanari et al. [ 71 ]. 
In his study he has observed that excessive TEMPO-mediated oxidation decreases 
crystal size which results in to the partial delamination of cellulose chains. Similarly 
various authors have investigated the degrees of oxidation that can be examined by 
using specifi c amounts of the primary oxidizing agent (NaOCl). Such an investigation 
was based on supramolecular structure, morphology, and crystallographic 
parameters of the CNs. It was observed that many TEMPO-oxidized or carboxylated 
natural polymers such as CN suspensions when dispersed in water give display 
birefringence patterns and do not show fl occulation or sedimentation. This occurs 
due to the polyanionic character carried by the negative charges on the CNs surfaces.  

4.6.1.3     Cationization of Plant Based Natural Polymers 

 During this process positive charges are introduced on the surface of plant based 
natural polymers (PBNPs) e.g. weak or strong ammonium containing groups, such 
as epoxypropyltrimethylammonium chloride can be grafted onto the plant based 
natural polymers (PBNPs) surfaces [ 84 ]. This can be achieved by the nucleophilic 
addition of the alkali-activated cellulose hydroxyl groups to the epoxy moiety of 
epoxypropyltrimethylammonium chloride. Ultimately aforementioned step resulted 
in stable aqueous suspensions of PBNPs such as CNs with unexpected thixotropic 
gelling properties. Shear birefringence was reported in some reports while no liquid 
crystalline chiral nematic phase separation was observed which may lead to high 
viscosity of the suspension.  

4.6.1.4     Esterifi cation, Silylation and Other Surface Chemical 
Modifi cations of Plant Based Natural Polymers 

 Sassi and Chanzy have reported homogeneous and heterogeneous acetylation of 
plant based natural polymers such as CNs. In this study they have induced 
homogeneous and heterogeneous acetylation by using acetic anhydride in acetic 
acid [ 85 ]. After TEM and X-ray diffraction analysis of acetylated samples, only a 
limited reduction in CN length was observed. This was happened because of limited 
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reduction in CN length was observed, which was further explained by nonswelling 
mechanism which only affects the cellulose chains localized at the crystal surface. 
The partially acetylated molecules instantaneously partition into the acetylating 
medium as they adequately solublize during homogeneous acetylation whereas the 
cellulose acetate stay insoluble due to the presence of unreacted cellulose chains in 
surrounded the crystalline core. In some cases of natural plant based polymers 
concurrent occurrence of hydrolysis and acetylation has been also reported e.g. as 
found in the case of cellulose. Application of some prominent simultaneous 
esterifi cation/hydrolysis based reactions were also explored in the case Fischer 
esterifi cation of amorphous cellulose chains as a viable one-pot reaction methodology 
that allows isolation of acetylated CNs in a single-step process [ 86 ,  87 ]. Yuan et al. 
[ 88 ] has recently explored the environmentally friendly CN surface acetylation 
which involves low reagent consumption and simple-to-apply procedure. Another 
reaction which is recently employed on cellulose matrix was based on alkenyl 
succinic anhydride (ASA), development of ASA-CA emulsion, to yield acylated 
CNs with high hydrophobic features. Highly substituted CN esters were recently 
developed by Berlioz et al. via highly effi cient method (fatty acid chains based on 
dried CNs via a gas-phase process) for an almost complete surface esterifi cation of 
CNs proceeded from the surface of the substrate to the crystal core. This method 
yielded fully reacted (esterifi ed) CN without change in its native morphological 
features. Reaction of natural plant based polymers with organic fatty acid chlorides 
[having different lengths of the aliphatic chain (C12 to C18)], was also reported 
which resulted in high density of C18 fatty acid, advantageous enough for further 
grafting on such lengthy aliphatic chain (C12 to C18) [ 89 ]. Silylated based PBNPs 
modifi cation was observed in case of cellulose whiskers. This has been resulted 
from acid hydrolysis of tunicate which have been partially silylated by a series of 
alkyldimethylchlorosilanes. This reaction yielded a product with the carbon 
backbone of the alkyl moieties ranging from a short carbon length to longer lengths 
[ 90 ]. Degree of silylation (DOS) plays an important role in deciding solubility of 
cellulose and its dispersion in solvent e.g. DOS between 0.6 and 1, encourages 
dispersion in solvents of low polarity leading to stable suspensions with preserved 
morphological integrity whereas at time when DOS >1 leads to deeper silylation 
(chains in the core of the crystals became silylated) which can further resulted in to 
disintegration of the crystals and ultimately the loss of original morphology 
characteristics. However some highly silylated CN was investigated by Roman and 
Winter as nanocomposites [ 91 ]. Lastly, it has been observed that  N -octadecyl 
isocyanate based modifi cation assist in improving the stiffness and ductility of the 
resultant nanocomposites [ 92 ].  

4.6.1.5     Carboxymethylation and Acetylation 

 Carboxymethylation is another chemical pre-treatment which increases the anionic 
charges in the formation of carboxyl groups on the surface of the MPBPs. In 
previous work carboxymethylated MPBPs was compared its dimensions with 
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non- pretreated MPBPs [ 93 ] and it was observed that carboxymethylation treatment 
makes the fi brils highly charged and easier to liberate. Moreover it was observed 
that net specifi c energy consumption required after carboxymethylation was 2.2 
MWh/t per pass through a microfl uidizer, whereas 5.5 MWh/t per pass was required 
to obtain MPBPs without pre-treatment [ 94 ]. Zimmermann’s research group 
developed acetylation process in which grafting of acetyl moieties intend to reduce 
the hydrophilicity of MPBPs and increase the chemical affi nity between MPBPs 
and a nonpolar solvent. For improving compatibility with the PLA matrix Tingaut 
et al. [ 95 ] developed PLA/MFC biocomposites with acetylated MPBPs. Further 
they observed that concentration of an acetyl content above 4.5 % encourages 
signifi cant alteration in the crystalline structure of MPBPs. In this study acetylation 
was done in the inner crystalline regions of the MPBPs and prevents hornifi cation 
upon drying. Modifi cation with acetyl groups reduces the chances of hydrogen 
bonding between MPBPs and therefore facilitates improved dispersibility in an 
apolar polymeric matrix. It was later discovered that MPBPs especially MFC can be 
stored in a dry form which allow its possible industrial-scale production.  

4.6.1.6     Polymer Grafting of Plant Based Natural Polymers 

 Two main approaches, specifi cally, the “grafting-onto” and “grafting-from” has 
been carried on the surface of plant based natural polymers during polymer grafting. 
First strategy involve the grafting on to the open ends hydroxyl groups at the PBNPs 
surface of presynthesized polymer chains by using a coupling agent. In second 
strategy “grafting-from”  in situ  surface-initiated polymerization (from immobilized 
initiators on the substrate) has been carried out to form the polymeric chains. First 
approach was initially utilized by Ljungberg et al. [ 96 ]. In his work he has grafted 
maleated polypropylene onto the surface of tunicate-extracted CNs, which was 
resulted in to nanocrystals with good compatibility and high adhesion when 
dispersed in atactic polypropylene. Grafting of amine terminated polymers on the 
surface of TEMPO-mediated oxidized was investigated by Araki et al. [ 83 ] and 
Vignon et al. [ 97 ] Similarly grafting of DNA oligomers on the surface of CNs was 
studied by Mangalam et al. [ 98 ] All of these researchers reported high grafting 
density that was enough for grafted chains to crystallize at the surface of CNs. 
Cocrystallization phenomenon was fi rst reported by Cao et al. [ 99 ] to yield grafted 
CNs polymer. This research has further promoted cocrystallizations of the free 
chains of the respective polymer matrices during CN-based nanocomposite pro-
cessing. Additionally this phenomenon of cocrystallization signifi cantly enhances 
the interfacial adhesion by inducing the formation of a co-continuous phase 
between the matrix and fi ller, resulted in to the highly improved mechanical 
strength of the resulting nanocomposites. Second approach known as “grafting 
from” was fi rst reported by Habibi et al. [ 100 ], who has utilized stannous octoate 
(Sn(Oct)2) as a grafting and polymerization agent to graft polycaprolactone onto 
the surface of CNs via ring-opening polymerization. Pranger et al. [ 101 ] studied  in 
situ  polymerization of furfuryl alcohol from the surface of cellulose whiskers. 
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Later on various researchers produced thermoresponsive substrates by the polymer-
ization of vinyl monomers from the surface of CNs [ 102 ].   

4.6.2     Procedure for the Development of Microfi brillated Plant 
Based Polymers (MPBPS) by Physical Modifi cation 

 MPBPs is currently fabricated from a number of different natural sources e.g. wood, 
bleached kraft pulp (starting material for MPBPs production) [ 73 ,  76 ,  94 ,  103 – 105 ], 
and bleached sulfi te pulp [ 106 ,  107 ] (Figs.  4.1  and  4.2 ). Still various sources are 
needed to explore to fulfi ll the demand for such raw materials offering environmental 
benefi ts owing to their renewable nature and their low energy consumption in pro-
duction [ 108 ]. Considering cellulose, Eucalyptus sulfi te wood pulp, Bleached Luffa 
cylindrica fi bers, Bleached sulfi te pulp, Bleached sisal pulp, Sisal fi bers (Agave 
sisalana), Elemental chlorine free bleached hardwood kraft pulp from Birch, Mixture 
of pine and spruce pulps ( Betula pendula ), Bleached and unbleached kraft hardwood 
pulps, Softwood sulfi te pulp of spruce ( Picea abies ) and white fi r ( Abies alba ), 
Wheat straw ( Triticum sp .) Refi ned fi brous wheat straw (Vitacel, Rettenmaier & 
Sohne GmbH & Co.KG), Refi ned beech wood (Fagus sylvatica) (Mikro-Technik 
GmbH & Co. KG), Refi ned fi brous beech wood pulp (Arbocel, Rettenmaier & Sohne 
GmbH & Co. KG), Bleached sulfi te softwood (Domsjo ECO Bright), Elemental 
chlorine free bleached hardwood kraft pulp from Birch ( Betula pendula ), Domsjo 
dissolving plus (Sweden), Softwood dissolving pulp (Domsjo), Wood pulp, Softwood 
dissolving pulp (Domsjo), Softwood dissolving pulp (Domsjo), Bleached kraft bam-
boo ( P. pubescens ), Domsjo dissolving plus (Sweden), Bleached sulfi te pulp, Sisal 
fi bers ( Agave sisalana ), are the main sources as reported by Lavoine et al. [ 109 ]. 
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  Fig. 4.1    Schematic representation of production of microfi brillated natural polymers       
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Irrespective of the source, natural polymers are manufactured from a pulp suspen-
sion mainly using a mechanical treatment. There are several types of equipments 
available to defi brillate the pulp and obtain nanopolymer. Various physical methods 
have been applied to transform the raw cellulose in micrometer size in to suspension 
or nano crystal form in nanometer size. Various physical methods that can be applied 
for this purpose are mentioned below.

4.6.2.1        Mechanical Treatments 

   Homogenizer and Microfl uidizer 

 With the help of Gaulin homogenizer, Turbak et al. [ 110 ], for the fi rst time applied 
mechanical treatment produce to manufacture all kinds of microfi brillated cellulose 
[ 93 ,  103 ,  111 – 115 ]. During this type of modifi cation slurry of selected natural poly-
mer is forced at elevated pressure and fed via a spring-loaded valve assembly. Fibers 

  Fig. 4.2    Illustration demonstrating microfi brillated plant based polymers and their arrangement in 
plants       
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are subjected to a huge pressure dive under elevated shearing forces. This was car-
ried out by allowing the valve to open and close in quick progression. Combined 
force aggravates high degree of fi brillation of the cellulose fi bers [ 115 ]. Equipment, 
Gaulin homogenizer most frequently used the microfl uidizer since it makes it pos-
sible to obtain more uniformly sized fi bers [ 111 ]. This equipment function when the 
masses of wood pulp passes through thin z-shaped chambers under high pressure 
[ 116 ] which results in the formation of very thin cellulose nanofi bers. During this 
mechanical process chambers of different sizes are employed to increase the degree 
of fi brillation. This equipment used various time supplementation of raw material 
passage from chamber which consequently increases the number of passes. This fac-
tor limits the likely scaling-up of production and consequently creates negative envi-
ronmental force with high energy consumption.  

   Grinding Process 

 Transformation of raw micro natural polymer in to fi brillated polymer can also be 
achieved by grinding process. There are various equipments used for grinding raw 
plant based polymer. Using equipment known as grinder, Masukoc was the fi rst 
researcher to build and sell apparatus. Grinder generates shearing forces that help in 
breakdown of the cell wall structure. During this process raw material in form of 
pulp is passed through a static grind stone and a rotating grind stone revolving at 
about 1500 rpm. Grinder promotes separation of microfi brill by breakdown the cell 
wall which contains nanofi bers in a multilayer structure. This step encourages 
individualized nanofi bers from the pulp when material passes from the grinder after 
multiple attempts. It has been observed that multiple passes of raw fi bers from  Pinus 
radiate  infl uence MPBPs morphology. After sequential one to three passes, 
maximum raw material turned into sub-micron-size and nano-sized fi bers, whereas 
after fi ve passes, most of the fi bers became nanosized fi bers. No signifi cant changes 
were observed in the fi ber morphology after passing raw material from grinder at 
higher number thus it was concluded after that fi ve passes through the grinder the 
fi brillation of pulp fi bers was roughly complete. In contrast with homogenization 
process, this grinding require only few passes to obtain plant based fi brillated 
natural polymer in micro or nano range. No. of passing usually determine the size 
or dimension of cellulose fi ber. Nevertheless pulp degradation caused by grinding 
process in terms of reduction in length might affect the strengthening and physical 
properties of PNMPs [ 117 ]. As discussed above its very diffi cult to determine the 
length and suitable analysis of related characteristics therefore they cannot be 
monitored in comprehensive manner. Several authors have attempted to evaluate the 
chain length which was based on the results obtained from the intrinsic viscosity in 
cupriethylene diamine. Pohler et al. [ 118 ] proven that microfl uidizer reduces the 
chain length more than the grinder. Couple of years before Uetani and Yano [ 115 ] 
used blender (with an ABS-BU motor, Vita Mix, and a CAC90B X-TREME 2 L 
bottle, WARING) with a well equipped tamper to produce microfi brillated cellulose. 
This equipment has effi ciency to defi brillated different wood fi ber suspensions 
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(0.1–1.5 wt%) at different stirring speeds, from 5000 to 37,000 rpm. However it’s 
diffi cult to deduce best mechanical treatment since product obtain from this blender 
is not very homogeneous, even it doesn’t acquire the capacity to transform whole 
plant based raw fi bers in to micro fi brils. It was reported that it induces less damage 
then grinder treatment but still it’s diffi cult to conclude which treatment can known 
to be the best treatment.  

   Cryocrushing 

 One rarely used and the most expensive method which cannot be scale up called as 
cryocrushing as suggested by Dufresne et al. [ 119 ]. He has crushed frozen pulp with 
liquid nitrogen [ 120 ,  121 ]. Owing supercritical nature of nitrogen, liquid nitrogen 
enter inside the cell, this penetration cause the crystallization of cell (Ice crystals 
within the cells are then formed), and eventually mechanical crushing is employed 
to breakdown the cellular wall and release wall fragments. So far this method is 
applied over many pulps and other plant material (sugar beet pulp, wheat straw and 
soy hulls, fl ax, hemp, and rutabaga fi bers and soybean stock) to yield microfi brill 
polymer with varying nano dimensions [ 120 – 122 ].  

   Electrospinning 

 In contrast to all these methods electrospinning methods can be employed to obtain 
fi brillated PNMPs process of cellulose regeneration. However this process require 
more fundamental studies are currently dedicated to this method [ 123 – 126 ].  

   Energy Consumption and New Processes 

 Above mentioned methods require mechanical treatments with high energy 
utilization. Energy consumption (70,000 kWh/t) in case of homogenizer estimated 
was initially estimated by Eriksen et al., whereas energy consumption in case of 
microfl uidizer estimated by Zimmermann et al., reaches up to 8.5 kWh [ 127 ,  128 ]. 
As discussed above in case of microfl uidizer fi brillation depends on the number of 
times raw material passes through the assembly therefore for 10 L of PBNPs pulp it 
takes about 15 min to pass through a microfl uidizer once and let there are overall 
four passes during this process then consumed energy can be calculated accordingly 
(8.5 kW, and its value increased to 14,875 kW with only three passes more). Since 
the most diffi cult thing that need further research is variation in mass during each 
pass (i.e. mass doesn’t remain ideal) so for estimating single pass energy each time 
mass should be calculated. Process become more diffi cult when pulp solution 
obtained is less homogenous. Later on various authors’ studied the factors (e.g. 
number of passes, the pressure, and the speed) that infl uence the rate of formation 
of microfi brills and fi lms, mainly the nature of material (bleached and unbleached 
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kraft hardwood pulps) on consumption of energy [ 129 ,  130 ]. These authors’ have 
done the comparative study of the energy consumption and physical properties of 
MFC produced by different processing methods, namely a homogenizer, a 
microfl uidizer, and a grinder. From this study it was deduced that, in spite of its high 
energy consumption, homogenizer resulted in MFC with the highest specifi c surface 
area and fi lms with the lowest water vapor transmission rate. Furthermore fi lms 
produced during both process (microfl uidizer and a grinder) offered better optical, 
physical, and water interaction properties. This unique features obtained from these 
processes suggested that these materials could be created with additional cost- 
effective approach for packaging purposes. Alternatively exploration of other less 
energy-consuming disintegration methods also turn into precedence in protecting 
the industrialization of MPBPs production. Presently combinations of various pre- 
treatments and mechanical methods have been employed to yield suitable 
microfi brill. Additionally in order to obtain MFC with low energy consumption or 
via a faster process, every year new equipment is being studied or developed. 
Heiskanen, Harlin, Backfolk, and Laitinen [ 131 ] has modifi ed the process and 
tested with extrusion. Later on SUNPAP (2009), Papiertechnische Stiftung (PTS) in 
Germany, developed commercial process, Cavitron ® . Recently novel fractionation 
devices have been developed to classify different MPBPs qualities [ 132 ].    

4.6.3     Pre-treatment 

 Various approaches have been employed in order to obtain fi bers that are less stiff 
and cohesive. These approached help in reducing the energy required for fi brillation. 
Among these approaches three approaches (avoiding the hydrogen bonds, adding a 
repulsive charge, reducing the DP or the amorphous link between individual 
PNMPs) are more preferred during pre-treatment. Protocols that are more favorable 
according to these considerations are: 

4.6.3.1     Enzymatic Pre-treatment 

 Enzymatic modifi cation has mainly used hydrolyzing enzymes in its modifi cation 
and one of its products is syrup be it glucose syrup or high fructose corn syrup. With 
research, there are more enzymes being identifi ed for use in modifi cation of polymer. 
Combinational treatment is employed by combining enzymatic hydrolysis with 
mechanical shearing and high pressure homogenization (105 and 170 MPa) to 
obtain PNMPs in desirable nano range. Paakko et al. [ 133 ] conducted the whole 
process by introducing the enzymatic treatment with endoglucanase between two 
refi ning steps. Step is achieved by before passing the pulp slurry through the 
microfl uidizer. Main positive point of enzymatic hydrolysis than acid hydrolysis it 
is less aggressive and allows selective hydrolysis of the non-crystalline cellulose, 
which facilitates the mechanical disintegration [ 133 ,  134 ]. Enzyme supplementation 
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promotes cell wall degradation and prevents the blockage in Z-shaped chamber of 
microfl uidizer [ 135 ]. It has been observed that in some cases more specifi c enzymatic 
treatment is required e.g. pre-treatment with C-type endoglucanase enzyme studied 
by Henriksson et al. [ 135 ], to treat some disorder in the structure in order to attack 
the cellulose and attain its conformation that encourage its desirable properties. 

 After the mechanical treatment with Gaulin homogenizer, these researchers 
examined non-pretreated PNMPs in contrast with enzyme-pretreated MFC, as well 
as enzyme-pretreated PNMPs. This pre-treatment with endoglucanase allows the 
disintegration of cellulosic wood fi ber pulp by enhancing its swelling in water, 
additionally this eco-friendly pretreatment present more favorable structure on the 
MFC, since it decreases the fi ber length and enhances the amount of fi ne material, 
in contrast to end product obtained from acid hydrolysis pre-treatment. It was also 
studied that pretreatment with endoglucanase appeared to be a very promising 
method for industrial applications and important for fi rst pilot production of PNMPs 
[ 134 ].   

4.6.4     Post-treatments 

 In addition to the pretreatment, post-treatments in combination with pretreatment 
are progressively carried out in order to increase the features of microfi brillated 
natural polymer. In contrast with various pre-treatment approaches utilization of 
post-treatment still remains small. Goal of these two protocols are very distinctive 
since the primary objective of pre-treatment is to decrease the energy consumption 
of PNMPs production, while the post-treatment mainly aims to improve the PNMPs 
or to incorporate new features, from the viewpoint of new probable applications. In 
order to develop PNMPs fi lms with good barrier properties, Rodionova et al. [ 136 ] 
carried out the acetylation of MFC from kraft pulp. Based on results [ 136 ], it was 
observed that hydroxyl groups replacement by acetyl groups occurs at surface of the 
PNMPs as well as amorphous regions for long reaction times. Later on it was 
studied that acetylation is an essential tool for bacterial cellulose to improve the 
optical properties of nanocomposite fi lms [ 137 ]. Nogi et al. [ 138 ] studied that 
acetylation was also used to improve the thermal properties. In order to obtain 
hydrophobic MFC, Andresen et al. [ 139 ] modifi ed the surface of MFC by means of 
silylation with chlorodimethyl isopropylsilane. It has been seen among some natural 
polymers that when the silylation conditions were too strong, PNMPs lost its 
microfi brillar structure and consequently it was concluded that with a degree of 
surface silylation (between 0.6 and 1), some natural polymer e.g. MFC could be 
dispersed into an organic solvent without losing its characteristics or properties. 
Some post-treatments among PNMPs e.g. MFC, encourage nanocomposite 
applications after their grafting with suitable coupling agents. Most of the post- 
treatments (Table  4.3 ) provide MFC with a hydrophobic character in order to 
improve its compatibility with non-polar polymers and thus play a major role in the 
elaboration of nanocomposites. However some post-treatments emerge to endow 
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microfi brillated cellulose with some new functionality. Owing to the unique features 
MFC that are attractive in different fi elds. Primary aim of this work is to reduce the 
energy consumption of MFC production so as to fulfi ll with a political agenda and 
gain market interest and second goal is to improve MFC properties in order to 
endorse a novel biomaterial with unique characteristics that can compete against the 
current non-biopolymers.

4.6.5        Dual Modifi cations 

 Recommendation for physical modifi cation is sometime preferred over chemical 
since it can be safely used as a modifi cation process in food products as it does not 
involve any chemical presence which some causes harm to biological tissue. Various 
physical methods have been employed for different plant based natural polymer 
using a combination of chemical and physical or chemical and enzymatical methods 
(Table  4.4 ).

   Owing to the diverse class of PBNPs, here in this section we have only discussed 
the starch based physical or chemical modifi cations. Deetae et al. [ 53 ] combined 
methodology (physical as well as chemical) using crosslinking with sodium trimeta-

   Table 4.3    Post-treatments among MFC   

 Coupling agents  Purpose & applications  References 

 MFC+ titanate  To enhance the adhesion between 
MFC and epoxy resin matrix 

 [ 140 ] 

 Titanate + MFC  MFC with enhanced hydrophobic 
surface property 

 [ 106 ] 

 MFC oxidation with cerium IV  MFC with a hydrophobic surface 
layer, nanoscale electronic and 
optoelectronic devices 

 [ 106 ] 

 Grafting of hexamethylene diisocyanate.  MFC with more hydrophobic 
surface layer, nanoscale electronic 
and optoelectronic devices 

 [ 106 ] 

 Succinic and maleic acids coupled to the 
MFC 

 MFC with a hydrophobic surface 
layer, nanoscale electronic and 
optoelectronic devices 

 [ 106 ] 

  N -octadecyl isocyanate onto MFC  To improve the MFC’s 
compatibility with 
polycaprolactone, using an in situ 
solvent exchange 

 [ 92 ] 

  N -octadecyl isocyanate onto MFC  To improve the MFC’s 
compatibility with 
polycaprolactone 

 [ 141 ,  142 ] 

 Grafting cellulose with octadecyldimethyl 
(3-trimethoxysilylpropyl) ammonium 
chloride (ODDMAC) 

 MFC fi lms with antibacterial 
property 

 [ 143 ] 
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phosphate and phosphorylation on rice starch, provided modifi ed rice starch with 
good freeze-thaw stability. Whole procedure was conducted in the presence of 
osmotic-pressure enhancing salts [ 53 ]. These salts caused an increase fi nal viscosity 
with a sharp decline in breakdown. It has been observed that trigger in osmotic pres-
sure enhances the activity of the crosslinking agent [ 157 ]. UV induced polymeriza-
tion is used to prepare starch-based hydrogels. During this procedure polymerization 
performed by treatment acryloylated starch with zwitterionic monomer 3-dimethyl
(methacryloyloxyethyl) ammonium propane sulfonate (DMAPS). It was observed 
that this type of polymerization induces a unique salt- tolerant swelling behavior in 
modifi ed starch [ 55 ]. Ou et al. [ 56 ] developed modifi ed starch via esterifi cation with 
ferulic acid which yielded in to starch ferulate. In contrast to native, starch ferulated 
starch exhibited higher water holding capacity, lower viscosity and much less retro-
gradation during low storage temperature [ 56 ]. Similarly Xing et al. [ 57 ] developed 
effi cient method in esterifying starch, microwave-assisted esterifi cation, to produce 
starch maleate using the dry method had a reaction effi ciency of up to 98 %. Jyothi 
et al. [ 58 ] developed effi cient method of producing succinylated cassava starch with 
microwave assistance to decrease the use of chemicals and enhance production. 
Later on it was observed that microwave and ultrasound irradiation can be employed 
for the esterifi cation of carboxymethyl cold-water-soluble potato starch with octe-
nylsuccinic anhydride which consequently shorten the esterifi cation time from a 
few hours to a few minutes. Derivates produced during this process present out-
standing emulsifying and surfactant performance properties [ 59 ]. For achieving 
more successful dual modifi cation process, Karim et al. [ 60 ] utilized native starch 
in form of corn and mung bean starch. Native starch was modifi ed by partial enzy-
matic treatment followed by hydroxypropylation with propylene oxide. Modifi ed 
starch proved to have signifi cant functional properties in contrast with hydroxypro-
pyl starch prepared with untreated native starch [ 60 ].  

   Table 4.4    Physical methods 
reported for starch 
modifi cations  

 Treatments  References 

 Corona electrical discharges  [ 144 ] 
 Deep freezing  [ 145 ,  146 ] 
 Instantaneous controlled pressure 
drop (DIC) process 

 [ 147 ,  148 ] 

 Iterated syneresis  [ 149 ] 
 Mechanical activation-with stirring 
ball mill 

 [ 150 ] 

 Micronization in vacuum ball mill  [ 151 ] 
 Multiple deep freezing and thawing  [ 146 ] 
 Osmotic-pressure treatment  [ 152 ] 
 Pulsed electric fi elds treatment  [ 153 ] 
 Superheated starch  [ 154 ] 
 Thermally inhibited treatment 
(dry heating) 

 [ 151 ,  155 ,  156 ] 
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4.6.6     Ozonation 

 In addition to above mentioned methods various other methods such as ozonation 
have been developed with more development in polymeric sciences and its allied 
fi elds. This process carries extra oxygen atom therefore act as powerful oxidant and 
can be applied for process of ozonation. According to previous reports this process 
enhances the carboxyl and carbonyl contents and concentration keep on increasing 
with time of exposure to ozone. In contrast hypochlorite oxidation process where 
large amount of salts are produced this powerful oxidant (ozone) is a clean and 
leaves no residues behind unlike [ 61 ]. 

 Chan et al. [ 62 ] observed that there was a difference in the rate of starch oxidation 
among starches from various sources. An and King [ 63 ] found that starch those are 
produced in the presence of amino acids were more suitable alternatives in contrast 
to highly chemically oxidized starch and found useful as thickening agents. 

 As mentioned above physical modifi cations are safer for processing of food 
products since it does not involve any chemical presence. Owing to the diversity of 
plant based polymers, here in this section we have only discuss starch based modi-
fi cation. Some new strategies developed in physical modifi cation for PBNPs are 
highlighted in Table  4.4 . Pukkahuta et al. [ 152 ] utilized “Osmotic-pressure treat-
ment” (OPT) in the presence of high salt solutions to obtain a uniform starch sus-
pension and heat distribution. After treatment with the gelatinization temperatures 
potato-starch treated changed from a B to a A type. A uniform heat distribution is 
an advantage of this method in contrast to heat-moisture treatment which helps in 
production of modifi ed starch at large scale. Similarly Szymonska et al. [ 145 ] 
reported the deep freezing and thawing of moistened starch to increase the crystal-
linity of the granules, however Szymonska et al. [ 146 ] also reported that multiple 
deep freezing and thawing caused an irreversible disruption of the crystalline 
order. Process of deep freezing and thawing was repeated until the moisture con-
tent in the solid phase was less than 20 %. It was observed that most of the starch 
showed conversion towards B-type X-ray diffraction pattern suggesting a disrup-
tion of the crystalline property [ 149 ]. Since there is no involvement of any type of 
chemicals therefore there is no concern for the effect on the environment and safety 
issues to be addressed. Process called as iterated syneresis was similar to multiple 
deep freezing and thawing. Other physical modifi cation including instantaneous 
controlled pressure drop and DIC lead to increase in gelatinization transition tem-
peratures and enzymatic hydrolysis while gelatinization enthalpy decreased after 
treatment. During this procedure saturated steam at a fi xed pressure and predeter-
mined time was injected before it drops towards vacuum to pursue the short pres-
surization. Other mechanical actions such as collision, friction, impingement, 
shear, etc can also be employed to modify the crystalline structures and properties 
of the starch granule. This process is called as mechanical activation or microniza-
tion. During this process large particle breakdown to form smaller particles how-
ever the tiny particles agglomerate and form large particles, resulting in to the 
decrease in gelatinization temperature and viscosity of the treated sample [ 150 , 
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 151 ]. Han et al. [ 153 ] reported the pulsed electric fi eld (PEF) technology (non-
thermal food preservation method) to study the effect of the treatment on starch. 
They have observed that starch molecules rearranged and destructed resulting in to 
the constant decrease in gelatinization properties, viscosity and crystallinity. 
Nemtanu and Minea [ 144 ] also reported that with increase of exposure time to 
corona electrical discharges, solubility, gel consistency and clarity of starches 
decreased. Dehydration of starch is done to achieve thermal inhibition which is 
carried out (a) by dehydrating starch until it becomes anhydrous, (b) treating it to 
a temperature of hundred degree Celsius for a period of time. The effect of heating 
can also be increased by an alkaline condition. Chiu et al. [ 155 ] suggested that 
pastes obtained from theses starches had increased resistance to viscosity break-
down and a non-cohesive texture. Ionic gums such as sodium alginate, CMC and 
xanthan act as crosslinking agents to form graft copolymers through ester forma-
tion. Such type of gums induced thermal inhibition [ 156 ]. Production of spreadable 
particle gels with spherulite morphology and creamlike texture upon cooling can 
be obtained by heating a starch solution to a temperature between 180 and 220° to 
form superheated starches. It was observed that in contrast with native starch dry 
superheated starches when mix with cold water gives immediate gel-like texture 
[ 154 ]. Two processes fl uidized bed heating and extrusion heating were applied 
over on amaranth starch-rich fraction. Treatment with fl uidized bed heating lead to 
some loss in crystallinity but granule integrity was preserved whereas extrusion 
heating caused a high degree of granule disruption and almost complete loss of 
crystallinity [ 158 ].   

4.7     Genetic/Biotechnology Modifi cation 

 Development in genetic engineering allows genetic modifi cation of various natural 
plant based polymers probably by targeting the enzymes of the biosynthetic path-
ways of the respective NPBPs. Owing to the diverse classifi cation of PBNPs, here in 
this section we have only discussed starch which can present the better ideology/
platform for the modifi cation of others. Current development in genetic engineering 
science allows transgene technology to produce genetically modifi ed starches which 
can prevent the environmentally harmful post-harvest chemical or enzymatic modi-
fi cation [ 159 ]. It was observed that activity of these enzymes plays an important role 
in affecting the functionality, reactivity and applicability in non food and food appli-
cations of these modifi ed starches. Traditional plant-breeding techniques or modern 
biotechnology can be applied to accomplish genetic modifi cation in a more success-
ful way [ 160 ]. Some of the key modifi cations of starches that have been done geneti-
cally are mentioned below. For alteration of specifi c structural motifs in potato 
starch, repression of starch phosphorylating enzyme R1 was used in the of potato 
starch [ 161 ]. Similarly modifi cation for potato cell lines was achieved by treatment 
with an  Escherichia coli  glg B encoding a glycogen branching enzyme [ 162 ]. Starch 
obtained after this treatment contains higher amount of short amylopectin chains 
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with lower content of phosphate which can be used to give hard and adhesive gels. 
Alike to potato cell line total cassava root biomass can be treated with ADP-glucose 
pyrophosphorylase for enhancing the total cassava root biomass by 2.6 fold [ 163 ]. 
Modifi cation of starch was also investigated when a full length cDNAs encoding a 
second starch branching enzyme isoform was isolated and an antisense starch branch-
ing enzyme A RNA was produced on transgenic potato plants. During this study 
complete reduction in starch branching enzyme A was observed. The average chain 
length of amylopectin was greater in modifi ed starch and it was observed that the 
composition and structure of the potato starch was completely altered. Additionally 
higher levels of phosphorous were also reported [ 164 ]. Similarly Safford et al. [ 165 ] 
reported the same study by the modifi cation of starch obtained from potato (showed 
altered amylopectin branch patterns). Verhoeven et al. [ 166 ] explored the tree muta-
genised grains of the diploid oat (Avena strigosa): mutants lam-1, lam-2 and sga-1. It 
was investigated that two mutagens (lam-1 and lam-2) lacked in GBSS activity and 
amylose component thus endow mutations of the waxy type [ 166 ].  

4.8     Applications of Plant Based Polysaccharides 

 Plant based polysaccharides are having various established applications in 
biomedical, tissue engineering, pharmaceutical sciences and other areas. Our 
current concern is to cover plant based natural polymers and their nanotechnologi-
cal applications in different fi eld. Table  4.5  covered various modifi cations of natural 
polymers and its nanotechnological application in different drug delivery systems.

4.8.1       Cellulose 

 In 1838 French chemist Anselme Payen discovered cellulose by isolating it from 
plant matter and determined its chemical formula. Cellulose is a linear unbranched 
organic polysaccharide with the molecular formula (C 6 H 10 O 5 )n, consisting of 
β(1 → 4) linked  D -glucose units from several hundred to over ten thousand (Fig.  4.3 ). 
Among all plant cell wall polysaccharides e.g. hemicelluloses, pectin, cellulose 
forms a vital structural component in higher plants and corresponds to the most 
abundant organic polymer [ 359 ,  360 ]. Linearly arranged various parallel cellulose 
molecules form crystalline microfi brils which are mechanically strong and highly 
resistant to enzymatic attack and are aligned with each other to provide structure to 
the cell wall. This organic polysaccharide is insoluble in water and indigestible by 
the human body [ 361 ,  362 ], however digested by herbivores and termites. Fibrous 
materials (such as wood and cotton) derived cellulose such as wood and cotton, can 
be mechanically treated (disintegrated) to produce powdered cellulose. This 
powdered form has been used in the pharmaceutical industry as fi ller in tablets. 
Treatment of high quality powdered cellulose with hydrochloric acid produces 
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microcrystalline cellulose. Microcrystalline cellulose is preferred over powdered 
cellulose because it is more free-fl owing containing non-fi brous particles and there-
fore used in the pharmaceutical industry as a diluent/binder in tablets for both the 
granulation and direct compression processes [ 363 ]. Derivatization of cellulose can 
be achieved by replacing/modifying open hydroxyl moieties on the  D -glucopyra-
nose units of the cellulose polymer to give a variety of derivatives (Fig.  4.5 ). This 
process involves various physical/chemical modifi cation which are fi xed according 
to post and pre treatment procedures during which chief chemical reactions such as 
etherifi cation, esterifi cation, cross-linking or graft copolymerization are conducted. 
Esterifi cation results in derivatives which include cellulose nitrate, cellulose acetate 
and cellulose acetate phthalate whereas etherifi cation yields derivatives such as 
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  Fig. 4.3    Chemical 
structure of a powdered 
cellulose (n ≈ 500) or 
microcrystalline cellulose 
(n ≈ 220)       
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hydroxyl-propyl-methylcellulose and carboxyl-methyl-cellulose. These all chemi-
cal products have outstanding application in membrane controlled release systems 
or monolithic matrix systems such as fi lm or enteric coating and the use of semi-
permeable membranes in osmotic pump delivery systems. Partly O-methylated and 
O-(2-hydroxypropylated) cellulose ether derivative known as hydroxypropylmeth-
ylcellulose has been extensively studied as an excipient in controlled release drug 
delivery systems due to its gel forming ability. These derivatives are having wide 
use and applications in monolithic matrix systems. Various reports and investiga-
tions have proven their potential to sustain the release of medicaments and most of 
these derivatives have been employed for this purpose [ 364 ].

4.8.2          Hemicellulose 

 A hemicellulose is a heteropolymer (matrix polysaccharides), such as arabinoxylans, 
consisting xyloglycans, xylans, mannans and glucomannans, and β-(1 → 3, 
1 → 4)-glucans (Fig.  4.4 ) [ 365 ]. 

4.8.2.1     Arabinoxylans 

 These polysaccharides are bound to the surface of cellulose microfi brils which 
themselves do not form micro fi brils can be extracted from the plant cell wall with 
the aid of strong alkali. In contrast with cellulose (crystalline, unbranched strong, 
and resistant to hydrolysis), hemicellulose has a random, amorphous structure with 
little strength. Unlike cellulose, hemicelluloses have β-(1 → 4)-linked backbones 
with an equatorial confi guration, consists of shorter chains—500–3000 sugar units. 
In addition, hemicellulose is a branched polymer, while cellulose is unbranched. 
Though the xyloglycans have alike backbone as cellulose, they contain xylose 
branches on 3 out of every 4 glucose monomers, while the β-1,4-linked  D -xylan 
backbone of arabinoxylan contains arabinose branches [ 366 ].  

4.8.2.2     Glucomannans 

 Glucomannan is mainly a straight-chain hydrocolloidal polysaccharide of the 
mannan family, consisting of β-1,4 linked  D -mannose and  D -glucose monomers 
(with acetyl side branches on some of the backbone units), with about 8 % branching 
through β-(1 → 6)-glucosyl linkages. The component sugars are β-(1 → 4)-linked 
 D -mannose and  D -glucose in a ratio of 1.6:1, but the mannose:glucose ratio may 
differ depending on the source [ 367 ]. The acetyl groups contribute to its solubility 
and swelling capacity of the glucomannans and enhance the solubility of the 
glucomannans by supporting glucomannans in making a soluble natural 
polysaccharide with the highest viscosity and water-holding capacity. It is diversely 
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present very in nature and specifi cally derived from tubers, softwoods, roots and 
plant bulbs. Glucomannan is called as konjac Glucomannan as it is the most com-
monly used type of Glucomannan which is extracted from the tubers of 
 Amorphophallus konjac  (Ulmaceae) and act as a potential excipient in controlled 
release drug delivery devices in combination with other polymers or by modifying 
its chemical structure. As mentioned, it is a very promising polysaccharide for 
incorporation into drug delivery systems. According to previous investigation 
konjacglucomannan and xanthan in combination effi ciently slow down drug release 
by stabilization of the gel phase of the tablets. Stabilization is achieved by a network 
of intermolecular hydrogen bonds between the two polymers [ 368 ].   

4.8.3     Starches 

 Starch or amylum (Fig.  4.6 ) is a storage and structural polysaccharide consisting of 
a large number of glucose units joined together by glycosidic bonds, chiefl y present 
in plants as energy source. Various sources of starches have been used for 
pharmaceutical purpose such as maize ( Zea mays ), rice ( Oryza sativa) , wheat 
( Triticum aestivum ), and potato (S olanum tuberosum ) [ 369 ]. Generally starch 
present in two forms modifi ed and native starch. Starch whether in the native or 
modifi ed form has been used as one of the key pharmaceutical excipients in 
pharmaceutical tablet and capsule formulations. Modifi ed Starch is evaluated as 
pregelatinized starch product in directly compressible controlled-release matrix 
systems which can be prepared by enzymatic degradation of potato starch followed 
by precipitation (retrogradation), fi ltration and washing with ethanol whereas native 
starch may not be suitable in controlled release drug delivery systems due to 
substantial swelling and rapid enzymatic degradation resulting in too fast release of 
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  Fig. 4.6    Chemical structure of starch, with ( a ) amylose and ( b ) amylopectin       
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many drugs. Owing to this derivatives of native starch that are more resistant to 
enzymatic degradation as well as crosslinking and formation of co-polymers. 
Moreover most of them serve various functions such as binder, aiding drug delivery, 
bulking or disintegrant. Currently starch based micro-capsulated delivery systems 
can be used to deliver proteins or peptidic drugs orally [ 369 ]. Recently starch was 
modifi ed using interfacial cross-linking agent, terephthaloyl chloride, to form 
starch/bovine serum albumin mixed walled microcapsules. During this procedure 
native or amino-protected aprotinin was loaded in microcapsules by supplementing 
protease inhibitors in the aqueous phase. This procedure was performed with the 
help of cross linking agent. Modifi ed starch in form of microcapsules showed 
protective effect for bovine serum albumin. It was observed that acetylation of 
starch signifi cantly reduces its swelling and enzymatic degradation [ 370 ]. According 
to previous fi ndings, acetylation of potato starch considerably delay drug release 
compared to that of natural potato starch fi lm. During the investigation on Amylose- 
rich maize starch (Hylon VII™) for tablet fi lm coating it was observed that the 
temperature of the coating pan did not infl uence the roughness of the coated tablet 
at low spray rates, whereas at high spray rates increases the temperatures, resulted 
in to the smooth fi lms. This was resulted in to the rapid dissolution rate Hylon VII™ 
coated tablets in an acid medium (releasing 75 % of the drug). Various other reports 
on the amylose and native starches as fi lm forming agent were explored [ 371 – 375 ]. 
In another work ethyl-cellulose was employed with amylase in combination to 
generate aqueous and non-aqueous based coatings for colon drug delivery has been 
reported [ 376 ].

4.8.4        Pectin 

 Pectin (Fig.  4.7 ) is the purifi ed non-starch, linear polysaccharides extracted from the 
plant cell walls especially by acid hydrolysis from the inner portion of the rind of 
citrus peels i.e.  Citrus Simon  or  Citrus Aurantium , (Rutaceae). This water soluble 
linear galacturonic acid polysaccharide mainly composed of α-1,4-linked 
Dgalacturonic acid residues interrupted by 1,2-linked  L -rhamnose residues with a 
few hundred to about one thousand building blocks per molecule, equivalent to an 
average molecular weight of about 50,000 to about 1,80,000 [ 377 ]. since galacturonic 
acid polysaccharides contains different neutral sugars such as arabinose, rhamnose, 
xylose, glucose, and galactose, therefore composition of pectin varies according to 
the botanical source, e.g. pectin from citrus contains lower amount of neutral sugars 
and has a lesser molecular size in comparison to the pectin obtained from apples 
[ 378 ,  379 ]. Owing to its water solubility, this polysaccharide is not able to protect 
its drug load effi ciently for the period of its passage from the stomach and small 
intestine [ 377 ]. Against this pH variable  in vivo  environment, drug core should be 
protected with signifi cant thickness or layers of polymer, thus the whole center of 
attention was inclined to the progress of low water soluble pectin derivatives which 
get degraded by the colonic micro fl ora. Derivatization or modifi cation of pectin 
reduces their solubility e.g. calcium derivatives of pectin were found to reduce the 
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solubility by forming an eggbox confi guration. Ethyl-cellulose was also examined 
as a coating material for colon-specifi c drug delivery. This combination was devel-
oped to overcome the drawback of high solubility of pectin and provide colon spe-
cifi c degradation properties of pectin with the protective properties of the water 
insoluble ethyl cellulose [ 380 ]. Pectin based hydrogels widely investigated used as 
controlled-release matrix tablets. Pectin in form of high-methoxy-pectin showed 
their potential in controlled-release matrix formulations and the drug release from 
compressed pectin based matrix tablets can be modifi ed by altering the concentration 
and nature of pectin in the matrix tablets. It was observed pectinic acid (degree of 
methoxylation 4 %) with retarded solubility was suitable as an excipient for 
pelletisation by extrusion/spheronisation. According to previous work presence of 
20 % pectinic acid in formulations is suitable for the formation of approximately all 
spherical beads which were mechanically stable and showed drug release at 
physiological pH 6.8 [ 381 ]. Pectin based micro particulate polymeric delivery 
systems have been investigated as a possible approach to improve the low 
bioavailability characteristics [ 382 ]. Spray dried pectin microspheres of piroxicam 
showed a considerable improvement of piroxicam bioavailability when compared 
with marketed piroxicameye drops. Modifi cation of pectin such as amidated pectin 
was investigated to mask the bitter taste of chloroquine when orally administered 
[ 383 ]. Study showed potential applications of pectin-chloroquine patch matrix for 
the transdermal delivery of chloroquine. Similarly calcium pectinate nanoparticles 
were prepared to deliver insulin in colon [ 384 ]. Additionally pectin gel formulations 
has wide application in cosmetics for the prolonged release of cosmetic compounds 
such as citronellal responsible for the fragrance and proved as promising materials 
for controlled fragrance release [ 385 ].

4.8.5        Inulin 

 Inulin (Fig.  4.8 ) is a naturally occurring storage polysaccharide obtained from 
Dehlia,  Inula Helenium  (Compositae),  Saussurea lappa  (Compositae) or chicory 
roots, Dendelion,  Taraxacum offi cinale  (Compositae). Burdock root,  Cichonium 
intybus  (Compositae) [ 386 ]. This polysaccharide contains mixture of oligomers and 
belongs to the group of gluco-fructans, widely present in plants such as artichoke, 
garlic, onion, and chicory. As far as structural features are concerned inulin 
molecules contain from two to more than 60 fructose molecules linked by β-2,1- 
bonds. According to previous investigation inulin is not digested properly in the 
upper gastrointestinal tract, however this polysaccharide hydrolyzed by colonic 
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microfl ora [ 387 ,  388 ]. For delivering drug or any other therapeutic substance in 
gastric and intestinal fl uids, inulin with a high degree of polymerization was used in 
combination with Eudragit ®  RS (that could withstand break down by the gastric and 
intestinal fl uids) to prepare biodegradable colon-specifi c fi lms [ 387 ]. In an alike 
study it was reported that using the combination of two different grades of Eudragit ®  
RS and Eudragit ®  RL when mixed with inulin showed better swelling and permeation 
properties in colonic medium rather than other gastrointestinal media [ 389 ]. Earlier 
investigation on inulin based hydrogels for colon-specifi c drug delivery systems 
proven that methylated inulin hydrogels exhibit comparatively high rate of water 
uptake and anomalous dynamic swelling behavior pH sensitive hydrogel by UV 
irradiation were investigated by derivatization of inulin with methacrylic anhydride 
and succinic anhydride [ 388 ]. This pH sensitive hydrogel system exhibit exhibited 
a reduced swelling and low chemical degradation in acidic medium. However it 
shows good swelling and degradation properties in simulated intestinal fl uid espe-
cially in the presence of its specifi c enzyme called inulinase [ 295 ].

4.8.6        Rosin 

 Rosin (Fig.  4.9 ) also called colophony or Greek pitch ( Pix græca ), is a low molecular 
weight (400 Da) natural polymer obtained from the oleoresin of various  Pinus sp.  
by heating fresh liquid resin to vaporize the volatile liquid terpene components. It 
contains abietic and pimaric acids and exhibit excellent fi lm-forming properties. 
According to recent report, Rosin and its derivatives investigated as potential 
biopolymer for various pharmaceutical applications such as fi lm-forming and 
coating properties, matrix materials in the tablets for sustained and controlled 
release and microencapsulation [ 390 ]. Recent report explored its improved drug 
release properties matrix tablets and pellets [ 391 ] when its synthesized by a reaction 
with polyethylene glycol 200 and maleic anhydride. This work lead to the 

  Fig. 4.8    Chemical 
structure of inulin       
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development of potential derivatives which can be suitable for sustain release of the 
tablets. Similarly high polymerization of rosin fi lms showed excellent potential as 
coating materials for the development of sustained release dosage forms [ 392 ]. 
Various investigations on rosin derivatives (glycerol ester of maleic rosin) and their 
fi lm forming and coating properties established their potential as potential coating 
materials for pharmaceutical products as well as in sustained release drug delivery 
systems. It was observed that rosin concentration has profound effect on the release 
of the hydrocortisone from rosin based nanoparticles which has demonstrated its 
potential as effective nanoparticulate drug delivery systems [ 209 ].

4.8.7        Plant Based Gums 

 Plant has its own established mechanism to secrete viscous, sticky fl uid exudate 
gums in order to seal-off infected sections of the plant and prevent loss of moisture 
due to physical injury or fungal attack [ 393 ]. These exudates have their own unique 
property to convert in to brittle, translucent, glassy, hard mass. This property recently 
explored as a potential tool in retaining various drugs and other therapeutic 
candidates for their sustained, controlled or specifi ed release from the desired 
dosage forms. There are various types of gums (mentioned below) secreted by 
plants currently investigated for their pharmaceutical applications. 

4.8.7.1     Gum Arabic 

 Acacia gum or gum Arabic is the dried gummy exudation obtained from the  Acacia 
arabica  (Leguminosae) and other related African species of acacia [ 241 ,  394 ]. The 
gum has been recognized as a branched molecule of 1, 3-linked β- D -galactopyranosyl 

  Fig. 4.9    Structure of 
Rosin       
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units. It is an acidic polysaccharide containing  D -galactose,  L -arabinose,  L -rhamnose, 
and  D -glucuronic acid and is mainly used in oral and topical pharmaceutical 
formulations as a suspending and emulsifying agent. Previous study has explored 
gum Arabic as a matrix microencapsulating agent for the enzyme, endoglucanase 
[ 394 ], shown the slow release endoglucanase from the formulation. Gum Arabic 
was used as an osmotic suspending and expanding agent to prepare a monolithic 
osmotic tablet system. The optimum system delivered the water-insoluble drug, 
naproxen, at a rate of approximately zero order for up to 12 h at a pH of 6.8.58 
Sustained release of ferrous sulphate was achieved for 7 h by preparing gum Arabic 
pellets. An increase in the amount of gum Arabic in the pellets decreased the rate of 
release.  

4.8.7.2     Tragacanth Gum 

 This gum is obtained from the branches of  Astragalus gummifer  (Leguminosae). 22 
and anionic carbohydrate which consists of two major fractions: tragacanthin 
(water-soluble) and bassorin (water-swellable) [ 395 ]. Tragacanthic acid is composed 
of  D -galacturonic acid,  D -xylose,  L -fructose,  D -galactose, and other sugars. It’s very 
diffi cult to understand the clear physical or chemical relationship between 
tragacanthin and bassorin since both fractions can be easily separated. As far as the 
chemical nature and composition are concerned bassorin and tragacanthin differ 
mainly in terms of their uronic acid and methoxyl content [ 396 ]. It has been 
demonstrated that bassorin is a complex structure of polymethoxylated acids and on 
demethoxylation, perhaps yields tragacanthin [ 397 ]. Tragacanth when employed as 
the carrier in the formulation of 1- and 3-layer matrices produced suitable release 
prolongation either alone or in combination with other polymers. It has been 
suggested that supplementation of tragacanth in aqueous media results in the 
improvement of rheological behavior at very low concentration, thus considered as 
potential as a suspending agent, stabilizer, and emulsifi er [ 398 ]. Only few reports 
have been explored on the functional properties of gum tragacanth and its application 
in various fi elds. Recent investigation has demonstrated the fl ow behavior of Iranian 
gum tragacanth at different concentration dispersions, showed that all of the gum 
dispersions had shear-thinning natures and exhibit signifi cant physicochemical 
properties [ 399 ].  

4.8.7.3     Mucilage Gums 

 Recently various mucilage gums have been explored from seed by different 
extraction procedures such as guar gum from the ground endosperms or seeds of the 
plant  Cyamopsistetragonolobus  (Fam. Leguminosae) and locust bean gum from the 
endosperms of the hard seeds of the locust bean tree (Carob tree),  Ceratoniasiliqua  
(Fam. Caesalpiniaceae) [ 400 ]. These polysaccharides have been investigated for 
their potential role in drug delivery and other pharmaceutical applications.  
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4.8.7.4     Locust Bean Gum 

 Locust bean gum (Fig.  4.10 ) or carob gum, irregularly shaped molecule with 
branched β-1, 4- D -galactomannan units, derived from the seeds of the carob, 
 Ceratoniasiliqua  Linn (Fam. Caesalpiniaceae). For achieving full solubility with 
complete hydration and highest viscosity this neutral charged polymer requires 
heat. This feature encourages its coating strength and imparts protection to several 
drug candidates against several degradation factors  in vivo.  Colon-specifi c drug 
delivery systems based on polysaccharides using locust bean gum and chitosan was 
developed. It was observed that when these coating materials was applied over core 
tablet it endow better shielding affect by protecting the drug from being released in 
the physiological environment of stomach and small intestine. Additionally it also 
provides protection against colonic bacterial enzymatic actions with resultant drug 
release in the colon.

4.8.7.5        Guar Gum 

 Guar gum (Fig.  4.11 ), high molecular weight hydrocolloidal polysaccharide consist 
of linear chain of β- D -mannopyranosyl units linked (1 → 4) with single member α- D -
galacto-pyranosyl units occurring as side branches. This Cyamposistetragonolobus 
endosperms derived polysaccharide contains glycosidic linked galactan and mannan 

HO

HO HO

HO

HO

HO

HO

HO

HO

HO

OH

OH OH

OHOH

O
O

O
O

O
O

O

O

O O

  Fig. 4.10    Chemical 
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units and shows degradation in the large intestine due the presence of microbial 
enzymes. Guar gum has high molecular weight with high apparent viscosity in solu-
tion and shows solubility in cold water with its complete swift hydration to yield 
viscous pseudo plastic solutions. However it was observed that its shear- thinning 
usually have better low-shear viscosity than other hydrocolloids. This high viscosity 
and molecular weight dependent gelling property delays the drug from its dosage 
form, and become more vulnerable against susceptible to degradation in the colonic 
environment. This galactomannan based non-ionic polysaccharide that abundantly 
present in nature and endow many signifi cant properties desirable for drug delivery 
applications. Nevertheless owing to its elevated swelling features in water, the utili-
zation of this galactomannan based polysaccharide is limited. Recently various 
physico-chemical methods have been employed to improve its property such as 
derivatiztion, grafting and network formation. Such modifi cation allows its more 
utilization for biomedical applications. Additionally this plant based natural polymer 
can be exploited in various forms such as matrix tablets, hydrogels, nano/micro par-
ticles and coatings can be exploited as potential carriers for targeted drug delivery 
[ 401 ]. One report suggested the signifi cant role of guar gum in oral controlled drug 
delivery systems for highly water-soluble metroprolol as a carrier in the form of a 
three-layer matrix tablet. During this study it was observed that three- layer guar gum 
matrix tablets provide the desirable release rate for metoprolol tartrate formulations 
with no change either in physical appearance, drug content or in dissolution pattern 
and did not show any possibility of metoprolol tartrate/guar gum interaction with the 
formulation excipients used in the study [ 402 ]. Same results were obtained in guar 
gum based three layer tablet of tri- metazidinedihydrochloride controlled release for-
mulation [ 403 ]. In another report where guar gum potential was explored as a carrier 
for colon-specifi c drug delivery in form of a novel tablet formulation for oral admin-
istration using indo-methacin as a model drug. It was observed that this galactoman-
nan based polysaccharide protects the drug from being released entirely in the 
physiological environment of stomach and small intestine. Based on these investiga-
tions it was concluded that 4 % w/v of rat caecal contents in PBS offers the best 
conditions for in vitro assessment of guar gum [ 404 ]. In one more investigation guar 
gum was modifi ed by using acrylamide grafting in which amide groups of these 
grafted copolymers were transformed into carboxylic functional groups and fi nally 
tablets were prepared by incorporating diltiazem hydrochloride. Based on in-vitro 
drug release data it was observed that that the drug release dissolution was controlled 
in case of unhydrolyzed copolymer in contrast with hydrolyzed copolymers, drug 
release was swelling-controlled at fi rst, however at later stage, it became dissolution-
controlled. This report suggested potential role of pH sensitive hydrolyzed pAAm-
 g -GG matrices for intestinal drug delivery [ 405 ].

4.8.7.6        Grewia Gum 

 Grewia genus which was formerly categorized under linden Family (Tiliaceae) or 
the Spermamanniaceae and has been now merged into the Malvaceae [ 406 ]. Its 
increasing citations in International Pharmaceutical Abstracts database, EBSCO 
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and in PubMed augment its interest on  Grewia mollis as as a potential pharmaceutical 
excipient [ 407 ]. In concern with its polysaccharide based pharmaceutical evaluation, 
the fi rst report was documented in the early 2000s [ 408 – 416 ], in which researchers 
have explored some physicochemical and rheological characteristics as well as 
water vapor permeability of the aqueous-based fi lms. During this investigation 
effect of gum derived from  Grewia mollis as, on the binding properties in sodium 
salicylate tablets [ 413 ] and its infl uence on the granulating fl uid on the release 
profi le of drug [ 414 ] were evaluated. Later on in a study researchers have observed 
that method of incorporating the gum into tablet formulation had signifi cant effect 
on tablet properties. Additionally it was discovered that introduction by activation 
with water produced improved tablet properties than when incorporate by wet 
granulation or direct compression [ 415 ]. It was observed that acidic hydrolysis of 
the gum and some chemical modifi cations showed reduced viscosity and improved 
drug release from tablets [ 416 – 418 ]. In recent work some workers have explored 
the signifi cant role of gum in binding in contrast with both untreated gum and 
gelatin in paracetamol tablet formulations [ 419 ]. It was observed that tablet 
formulations containing treated grewia gum exhibited low onset of plastic 
deformation, enhanced friability was found with increase in acid concentration and 
treatment time and decrease in crushing strength, disintegration and dissolution 
times with increase in acid concentration and treatment time was observed. Other 
researchers concluded that acid treated grewia gum, depending on the desired onset 
of action of medicament, can be used in formulation of conventional tablets 
especially if the formulation does not require sustained release [ 420 ]. With the 
advancement in analytical tools it’s now possible to characterize the natural 
polymers in much better way then the conventional technologies. Technologies such 
as gel permeation chromatography, gas chromatography, differential scanning 
calorimetry, scanning electron microscopy, thermo gravimetric analysis,  1 H and 
 13 C-NMR, solid-state nuclear magnetic resonance, Fourier transformed infrared, 
x-ray photoelectron spectroscopy, and NIR techniques have been utilized to 
characterize the gum [ 421 ,  422 ]. Based on the analysis it was observed that 
polysaccharide gum is a normally amorphous polysaccharide gum containing 
rhamnose, glucose, arabinose, galactose, and xylose as neutral sugars with an 
average molecular weight of 5925 kDa expressed as the pullulan equivalent. As far 
as its physical properties are concerned gum gradually hydrated in water. This 
dispersion swells to form a highly viscous dispersion having pseudo plastic fl ow 
behavior. Technique like centrifugation gives better molecular weights range 
between 230 and 235 kDa of gum when centrifuged successively at 4500 rpm for 
30 min. Such processes improve the aqueous solubility and useful in delivering 
more solids to the substrate when used as a fi lm coating agent [ 422 ].  

4.8.7.7     Okra Gum 

 Okra gum is obtained from plant which is widely cultivated and grown in most 
tropical part of Nigeria known as  Abelmoschusesculentus  (Fam. Malvaceae). This 
plant is widely consumed as food in Asia and Africa and therefore considered as 
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subject of research in agriculture [ 423 ,  424 ]. Okra is popular for its viscous 
mucilaginous solution which is formed when heated and extracted in water [ 425 ]. 
This high molecular weight polysaccharide gum is reported as pharmaceutical 
excipient in various reports as a suspending [ 425 – 427 ], control release [ 428 ], fi lm 
coating [ 429 ], binder [ 430 ,  431 ], and bio-adhesive [ 432 ] agent. Okra gum is 
documented as controlled-release agent in modifi ed release matrices, in contrast 
with sodium carboxymethyl- cellulose and hydroxyl-propyl-methyl-cellulose, using 
Paracetamol as a model drug. Results showed that an okra gum matrix was useful in 
the formulation of sustained-release tablets for up to 6 h [ 428 ].  

4.8.7.8     Kyaha Gum 

 Recent report explored the relative binding effects of khaya gum obtained from 
 Khayasenegalensis  and  Khayagrandifoliola  (Fam. Meliaceae) in paracetamol tablet 
formulation were evaluated [ 433 ]. In one report mechanical properties of the tablets 
using khaya gum were assessed using the tensile strength, brittle fracture index and 
friability of the tablets while the drug release properties were evaluated by means of 
disintegration and dissolution times. It was observed that the brittle fracture index 
and friability decreased whereas tensile strength, disintegration and the dissolution 
times of tablets increased with the increase in binder concentration. It was also 
concluded that gum obtained from  K. senegalensis  produced strong tablets with 
extended disintegration and dissolution times in contrast with those obtained from 
 K. grandifoliola  gum. Based on reports it was fi nally suggested that gums obtained 
from  K. senegalensis  will be more suitable as a binding agent than  K. grandifoliola  
when high mechanical strength and slow release profi les of tablets are required.  

4.8.7.9     Moringaoleifer Gum 

  Moringaoleifera derived  gum was investigated for its physical features such as loss 
on drying, swelling index, solubility, and pH in form of gel based formulations 
using Diclofenac sodium as model. It was studied that 8.0 % mucilage gels prepared 
were found to be ideal and equivalent with a marketed preparation [ 434 ].  

4.8.7.10     Irvingiagabonensis 

 Seeds of  Irvingia gabonensis,  commonly known as ‘African mango’ or ‘bush 
mango’ contains large amount of lipids and polymeric constituents [ 423 ,  435 – 440 ] 
which are very important to pharmaceutical scientists as excipients. Mucilage 
isolated from the kernel is of great pharmaceutical signifi cance and has been used 
as binding agent in tablet formulation [ 441 ], as emulsifying and suspending agent 
[ 442 ]. Moreover the lipid has been employed in sustained release ingredient 
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[ 443 – 445 ], as suppository base [ 446 – 448 ], tableting as lubricant, microencapsula-
tion [ 449 ], and as a part of fi lm coating process [ 446 ]. Polysaccharide extraction can 
be achieved by using aqueous dispersion in petroleum ether or diethyl ether [ 450 ], 
however simultaneous extraction processes for both lipis and polysaccharide content 
has not been reported yet [ 451 ]. Irvingiagabonensis mucilage was investigated for 
use as suspending and emulsifying agent and its rheological behavior was evaluated 
against tragacanth. It was observed that formulated suspensions of Irvingia mucilage 
at all concentrations gave higher fi nal sedimentation height and sedimentation 
volume values. Furthermore it was also documented that 2.0 % w/v Irvingia 
mucilage (as an emulsifying agent) when compared against tragacanth and acacia 
gum showed stability throughout the 6 weeks of study. This observation led to 
conclusion that Irvingia mucilage presents superior properties than acacia and 
tragacanth. This performance was found to be much better, even at lower 
concentrations in the formulation of emulsions and suspensions. Iirvingia lipid 
based suppository base has also been investigated and it was observed that irvingia 
fat can be actively employed as suppository base. Furthermore the potential binding 
effects of mucilage on sustained release tablets, metronidazole tablets and as 
lubricating potential in tablet formulations have been investigated.  

4.8.7.11     Hakeagibbosa Gum 

 This water-soluble gum is obtained from Hakeagibbosa (hakea), having considerable 
muco adhesive and sustained-release properties especially for the formulation of 
buccal tablets. Hakeagibbosa gum is recently investigated in fl at-faced tablets using 
chlorpheniramine maleate as model drug [ 452 ]. It was observed that hakea coated 
tablet signifi cantly extend the in vitro release up to several hours and characterization 
results suggested the absence of chemical interactions. Additionally force of 
detachment for directly compressed and wet granulated tablets was increased as the 
amount of hakea per tablet was increased. Researchers also reported that hakea, 
might not only be employed to prolong the chlorpheniramine maleate release from 
a buccal tablet, however it also displayed excellent mucoadhesive properties. The 
underlying mechanism behind this is the slow relaxation of the hydrated hakea 
which can cause chlorpheniramine maleate release in a sustained manner.  

4.8.7.12     Psyllium Mucilage 

 Mucilage derived from Psyllium, has been investigated for its tablet binding 
properties [ 453 ]. This mucilage is derived from the seed coat of  Plantagoovata  
(Fam. Plantaginaceae) [ 454 ]. Isolation is achieved by milling of the outer layer of 
the seeds yield smooth texture mucilage. Psyllium hydrogels were investigated by 
insulin as model drug and N, N’-methylene-bis-acryl-amide as cross-linker. 
Formulation showed controlled release of the active ingredient [ 455 ].  
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4.8.7.13     Miscellaneous Gums and Mucilage 

 Various gums have been explored for pharmaceutical signifi cance such as 
 Colocassiaesculenta  [ 456 ], seeds of  Linumusitatissimum  [ 457 ], malva nut gum 
[ 458 ] and  Sterculiafoetida  gum for swelling and erosion modulator in controlled 
release matrix tablets of diltiazem hydrochloride.       
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    Chapter 5   
 Marine Polysaccharides Based Nano-Materials 
and Its Applications                     

    Abstract     Marine polysaccharides and its associated nano-materials are currently 
considered as an excellent source for nano-technological applications. These appli-
cations are broadly categorized in the fi eld of cancer therapy, wound dressing, drug 
delivery, gene delivery, tissue engineering, water treatment and biosensor. 
Promising biological functions are due to their structure and physicochemical 
characteristics, which certainly depend on the source of the organism. Production 
of marine polysaccharides based nano-materials is simple, economical, biodegrad-
able, and well suggested to be used in the large-scale production of bio-nanomate-
rials. These polysaccharides are highly biocompatible, biodegradable, nontoxic, 
low cost, stable, safe, and abundant. Nevertheless the majority of the commercial 
applications are still at the laboratory level. Moreover in vivo investigations and 
clinical applications are required to develop industrial nanoproducts. In addition to 
these applications marine polysaccharide-based nano-materials have various appli-
cations biomedical sciences, fabric and food industries, and pharmaceutical 
industries.  

  Keywords     Marine   •   Nanomaterial   •   Nanoparticle   •   Polysaccharide   •   Polymer   • 
  Alga  

5.1           Introduction 

 Marine polysaccharides especially derived from algal sources offers various poten-
tial applications in modern medicine and nanobiotechnology fi eld. These polysac-
charides have several applications in drug delivery, gene delivery, wound dressing 
and tissue engineering [ 1 ]. Algae especially seaweeds present an array of therapeu-
tic compounds with diverse structures and remarkable biological activities. These 
bioactive compounds contain rich source of sulfated polysaccharides such as por-
phyran, agarose, alginate, fucoidan, carrageenan, and ulvan. Sulfated polysaccha-
rides are derived from various sources as mentioned in Fig.  5.1 . In addition to algal 
sources exoskeleton of marine crustaceans offer some bioactive polysaccharides 
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such as chitosan (CS), chitin, and oligosaccharides [ 2 ]. Various marine organisms 
produce exopolysaccharides (EPS) as an approach for growth adhering to solid sur-
faces and to survive in adverse conditions. These marine microorganisms producing 
EPS are a complex mixture of biopolymers chiefl y comprised of polysaccharides as 
well as lipids, proteins, nucleic acids and humic substances [ 3 ]. Owing to the vari-
ous advantages such as nanotoxicity, biocompatibility, low cost, biodegradability, 
and abundance offered by marine polysaccharide-based nanomaterials they endow 
signifi cant applications in biomedical and chemical research [ 4 ]. Currently pharma-
ceuticals based on marine bionanoparticles of polymers such as nanomaterials, lipo-
somes, dendrimers, metals or metaloxides or micelles are mainly investigated for 
fi ghting against different diseases, including cancer and bacterial infections and for 
drug delivery, gene delivery, wound healing and tissue engineering [ 5 ]. Sulfated 
polysaccharides and EPS are easily developed in to various nano and micro 
(nanoparticles, nanofi bers, microparticles) membranes, gels, scaffolds, beads, and 
sponge forms. There pharmaceuticals have been used for variety of biomedical 
applications in drug delivery, tissue engineering, cancer therapy, wound dressing, 
biosensors, and water treatment in the area of nanobiotechnology (Table  5.1 ) [ 7 ]. 
This chapter highlights marine polysaccharide-based nanomaterials for nanotech-
nological and biomedical applications.

5.2         Polysaccharides Derived from Marine Sources 

 Among all living organisms marine polysaccharides derived from various 
resources such as marine algae, crustaceans, and microorganisms [ 4 ] forms one of 
the major components and considered as the most abundant source of 

Sulphated
polysaccharides

Natural

Plant Animal Microbial
Complete
synthesis

Synthetic

Sulfation of
neutral PS

Fungi

Bacteria

Mammals

Marine
invertebrates

Algae

Marine plants

  Fig. 5.1    Various sources of sulphated polysaccharides       
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   Table 5.1    Description of various sulphated polysaccharides highlighting their own biological 
activity and applications [ 6 ]   

 Polysacchari-des 
 Marine organisms 
(source)  Class  Biological properties  Applications 

 Heterofucans   Canistrocarpus 
cervicornis  
 a.k.a.  Dictyota cervicornis  
  Dictyopteris delicatula  

 Chromophyta 
 Dictyotales 

 Anticoagulant, 
antioxidant; anti-
proliferative, 
anti- thrombotic, antiviral 

 Vaccines for 
immunotherapy 
 Production of 
nanofi bers 
 Gluing and soft 
tissue closure after 
surgery 
 Lubricants for bone 
joints 
 Nanotechnology 

 S-fucans   Canistrocarpus 
cervicornis  
 a.k.a.  Dictyota cervicornis  
  Dictyopteris delicatula  
  P. tetrastromatica  
  Cladosiphon okamuranus  
 a.k.a.  Okinawa mozuku  
  Spatoglossum schröederi  
  Ascophyllum nodosum  
 Fucus spp. 
 F. vesiculosus 
 Hizikia fusiforme 
 a.k.a. Sargassum 
fusiforme 
 Sargassum spp. 

 Chromophyta 
 Dictyotales 
 Ectocarpales 
 Fucales 

 Anti-proliferative, 
antiviral, anti-
infl ammatory, 
antiadhesive, 
 Antitumor, 
immunomodulator, 
angiogenic, 
gastroprotective, 
 Cardioprotective, 
restenosis preventive 

 S-galactofucans   D. menstrualis  
  Lobophora variegate  
  Spatoglossum schröederi  
  Adenocystis utricularis  
  Costaria costata  
  L. japonica  
  a.k.a. Saccharina japonica  
  Undaria pinnatifi da  

 Chromophyta 
 Dictyotales 
 Ectocarpales 
 Laminariales 

 Anti-thrombotic; 
 Peripheral 
anti-nociceptive; 
 Anti-proliferative, 
anti-adhesive, 
antioxidant 

 LMW-S-fucans   Nemacystus decipiens  
  P. canaliculata  

 Fucales 
 Ectocarpales 

 Anticoagulant 

 S-fucoidan   C. novae-caledoniae  
  Saccharina cichorioides  
  a.k.a. Laminaria 
cichorioides  
  Laminaria spp.  
  S. horneri  
  S. henslowianum  

 Fucales 
 Ectocarpales 

 Antitumor 

 Fucoidans   Eisenia bicyclis  
  Lessonia vadosa  

 Fucales  Anticoagulant 

 S-galactofucans 
 Fucoidan 

  Undaria pinnatifi da   Fucales  Antiviral, anticoagulant, 
antitumor, anti-
proliferative, 
immunomodulatory, 
 anti-infl ammatory 
 induced osteoblastic 
differentiation 

 LMW-fucoidan   S. patens   Fucales  Antiviral 

 S-laminaran   Laminaria sp. (or 
Saccharina)  

 Fucales  Antitumor, anticoagulant, 
decreases liver 
triglyceride, cholesterol 
and 
 phospholipid levels; serum 
hypocholesterolaemic, 
hypotensive, 
 antibacterial, 
immunomodulator 

(continued)



 Polysacchari-des 
 Marine organisms 
(source)  Class  Biological properties  Applications 

 Laminarans   Eisenia bicyclis   Fucales  Anti-proliferative, 
antitumor, anticoagulant; 
 Antitumor, serum 
hypocholesterolaemic, 
hypotensive, 
 antibacterial, 
immunomodulator 

 Wound healing 
 Burn-wound 
dressings 
 Tissue regeneration 

 S-galactan 
porphyran 

  Porphyra spp.   Antitumor, hypotensive, 
regulates 
 blood cholesterol 

 Cell encapsulation 
 Scaffolds for tissue 
engineering 
 Wound healing and 
dressings 
 Revascularization 

 Porphyran   P. yezoensis  
  P. haitanensis  

 Rhodophyta 
 Bangiales 

 Antitumor, 
immunomodulatory, 
 hypolipidaemic 

 S-agarans   Bostrychia montagnei  
  Cryptopleura ramose  
  Digenea simplex 
Gloiopeltis complanata  
  Aghardiella tenera G.
corticata  

 Rhodophyta 
 Bangiales 
 Ceramiales 
 Cryptonemiales 

 Antiviral 

 LMW-PS   Corallina sp.  
  C. ocellatus  
  Furcellaria lumbricalis  
  Hypnea charoides  
  Soliera chordalis  

 Corallinales 
 Gigartinales 

 Antiviral; 
 Antitumor 

 Agaroid-
carrageenan 

  G. furcata   Cryptonemiales 

 di-S-galactan   Gelidium crinale   Gelidiales 

 Hybrid 
 DL-galactans 

  Pterocladia capillacea  
  Gymnogongrus torulosus  

 Gigartinales 

 S-λ-carrageenan   Chondrus crispus  
  E. spinosa  
  G. skottsbergii  
  Phyllophora brodiei  
  Stenogramme interrupta  

 Gigartinales  Anticoagulant, 
antithrombotic 

 LMW-PS   Hypnea charoides   Immunostimulant 

 LMW-S-
carrageenans 

  Kappaphycus striatus   Antitumor, 
immunomodulator 

 sPS   Gracilaria caudate  
  G. verrucosa  
  U. conglobata  
  U. fasciata  
  U. lactuca  
  U. rigida  
  C. cupressoides  

 Gracilariales 
 Chlorophyta 
 Bryopsidales 
 Ulvales 
 Diatoms 
 Chlorophytes 
 Prasinophyte 
 Prymnesiophyte/
haptophyte 

 Antiviral, 
anti-infl ammatory, 
 immunomodulator, 
anti-proliferative, 
prevention 
 of tumour cell growth 

 S-galactans   G.corticata  
  Grateloupia indica  
  Schizymenia dubyi  
  S. binderi  
  U. lactuca  
  Caulerpa spp.  
  Aghardiella tenera  
  Euchema cottonii  
  Pterocladia capillacea  

 Ulvales 
 Rhodymeniales 
 Nematomatales 
 Halymeniales 
 Gracilariales 
 Gigartinales 

 Anticoagulant, 
antithrombotic 

Table 5.1 (continued)

(continued)
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 Polysacchari-des 
 Marine organisms 
(source)  Class  Biological properties  Applications 

 S-mannans   Nemalion helminthoides 
Capsosiphon fulvescens  

 Ulotrichales 
 Nemaliales 

 Antiviral 
Immunomodulator 

 Drugs carriers 
 Encapsulation, 
 Scaffolds for 
ligaments and tissue 
engineering 
 Regeneration of 
tissues 
 Moulding in 
dentistry 
 Wound healing and 
dressings 

 Xylogalactans 
 S-xylomannans 

  Nothogenia fastigiata   Nemaliales  Antiviral, anticoagulant 

 di-S-galactan 
 LMW-sPS 

  Botryocladia occidentalis  
  Champia feldmannii  

 Rhodymeniales  Anticoagulant, 
anti-venom 

 S-xylomannans   Sebdenia polydactyla   Nemaliales  Antiviral 

 S-arabinogalactans   Codium spp.   Chlorophyta 
 Bryopsidales 

 Anticoagulant, 
antithrombotic, antiviral 

 S-pyrulylated-
galactans 

  C. isthmocladum   Chlorophyta 
 Bryopsidales 

 Antioxidant, 
anticoagulant, 
anti-proliferative 

 S-rhamnans and 
 LMW-S-
rhamnans 
 Rhamnans 

  Monostroma latissimum  
  M. nitidum  
  Enteromorpha 
intestinalis  

 Ulotrichales  Anticoagulant, 
antithrombotic, 
 hepatoprotective, 
antitumor, 
 immnunomodulator 

 S-ulvans and 
 Derivatives, 
 LMW-S-ulvan or 
otherwise 
modifi ed 

  E. prolifera  
  U. pertusa  

 Ulvales  Antioxidant, 
anti-proliferative, 
 Hypocholesterolaemic 

 EPS   Haslea ostrearia  
  Nitzschia closterium  
  Skeletonema costatum  
  Chaetoceros spp.  
  Amphora sp.  
  Dunaliella salina  
  Ankistrodesmus angustus  
  Botryococcus braunii  

 Diatoms 
 Chlorophytes 
 Cyanobacteria 

 Antiviral, antibacterial, 
prevention of tumour 
 Cell growth 

 s-Spirulan   Arthrospira platensis   Cyanobacteria  Anti-proliferative, 
anti-adhesive, 
 Anti-metastatic 

Table 5.1 (continued)

polysaccharides (Table  5.2 ) (Figs.  5.2  and  5.3 ). These polysaccharides exhibit 
various biological and biomedical applications, namely [ 8 ], antiangiogenic [ 9 ], 
antimetastatic [ 10 ], and anticoagulant [ 11 ], antioxidant [ 11 ], anti-infl ammatory, 
immunomodulating [ 8 ], antiproliferative [ 11 ], antitumor [ 12 ], antiparasitic antivi-
ral [ 8 ] properties. Among all class sulphated polysaccharides have been of great 
interest because of the presence of sulphur group and their potential to generate 
new bioactive compounds [ 10 ].

5.2 Polysaccharides Derived from Marine Sources
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  Fig. 5.2    Marine based polysaccharides and its sources       

5.2.1         Marine Algae Based Polysaccharides 

 Marine algae polysaccharides especially sulfated polysaccharides received a greater 
importance as natural resources of marine natural products. Owing to the potential 
properties of seaweed and other marine sources derived polysaccharides they have 
received considerable attention in the cosmeceutical, nutraceutical, and pharmaceu-
tical fi elds [ 13 ]. Marine algae chiefl y classifi ed in to three: green algae 
(Chlorophyceae), brown algae (Phaeo-phyceae) and red algae (Rhodophyceae) 
(Fig.  5.2 ). 

 From the research and commercial point of view there are some prominent 
sources (such as carrageenans, agarose, and porphyran) of sulfated polysaccharides 
extracted from red seaweeds [ 14 ], ulvan is a natural polysaccharide isolated from 
green algae [ 15 ] and laminarin, fucoidan, and alginates are chiefl y derived from 
marine brown algae.  
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5.2.2     Marine Crustaceans Derived Polysaccharides 

5.2.2.1     Chitin 

 Among all the polysaccharides chitin is reported as one of the most abundant natu-
ral polymers and chiefl y found in the exoskeletons of marine crustaceans and cell 
walls of marine fungi [ 5 ]. Shrimp, crab, and lobster shells are the major sources 
chitin and form the existing waste products of the seafood industry. According to 
present research this polymers can be easily modifi ed in to chitosan and other forms 
whereas both unmodifi ed as well as modifi ed forms can be easily processed into 
microparticles, nanoparticles, nanofi bers, scaffolds, sponge forms, beads, gels, and 
membranes. There maximum utilization in biomedical fi eld is based on excellent 
low toxicity, high biodegradability and biocompatibility [ 16 ]. Such properties 
endow various biomedical applications such as wound dressing, targeted drug 
delivery, tissue engineering and gene delivery, and offer signifi cant applications in 
nanotechnology [ 17 ].  

5.2.2.2     Chitosan and Chitooligosaccharides 

 Modifi cation of chitin helps in improving its various properties such as improve-
ment in molecular weight, biocompatibility and toxicity profi le. Chitosan, a natu-
rally occurring polysaccharides isolated by the N-deacetylation of chitin has now 
become the most highlighted polymer in chemical, nutraceutical and pharmaceuti-
cal industries [ 18 ]. One more modifi cation which has been now highlighted for its 
excellent properties is chitooligosaccharides obtained by the depolymerization 
products of chitin or chitosan by enzymatic and acidic hydrolysis methods. These 
methods signifi cantly affect the molecular weight and ease of control and safety. 
Additionally such modifi cation methods impart excellent properties such as high 
water solubility nonotoxicty, good biocompatibility, excellent biodegradability and 
low cost [ 19 ]. Chitosan and chitooligosaccharides are now recently considered for 
its great promising application in biomedical science, such as hypocholesterolemic 
effects [ 20 ], wound healing [ 21 ], drug delivery [ 22 ], tissue engineering [ 23 ], antitu-
mor effects [ 24 ], and antimicrobial activity [ 25 ].  

5.2.2.3     Marine Microorganisms 

 Among the potential class of marine based polysaccharides microbial polysaccha-
rides especially 

 EPS are abundantly present in various marine sources such as fungi [ 26 ], bacte-
ria [ 27 ], actinobacteria [ 28 ], and cyanobacteria [ 29 ]. Currently, EPS presents vari-
ous interesting applications in cosmeceutical, nutraceutical and pharmaceutical 
industries. Additionally EPS also plays an important role in wastewater treatment 
and detergent applications [ 30 ]. All marine based microbial polysaccharide offers 
an increasing attention for biological activities such as antitumor, antiviral, anti- 
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infl ammatory properties [ 31 ]. According to previous reports extremophilic bacterial 
polysaccharide, mauran (MR), explored as novel biocompatible and stable biomate-
rial and therefore becomes more favorable for its utilization in nanotechnology, 
pharmaceutics and biomedical fi eld [ 1 ]. Previous fi ndings also suggested the role of 
Streptomyces sp. based polysaccharides in the production of polysaccharide-based 
biofl occulant for the green synthesis of silver nanoparticles [ 32 ]. These NPs can be 
treated as choice for the advancement in novel bactericidal bio-nanomaterials espe-
cially for several biotechnological applications and wastewater treatment.    

5.3     Nanomaterials Derived from Marine Sources 

 Owing to high biodegradability, good biocompatibility, nontoxic nature, low cost 
and other features, marine polysaccharide-based nanomaterials are considered as 
most suitable novel carriers in nanotechnology science [ 33 ]. Because of their unique 
physicochemical properties these polysaccharides have attracted considerable 
attention for imaging and therapeutic agents. Some special features such as its abun-
dance, hydrophilic, biocompatible, biodegradable, inexpensive, nontoxic, safe, 
hydrophilic and biocompatible nature they are of particular importance in the area 
of nanotechnology and have a promising future as biomaterials. Recent research on 
polysaccharides based nanomaterials offers various biomedical application such as 
drug delivery, antimicrobial activity, tissue engineering, gene delivery, cancer ther-
apy, and wound dressing [ 34 – 36 ]. 

5.3.1     Nano Scaffolds Derived from Fucoidan 

 Brown seaweeds derived sulfated polysaccharide known as Fucoidan (1) is an 
excellent drug candidate for pharmaceutical applications. Similarly fucan sulfates 
were obtained from marine invertebrates are having excellent pharmaceutical appli-
cations [ 37 ]. Fucoidan in the presence of formamide, pyridine and acetic anhydride 
yields acetylated nanoparticles. Whole process is conducted at room temperature 
for 24 h (Fig.  5.4 , Table  5.3 ). Fucoidan is considered as an excellent candidate for 
various biological applications such antiproliferative properties, immunomodulat-
ing properties [ 47 ], anticoagulant [ 48 ], antiviral [ 47 ], antiangiogenic, antitumor, 
anti-infl ammatory, [ 49 ], antioxidant [ 50 ]. Previous fi ndings suggested that com-
pounds such as fucoidans are now considered as the novel bioactive agents espe-
cially for nanotechnology and biomedical applications [ 38 ]. Recent research has 
investigated the role of fucoidans in the biosynthesis of metalnanoparticles, cancer 
treatment and drug delivery. Synthesis and characterization of fucoidan-coated poly 
(isobutylcyanoacrylate) nanoparticles was reported by Lia et al. [ 51 ]. Polymerization 
and redox radical emulsion polymerization were used to prepare of isobutylcyano-
acrylate using fucoidan as a novel coating biomaterial. These nanoparticles exhibit 
potential in vitro cytotoxic effect against different fi broblast cell lines. Nanoparticles 
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   Table 5.3    Various advancement and applications of fucodain in nanoparicle drug delivery 
[ 38 – 46 ]   

 Polysaccharides  Modifi cations  Nanoaprticles  Drug delivery applications 

 Fucodain  Oversulphated, 
acetylated and 
benzoylated fucoidan 
 Phosphorylated and 
aminated derivatives 
offucoidan 
 Radical degradation 
 Polyethylene 
terephthalate (PET) 
polymer surface 
attachment 
 Fucosidase,enzyme 
degradation and 
microvate associated 
degradation 
 Degraded fucoidans 
were coupled with 
several hydrophobic 
groups (oligofucose-
dodecylaniline 
combination) 

 Cytotoxicity and 
fucoidan-coated 
nanoparticles 
 Stromal cell-derived 
factor-1 released from 
 chitosan/
tripolyphosphate/
fucoidan nanoparticles 
 Carboxymethylated-
curdlan and fucoidan 
Green synthesis of 
silver nanoparticles 
 Chitosan/Fucoidan pH 
Sensitive 
Nanoparticles 
 Fucoidan-Stabilized 
Gold Nanoparticles 

 Suppressive effect of 
fucoidan on an attachment 
of Cryptosporidium 
parvum 
 Fucoidan cures infection 
with both antimony-
susceptible and -resistant 
strains of Leishmania 
donovani 
 Growth-inhibitory effect of 
a fucoidan 
 On Plasmodium parasites 
 Asexual growth inhibiton 
of Babesia bovis 

prepared by anionic emulsion polymerization nanoparticles showed IC 50  at 2 g/
mL. As far as the sources are concerned fucoidans are derived from various sources 
two of marine algae such as  Cladosiphon okamuranus  and Kjellamaniellacrassifolia. 
Recent research showed its potential application in green synthesis of gold nanopar-
ticles [ 52 ]. Previous fi ndings on production of silver nanoparticles using carboxy-
methylated curdlan or fucoidan as reducing and stabilizing agents has opened 
gateway for the synthesis of metallic nanoparticles [ 39 ]. C. okamuranus derived 
fucoidan encapsulated in nanoparticles using liposomes as nanocarriers showed 
potential in vitro anticancer activity against osteosarcoma [ 53 ]. It was observed that 
hydrophobically modifi ed fucoidan (synthesized by the acetylation of fucoidan) 
was required to prepare the chemotherapeutic agent loaded nanoparticles e.g. acety-
lated fucoidan nanoparticles was used to encapsulate Doxorubicin.

5.3.2         Alginate Nanoparticles 

 Owing to excellent properties such as low cost, low toxicity, biocompatibility and 
mild gelation, alginate ‘a natural polysaccharide’ derived from brown seaweeds has 
been widely investigated and used for biomedical applications [ 54 ]. Previous fi nd-
ings have explored various functionalization and modifi cation steps for alginate to 
yield modifi ed alginate with improved physic-chemical and biological properties 
(Fig.  5.5 ). Current research on alginate-based nanoparticles offers various 
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applications in insulin delivery [ 55 ] and antifungal and antitubercular drugs [ 56 ]. 
Alginate based nanoparticles have raised greater interest in the medical fi eld e.g. 
[ 55 ] insulin- loaded nanoparticles using alginate ionotropic pre-gelation followed by 
CS polyelectrolyte complexation. This has proven the elastic nature of alginate to 
hold and shield drug by polyelectrolyte complexation with chitosan. During this 
study it was observed that insulin-loaded nanoparticles using alginate showed load-
ing capacity of 14.3 %. Similarly loading of insulin in alginate–dextran nanospheres 
through nanoemulsion dispersion resulted in increase in encapsulation effi ciency up 
to 82.5 %. Various methods like irradiation method was also reported for the prepa-
ration of gold nanoparticles using alginate as a stabilizer. Utilization of effective 
methods such as irradiation method for the preparation of gold nanoparticles using 
alginate as astabilizer was also reported. During this study it was observed that 
irradiation technique is suitable for the production of alginate-stabilized gold 
nanoparticles with controllable size and high purity. This technique yields alginate- 
stabilized gold nanoparticles which are spherical in nature having particle size rang-
ing from 5 to 40 nm [ 57 ]. Recently hydrothermal synthesis of silver nanoparticles 
using sodium alginate as a reducing and stabilizing agent was studied by Yang and 
Pan [ 58 ]. During this study it was observed that incubation time and temperature of 
the reaction played an important role under suitable effective sodium alginate con-
centrations and Ag +  precursor in the development of silver nanoparticles with desir-
able shapes. So generally triggering the temperature and incubation time of reaction 
were favorable for the formation of nanoplates whereas low temperature and short 
incubation time of reaction were shown to result in the formation of nanospheres. In 
one report the role of alginate in DOX-loaded glycyrrhetinic acid-modifi ed alginate 
nanoparticles was suggested by determining liver-targeting effi ciency, and antitu-
mor activity. It was observed that nanoparticles showed strong liver-targeting effi -
ciency, reduced cardiac toxicity and improved antitumor activity of DOX against 
liver tumors [ 59 ,  60 ]. One of the major causes of therapeutic failure of anti- 
tuberculosis medicines is patient non-compliance. This happens due to the multi-
drug administration for at least 6 months. Delivery systems such as nano formulations 
are more suitable for co-bacterial infections (such as tuberculosis) [ 61 ]. An alginate- 
encapsulated anti-tubercular drugs such as isoniazid, rifampicin, pyrazinamide, and 
ethambutol was studied by Ahmad et al. [ 62 ]. During their oral administered to mice 
it was observed that all the encapsulated drugs in nano forms showed better anti- 
tubercular effects. Additionally these nanoparticles showed high encapsulation effi -
ciency with average particle size. Various nanoparticle applications and its recent 
modifi cation/functionalization of alginate are mentioned in Table  5.4 .

5.3.3         Carrageenan Based Nanoparticles 

 Red algae such as Kappaphycus sp. and Eucheuma sp are the chief source of car-
rageenan. This natural polymer is having  D -galactose and anhydro-galactose units 
joined by glycosidic linkages and ester sulfate groups. Carrageenan on the basis of 
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extraction procedures and resources is further classifi ed in to three types kappa, 
iota, and lambda (Fig.  5.6 ). Major difference between these types is that they all 
having sulphur group which is differing in the substitution degree. From gelling 
point of view, kappa and iota show high gelling effi ciency whereas delta carra-
geenan is a non gelling polysaccharide [ 125 ]. Among these kappa carrageenan is 
rigid and fi rm whereas iota carrageenan elastic and soft in nature [ 126 ]. Using these 
all types Daniel-da-Silva et al. [ 127 ] studied the biosynthesis of magnetite nanopar-
ticles and examined for their particle size morphology and chemical stability. 
Carrageenan has various applications in nanotechnological, biological and pharma-
ceutical fi eld (Table  5.5 ). Additionally carrageenan also exhibit various food and 
non-food applications. Six types of sulfated polysaccharides from marine brown 
and red seaweeds was isolated and investigated for their respective antioxidant 
activities by DeSouza et al. [ 128 ]. It was observed that carrageenan and fucoidan 
exhibit strong antioxidant activity. In an another study inhibitory effects of delta 
carrageenan and a mixture of sulfated polysaccharides derived from red seaweeds 
against feline herpesvirus-1 under in-vitro was investigated [ 129 ]. Delta-carrageenan 
showed IC 50  5 μg/mL against feline herpes virus -1. Carrageenan and chitosan 
nanoparticles were investigated by Grenha et al. [ 130 ]. These nanoparticles were 
produced by hydrophilic conditions using very mild protocol and preventing the use 
of organic solvents and other intensive chemical conditions. This protocol yields 
suitable nanoparticles that can present sustained and controlled form of drug deliv-
ery system and can be treated as excellent candidates for biomedical applications. 
Additionally it has been studied that these nanoparticles were proved for their low 
toxicity against fi broblast cell lines as well as superior biocompatibility and high 
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safety. CS, carrageenan, and cross linking agent tripolyphosphate based nanoparti-
cles was investigated by Rodrigues et al. [ 131 ] for their stability smaller size and 
strong positive surface. In this study prepared nanoparticles were used for purpose 
in mucosal delivery of macromolecules. Metallic nanoparticles for gastrointestinal 
release using modifi ed kappa-carrageenan was investigated to study the effect of 
genipin cross-linking and it was proved that metallic nanoparticles seem signifi -
cantly improve gastrointestinaltract-controlled drug delivery [ 132 ]. Salgueiro et al. 
[ 133 ] studied the infl uence of introducing spherical and rod-shaped gold nanopar-
ticles in the microstructure and thermomechanical properties of delta-carrageenan 
hydrogels. Moreover he has also investigated the effect of these nanoparticles in the 
release kinetics and mechanism of methylene blue from kappa-carrageenan nano-
composites. It was observed that hydrogel nanocomposites demonstrated enhanced 
viscoelastic properties in contrast with neat kappa-carrageenan, at the time they 
used with either with gold nanospheres and gold nanorods.

5.3.4         Agarose Nanoparticles 

 3,6 anhydro galactose based natural polymer known as Agarose (Fig.  5.7 ) derived 
from red seaweeds,  Gracilaria sp . and  Gelidium sp . This 3,6 anhydro galactose 
based natural polymer is a linear polysaccharide made up of repeating units of 

   Table 5.5    Marine organisms derived sulfated polysaccharides with nanotechnological, biological 
and pharmaceutical applications   

 Type of SPS  Nanotechnology application 
 Biological and pharmaceutical 
applications 

 Carrageenans  Capping agent for biomineralizing metal oxides 
 Composite gels 
 Composite nanoparticles 
 Drug encapsulation and delivery 
 Gelling agent 
 Hydrogels 
 Microbeads for controlled release 
 Stabilizing agent 
 Stabilizing micelles 
 Thickening agent 

 Anti-coagulant activity 
 Anti-oxidant activity 
 Anti-viral activity 
 Free radical scavenging 
activity 
 Microbicidal activity 
 Prevention of sexually 
transmitted diseases 
 Vaginal gel formulation 

 Fucoidans  Stabilizing agent 
 Fucospheres or microspheres 

 Anti-angiogenic activity 
 Anti-coagulant activity 
 Anti-infl ammatory activity 
 Anti-oxidant activity 
 Anti-proliferative activity 
 Anti-tumor activity 
 Anti-viral activity 
 Immunomodulating property 
 Treating dermal burns in rabbit 

 Ulvan  Nanofi brous scaffolds  Resist attack of necrotic 
pathogens in plants 
 Antifungal activity 
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agarobiose, which is a disaccharide made up of  D -galactose. Agarose is having vari-
ous applications in biotechnology biochemistry and molecular biology fi eld espe-
cially in different types of electrophoresis techniques (for the separation of nucleic 
acids). This red seaweed derived polysaccharide usually used for its gel-forming 
property to create semiconductor and metal nanoparticles. It was observed that this 
type of nanoparticle exhibit strong antibacterial activity against  Escherichia coli . It 
has been also discovered that the agarose composite fi lms can be rapidly transformed 
to carbon metal composites by carbonizing the fi lms in nitrogen atmosphere [ 134 ]. 
Previous fi nding suggested the application of agarose-stabilized gold nanoparticles 
for the detection of micromolar concentrations of DNA nucleosides via surface- 
enhanced Raman spectroscopic detection [ 135 ]. Results suggested that agarose- 
stabilized goldnanoparticles yield higher surface-enhanced Raman spectroscopic 
detection for DNA nucleosides, which is used for on-chip biosensing applications.

5.3.5        Porphyran Based Nanoparticles 

 Porphyran (Fig.  5.8 ) 3,6-anhydro galactose is a natural sulphated polysaccharides 
obtained from marine red seaweed,  Porphyra vietnamensis  [ 136 ]. Porphyran is a 
hot-water-soluble fraction of the cell wall having the similar characteristics like 
agar. It is the major constituent (40–50 %) of the marine  P. vietnamensis  and has 
nutritional value. It’s a anionic disaccharide units consisting of 3-linked  D - galactosyl 
residues alternating with 4-linked 3,6-anhydro- L -galactose and 6-sulfate residues. 
Porphyran can be extracted from various species of  Porphyra  and having some 
important pharmaceutical properties reported in various structural and functional 
studies.

   Bhatia et al 2009 described biological properties emphasizing the role of por-
phyran in pharmaceutical world [ 137 – 143 ]. Bhatia et al (2010) demonstrated the 
structure based gelling and emulsifying properties of porphyran. Molecular weight 
based antioxidant property of porphyran was described by Bhatia et al. (2011) 
[ 137 – 143 ]. Further molecular weight dependent potential immunomodalation 
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  Fig. 5.7    Structure of agarose       
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effect of porphyran was investigated by Bhatia et al. (2013). Porphyran molecular 
weight was modifi ed and immunomodulation effects of modifi ed and natural sam-
ple were investigated [ 137 – 143 ]. It was observed that alkali treated sample showed 
better immunomdulation effects then natural one. Bhatia et al. (2013) has exam-
ined the role of porphyran in development of oral amphotericin B loaded nanopar-
ticles to reduce its toxicity and other associated problems [ 137 – 143 ]. In this study 
Amphotericin B was packed between two oppositely charged ions (chitosan and 
porphyran) by polyelectrolyte complexation technique with TPP as a crosslinking 
agent. Formulation was optimized using three-factor three-level (33) central com-
posite design. High concentration of POR in NPs was confi rmed by sulfated poly-
saccharide assay [ 137 – 143 ]. Degradation and dissolution studies suggested the 
stability of NPs over wide pH range. Hemolytic toxicity data suggested the safety 
of prepared formulation. In vivo and in vitro antifungal activity data suggested the 
high antifungal potential of optimized formulation when compared with standard 
drug and marketed formulations. Hence, these experimental oral NPs may repre-
sent an interesting carrier system for the delivery of AmB. Bhatia et al. (2015) 
investigated the factors infl uencing the molecular weight of porphyran and its 
associated antifungal activity. During this study various extraction methodologies 
have been employed to derive porphyran from high tide and low tide samples of  P. 
vietnamensis.  Results suggested that  P. vietnamensis  collected during low tide 
yields high percentage of porphyran with relatively low molecular weight and high 
sulfate content than the high tide sample. Among various extraction methodologies 
alkali modifi ed POR yield slow molecular weight polysaccharide but surprisingly 
with high sulfate content which have shown improved physico-chemical and anti-
fungal properties than chitosan without any toxicological affects. Bhatia et al. 
(2015) has established the relationship between structural features and pharmaceu-
tical properties of porphyran [ 137 – 143 ]. This polysaccharide exhibit molecular 
weight dependent activity as highlighted in reports on the anticancer and antioxi-
dant activities of porphyran [ 144 ]. Biosynthesis of gold nanoparticles using a por-
phyran and subsequent loading of Doxorubicin was investigated [ 145 ]. Toxicological 
data of porphyran-reduced gold nanoparticles was performed on normal monkey 
kidney cell line, which showed a non-toxic nature of nanoparticles [ 146 ].  
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5.3.6     Nanofi bers of Ulvan 

 Ulvan (Fig.  5.9 ) is obtained from the cell walls of marine green algae (Ulvales, 
Chloro-phyta). It’s a complex anionic sulfated polysaccharide contains sulfated, 
xylose, rhamnose, glucuronic, and iduronicacids. Ulvan is abundantly present in 
green algae especially Ulva rigida and have a low cost of production. These poly-
saccharides are still under-exploited and have been investigated as an antitumor, 
anticoagulant, antioxidant, and immune modulator [ 15 ]. Current utilization of ulvan 
in nanotechnology is especially towards preparation of nanofi bers with the special 
interest in the biomedical engineering fi eld because of their potential applications in 
tissue engineering, drug delivery and wound dressing. Due to some physicochemi-
cal and biological properties ulvan becomes good candidate for nanofi ber produc-
tion and has been successfully explored into nanobiotechnology for presenting 
novel promising biomaterials in biomedical applications, including drug delivery 
systems, wound dressing, and tissue engineering. Earlier report suggested that spin-
nability of  U. rigida  based polysaccharide can be used for the fabrication of nanofi -
bers which imply that spinnability plays an important role in improving the 
properties of ulvan [ 147 ].

5.3.7        Mauran Based Nanoparticles 

 Just like other sulphated polysaccharides, mauran is  Halomonas maura  (halophilic 
bacterium) derived sulfated polysaccharide with high sulfate, phosphate, and uronic 
acid content. Moreover it has been also reported that mauran constitute mannose, 
glucose, galactose, and glucuronic acid. Recent research has explored the utilization 
of mauran for the biosynthesis of metal nanoparticles and their well known visco-
elastic properties. Previous fi nding suggested the role of sulfated polysaccharide- 
based nanoparticles as a good biocompatible material for bioimaging, drug delivery 
and anticancer activity [ 1 ]. Additionally thixotropic and pseudoplastic properties of 
mauran make it a supreme molecule for material science applications [ 148 ].  
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5.3.8     Chitin and Its Nanoparticles 

 Chitin (Fig.  5.10 ) is one of the abundantly present biopolymer in nature [ 149 ], iso-
lated from the various marine sources crab, shrimp, and lobster shells and their by- 
product in the seafood industry. Million tons of chitin per annum generated as waste 
by the seafood industry [ 150 ]. There are several methods involved in the production 
of chitin such as enzymatic methods, hydrolytic methods using boiling HCl and 
methods applied using chitin whiskers. Various applications of chitin in nanosci-
ence are mentioned in Table  5.6 .

5.3.9         Chitosan Based Nanoparticles 

 Chitosan is a naturally occurring linear polysaccharide which is composed of glu-
cosamine and N-acetylglucosamine units via β-(1 → 4) linkages. These linkages 
are randomly or block-spread all over the polymer chain. Arrangement or distribu-
tion of these linkages is dependent on the extraction procedures to derive chitosan 
from chitin. Degree of deacetylation is known as the parameter that defi ne molar 
ratio of glucosamine to N-acetyl glucosamine. Degree of deacetylation signifi -
cantly determines the physicochemical properties and industrial applications of 
chitosan [ 126 ]. Once the chitosan get deactylated it can be easily dissolved in an 
acidic medium and develop into the only sulfated polysaccharide that possesses a 

  Fig. 5.10    Structure features of chitin and chitosan       
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high density of positive charges. This positive charge is due to the protonation of 
amino groups on its backbone. In addition to its unique features chitosan has been 
reported to have various other essential properties such as good biocompatibility 
and biodegradability and non-toxicity [ 156 ]. There are different protocol reported 
for the preparation of various derivatives of chitosan (Figs.  5.11  and  5.12 ). 
Currently chitosan has offered signifi cant applications (Table  5.7 ) in nanotechno-
logical area especially in biomedical sector such as drug delivery [ 168 ], nutrition 
[ 169 ], and tissue engineering [ 170 ].

Chitin
deacetylase

Chitin

Isopropanol

Isopropanaol

Chitosan Schiff base

Glyoxalic
acid

Carboxymethyl
chitin

N, N,
Carboxymethyl

chitin

N-N-N-
trimethyl
chitosan

N-methyl-2-
pyrollidinone

O-
Carboxymethyl

chitin

  Fig. 5.11    Steps involved in the chemical modifi cation of chitin/chitosan       

  Fig. 5.12    Protocol for the preparation of various chitosan derivatives       
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   Table 5.8    Various applications of COS nanoparticles   

 Nanoparticles (NPs)  Applications/advantages  References 

 Hydrophobically modifi ed 
amphiphilic COS derivatives for 
self-assembled polymeric NPs 

 Drug delivery in cancer therapy by 
improving the solubility of insoluble 
drugs, drug targeting, and absorption 

 [ 172 ] 

 Iron oxide loaded magnetic 
COS NPs 

 Colloidally stable in water and buffer 
& attractive for biomedical applications 

 [ 173 ] 

 CS oligosaccharide-stabilized 
ferri-magnetic iron oxide nanocubes 

 Effi cient heat nano-mediator for cancer 
hyperthermia & exhibited strong 
antitumor activity without toxicity. 

 [ 174 ] 

 Multidentate dithiolanelipoic acid and 
phosphorylcholine conjugated CS 
oligosaccharide derivative to stabilize 
gold NPs 

 Used for bio-logical various 
applications 

 [ 175 ] 

 COS NPs polyelectrolyte complexes  Showed strong inhibition of the 
proliferation of HeLa & B16 
melanoma cells. 

 [ 176 ] 

 COS-based multidentate NPs  Ultrastable, cytotoxicity & 
biocompatible 

 [ 177 ] 

5.3.10          Chitooligosaccharide Based Nanoparticles 

 Chitooligosaccharide is low molecular weight polymer obtained by depolymeriza-
tion of CS and offers various superior features such as biocompatiblity, water- 
solublity, biodegradablity and nontoxicity in nature. Chitosan has various 
applications in biomedical and pharmaceutical sectors and also exhibit unique bio-
logical activities such as immune-enhancing, antimicrobial, and antitumor activi-
ties. Recently this oligosaccharide is exploited for its polymer-drug conjugate 
applications. This is because of its accessibility for coupling with the primary amino 
groups and hydroxyl groups of each polymer subunit. Further the cationic nature of 
COS allows ionic crosslinking [ 171 ]. Different applications of COS are mentioned 
in Table  5.8 .

5.4         Marine Polysaccharide-Based Nanomaterials and Its 
Biomedical and Biotechnological Applications 

 Marine polysaccharides especially algal polysaccharides based nanomaterials are 
considered as nanomedicine offering high possibilities for diagnosis and therapeuti-
cal applications. Current researches on these nanomaterails have attracted attention 
of all the researchers in the fi eld of biotechnological and biomedical science [ 178 ]. 
Current researchers are working on the structural features of these polysaccharides 
to synthesize more potential derivatives that are suitable for various applications. 
Recent innovations in polymeric sciences lead to the production of potential lower 
molecular weight oligosaccharide derivatives which have shown to possess a 
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variety of biomedical applications. We have traced some of the important nanobio-
technological applications of these biopolymer based nanomaterials in the fi eld of 
antimicrobial activity, drug delivery, gene delivery, tissue engineering, cancer ther-
apy, wound dressing biosensors, and water treatment. 

5.4.1     Biomedical Applications of Marine Polysaccharides 

5.4.1.1     Antimicrobial Activity 

 Marine organism has their potential antimicrobial activities since they live in such 
a dampish environment where moisture promotes the growth of microorganisms. 
Such type of organisms are usually found on intertidal zone. Antimicrobial therapy 
has been evolved in recent years with development of more resistance of pathogenic 
microorganisms against different types of antimicrobial agents. Prevailing resis-
tance of many infectious microorganisms contributes a serious problem in clinical 
practice, therefore limits the development of novel drugs to fi ght against them [ 179 ]. 
Explorations of those substances which can prevent the development of resistant 
pathogenic species of microorganisms are more preferred nowadays. Potential 
effects of certain inorganic agents have been recently explored and it was found that 
these candidates can act effectively against resistant strains of microorganisms 
[ 180 ]. Among these candidates, silver compounds and their derivatives are exten-
sively studied for antimicrobial activity. Moreover recent research is exploring 
these compounds and their derivatives in form of nanoparticles using marine poly-
saccharides as biopolymer, to enhance their antimicrobial potential more effectively 
[ 181 ,  182 ]. A report suggested the role of agar as biopolymer (derived from the red 
alga  Gracilaria dura ) in the synthesis of silver nanoparticles and nanocomposite 
material [ 182 ]. It was found that these silver loaded NPs showed potential antibac-
terial effect with 99.9 % reduction of bacteria over the control value. These types of 
nanocomposites may considered as effective antibacterial activity and may offer 
various applications in food preservation and wound dressing. Previous fi nding on 
green synthesis of silver nanoparticles using marine polysaccharide derived from 
red algae,  P. vietnamensis  suggested the dose-dependent effect of biosynthesized 
silver nanoparticles. This report has explored the effective anti-bacterial activity 
against Gram-negative bacteria compared with Gram-positive bacteria [ 183 ].  

5.4.1.2     Marine Based Nanomaterials and Its Drug Delivery Applications 

 Development in nano-biotechnology allows the medicines to be administered in a 
more convenient and safe way. This can be achieved by the development of more 
effi cient and advance drug delivery systems to diagnose, cure or to treat any disor-
der. Current research is more emphasizing on the safe and targeted delivery of many 
bioactive compounds for cancer treatment. Innovations in biomedical sciences are 
paying attention towards nanomaterials for reducing dosing frequency, their 
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toxicity, and avoiding potential side effects however they do not recognize that 
delivery systems themselves may impose risks to the patient [ 184 ]. Various applica-
tions of algal based polysaccharides are mentioned in Table  5.9 .

5.4.1.3        Genetic Transformation 

 Developments in biotechnology endow different alternatives to treat the disease e.g. 
gene therapy can be utilized for correcting genetic disorders by use of genes itself. 
Genetic transformation can be successfully achieved by plasmid DNA. In this pro-
cess plasmid DNA which carries gene of interest is introduced into the target cells. 
The introduced plasmid DNA should get transcribed and further the genetic infor-
mation should fi nally be translated into the respective protein. There are number of 
obstacles to be overcome by the gene delivery device during this genetic transfor-
mation [ 171 ]. According to current research nucleic acids are being functionally 
utilized for both vaccination and therapeutic gene expression and chitosan nanopar-
ticles have been suggested as promising non viral gene carriers. Chitosan-alginate 
NPs (core-shell structured) were fabricated using water-in-oil reverse microemul-
sion template and utilized to encapsulate a plasmid DNA for gene delivery through 
the cell endocytosis pathway [ 188 ]. Nevertheless it has been already reported that 
chitosan-DNA NPs can be easily fabricated by complex coacervation between the 
positively charged amine groups on CS and negatively charged phosphate groups 
on DNA [ 189 ]. Previous fi nding suggested that CS nanoparticles can potentially 
provide protection to encapsulated plasmid DNA from  nuclease  attack. This was 
established by evaluating degradation in the presence of  DNase  I. Further the incor-
poration of the plasmids with incubated nanoparticles was investigated by  galacto-
sidase  assay. Plasmid DNA based model present as combination of both supercoiled 
and open circular forms. Utilization of si-RNA as a signifi cant therapeutic agent for 
the management of several diseases is inadequate due to its rapid degradation and 
low intracellular organization in vitro and in vivo .  Recent report suggested the role 
of chitosan–polyguluronate NPs in delivering siRNA to HEK 293 FTand HeLa cells 
[ 190 ]. To transport siRNA into cells, chitosan–polyguluronate NPs have a great 
promise and exhibit low cytotoxicity cells [ 190 ].  

   Table 5.9    Applications of algal based NPs in drug delivery system (DDS)   

 Nanoparticles (NPs)  Applications in DDS  References 

 CS NPs  As novel drug delivery system for the 
ocular mucosa 

 [ 185 ] 

 CS NPs  Topical ocular route drug delivery system  [ 186 ] 
 DOX-loadedgold NPs using 
porphyran 

 Strong cytotoxicity on LN-229 cell line  [ 187 ] 

 Berberine-loaded CS/Fucodain–
taurine complex NPs 

 Oral delivery of berberine (Ber).  [ 187 ] 
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5.4.1.4     Algal Polymers and Its Applications in Tissue Engineering 

 Algal polymers has their various applications in tissue engineering e.g. in the devel-
opment of bio-artifi cial implants and/or promote modifi cation in tissues with the 
objective of repairing, maintaining, replacing, or enhancing tissue or organ func-
tion. With the aid of bio-artifi cial constructs consisting living cells and biomaterials 
tissue engineering offers various applications in science and technology. According 
to report investigated by Noh et al. [ 191 ], cytocompatibility of etecrospinned chitin 
nanofi bers for tissue engineering applications was established by cell attachment 
and spreading of normal human keratinocytes and fi broblasts. Similarly carboxy-
methyl chitin (CMC)/poly (vinyl alcohol) (PVA) blend was prepared by using elec-
trospinning technique [ 192 ]. During this study it was observed that CMC/PVA 
scaffold supports cell adhesion/attachment and proliferation, and therefore, these 
scaffolds are useful for tissue engineering applications. CS–gelatin/nanophase 
hydroxyapatite composite scaffolds was developed by CS and gelatin with nano-
phasehydroxyapatite [ 193 ], exhibited well swelling characteristic, which could be 
modifi ed by altering the quantity of chitosan and gelatin. Nanocomposite scaffolds 
showed superior response on MG-63 cells in terms og improved cell attachment, 
higher proliferation, and spreading than CS–gelatin scaffold.  

5.4.1.5     For Delivery of Anticancer Drugs 

 Cancer is a terrible human disease which when happens affects the immune sys-
tem of whole body. One of the signifi cant properties of nanomaterials is that they 
are highly preferable for parenteral injection of aqueous insoluble drugs. This 
property can be utilized for drug targeting applications because their particle sizes 
are less than 1000 nm. Potential anticancer drug like doxorubicin was incorpo-
rated in to nano-materials using methoxy poly (ethylene glycol)-grafted carboxy-
methyl chitosan nanoparticles to investigate antitumor activity. Possible 
interaction between these two ingredients was due to the presence of positive 
amine groups which lead to the formation of nanoparticles. These nanomaterials 
were tested against DOX- resistant C-6 glioma. It has been observed that these 
nanoparticles exhibited higher cytotoxicity to DOX alone [ 194 ]. In another fi nd-
ing it was reported that chitosan nanoparticles were utilized as carrier for the 
mitotic inhibitor paclitaxel. These nanoparticles were fabricated by a solvent 
evaporation and emulsifi cation cross- linking method. It was observed that pacli-
taxel-loaded CS nanoparticles had higher cell toxicity than individual paclitaxel. 
Additionally confocal microscopy investigation confi rmed strong cellular uptake 
effi ciency [ 195 ]. Potential chemotherapeutic agent, doxorubicin was incorporated 
in to fucodain acetate to form nanoparticles. These nanoparticles were tested for 
immunotherapy and chemotherapy in cancer treatment. According to observation 
acetate nanoparticles showed important function in immunomodulation and drug 
effl ux pump inhibition [ 196 ].  
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5.4.1.6     Treatment of Infection and Wounds 

 According to current research antibacterial therapy-resistant pathogens is the most 
critical setback that requires more development in antimicrobial therapeutic agents 
in form of their formulation, delivery and physico-chemical properties. Advancement 
in this fi eld lead to the development of newly designed wound dressing which has 
offered a main step forward for the treatment of infection and wounds. Current sci-
ence is focusing on various strategies to develop novel therapies antibacterial agents 
to treat wounds infected with antibacterial treatment-resistant pathogens. Among 
the metallic nanoparticles silver nanoparticles are now become more effective bac-
tericidal agents therefore exhibit various biomedical applications ranging from 
silver- based dressing to silver-coated therapeutic devices [ 197 ]. Various investiga-
tions are available on the utilization of chitosan scaffolds and membranes to treat 
patients with deep burns, wounds, etc. Electrospunned collagen-chitosan complex 
nanofi bers were prepared by Chen et al. [ 198 ], showed positive effect on wound 
healing. Chitin scaffolds were utilized by Madhumathi et al. [ 21 ] for silver nanopar-
ticles preparation. These nanoparticles showed effective wound-healing applica-
tions by showing antibacterial activity against pathogenic bacteria, with good 
blood-clotting ability. These outcomes proved that chitin/nanosilver composite 
scaffolds could be useful for wound-healing applications.   

5.4.2     Role of Marine Based Polysaccharides 
for Biotechnological Applications 

5.4.2.1     Biosensor Technology 

 Recent innovations in biosensor technology exploring its benefi cial properties as 
analytical tools such as low cost, simple, portable, and laboratory-based well estab-
lished method as well as allows miniaturization [ 199 ]. Several reports are available 
on chitosan nanofi brous membrane and its recent application in enzyme immobili-
zation. Due to the favorable properties such as good biocompatibility, high surface, 
and large porosity of chitosan nanofi brous membrane has recently explored as bet-
ter substrate for enzyme immobilization. The concentration of chitosan nanofi brous 
membrane that was utilized to immobilize lipase was 63.6 mg/g. Further the reported 
activity retention of the immobilized lipase was 49.8 % less than the optimum 
condition. 

 Developed chitosan based system can be used for biosensors [ 200 ]. According to 
previous investigation electrochemical tyrosinase biosensor showed good repeat-
ability and stability. This electrochemical tyrosinase biosensor was used for 
 determining phenolic compounds on the basic of the use of a glassy carbon elec-
trode modifi ed with tyrosinase-Fe 3 O 4  magnetic nanoparticles-chitosan nanobio-
composite fi lm. Such chitosan based novel tyrosinase biosensor offers wonderful 
applications for eco-friendly, fast and simple methods of phenolic contaminants in 
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ecological samples [ 201 ]. Amperometric biosensor was developed by Chauhan 
et al. [ 202 ] for the determination of glutathione by covalently immobilizing a gluta-
thione oxidase onto the surface of gold-coated magnetic nanoparticles-modifi ed Pt 
electrode. It was observed that glutathione oxidase/chitosan/gold-coated magnetic 
nanoparticles were an outstanding candidate for the production of extremely respon-
sive glutathione biosensor.  

5.4.2.2     Waste Water Management 

 Current innovations in polymeric sciences lead to its exploration in waste water 
management. Owing to the presence of reactive amino groups chitosan is consid-
ered as potential candidate in waste water management. Chitosan and chitin both 
have been widely investigated for the removal of toxic elements such as heavy 
metal ions from waste water [ 203 ]. Chitosan bead-immobilized algae system with 
the association of  Scenedesmus  sp. was investigated for removing phosphate and 
nitrate from water and it was observed that this system was proved to be more effi -
cient conventional free cell system [ 204 ]. Since waste contains large amount patho-
genic bacteria, fungi, viruses, therefore effi cient antimicrobial system is required to 
reduce chances of infections or any other disease. For these purpose silver nanopar-
ticles using polysaccharide-based biofl occulant was developed by Manivasagan 
et al. [ 32 ]. These nanoparticles were synthesized using polysaccharide-based bio-
fl occulant by  Streptomyces  sp. MBRC-91. Fabricated silver nanoparticles showed 
potential antibacterial activity in sewage water. Therefore these types of researches 
can make a new opportunity in the waste water management.    

5.5     Marine Polysaccharide-Based Nanomaterials 
and Its Patents 

 There are almost fi fty patents are existing on marine polysaccharides-based nano-
materials and their applications. Among these polysaccharides only few claimed 
that nanocomposite materials based on metallic nanoparticles were stabilized with 
branched polysaccharides. More specifi cally chitosan derivatives such as alditolic 
or aldonic monosaccharide and oligosaccharide and their products was obtainable 
with these polysaccharide sin the presence or absence of reducing agents claimed to 
be stabilized metallic nanoparticles in their matrix. In these studies polysaccharides 
applications were explored for antimicrobial activities and molecular biosensors by 
exploring their features associated with the nanometric dimensions and the presence 
of biological signals on polymeric chains [ 205 ]. Claimed protocol suggested that 
these polysaccharides based nanocomposite materials are present in the form of 
3-dimensional structure. This structure is formed by a polymeric matrix consisting 
of a polysaccharidic composition of neutral or anionic polysaccharides and branched 
cationic polysaccharides. It has been claimed that metallic nanoparticles are homo-
geneously dispersed and stabilized in this 3-D matrix [ 206 ].     
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