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 Synopsis 


Design and development of multipurpose polymer nano-assemblies is an important 
 area of research for delivering anticancer drugs and genes to improve the efficacies in cancer 
 treatment. L-Amino acid based synthetic polypeptides and their well defined di- and tri-block 
 copolymers were extensively explored for the above applications. In the last one decade, 
 significant effort has been taken to  design non-peptide polymer analogues for biomedical 
 application owing to their structural diversity, biocompatibility and biodegradability. This 
 thesis work is aimed to explore new classes of amphiphilic and biodegradable polyester and 
 their fluorescent nano-assemblies  based on natural L-aspartic acid resources for 
 accomplishing anticancer drug delivery and intracellular bioimaging in cancer cells.  


The thesis is divided into five chapters and their details are as follows: 


Chapter-1: This introduction chapter provides the details on the importance of polymer 
 nano-assemblies for drug delivery application, the literature update on the L-amino acid 
 polymer nano-carriers, structural design aspects of the non-peptide polymer nano-
 carriers, and emphasize the need for the development of amphiphilic polyester with 
 respect to the context of this thesis work. 


Chapter 2: New classes of enzyme and pH responsive amphiphilic polyester based on 
 L-aspartic acid was designed  and developed through thermo-selective melt trans-
 esterification  polymerization process. The amphiphilic polymers were self-assembled 
 into nano-carriers and their multiple drug delivering capabilities were investigated in 
 detail.  


Chapter 3:  π-Conjugate  fluorophore-tagged amphiphilic  L-aspatic acid polyester 
 nano-assemblies were tailor-made using polymerizable oligo-phenylenevinylene (OPV) 
 derivatives and their blue fluorescent nano-assemblies were explored for the 
 construction of biodegradable FRET probe. The action of FRET probe was studied in 
 details  by photophysical techniques and their in vitro live cell bio-imaging was 
 demonstrated in cervical and breast cancer cell lines.  


Chapter 4: Aggregation induced emission (AIE) concept was introduced in the L-
 aspartic acid polymer nano-carriers by incorporating tetraphenylethylene (TPE) in the 
 amphiphilic polyester backbone and the resultant blue-luminescent TPE-tagged nano-
 carriers were employed as multi-colour tunable FRET bio-probes  from blue-to-green-
 to-red colour. 


Chapter 5:


In chapter 2, L-aspartic acid resource was converted into multi-functional monomer and it 
was polymerized under melt conditions in the presence of hydrophilic and hydrophobic diols 
to yield amphiphilic copolymers. These polymers were designed in order to possess inbuilt 
  New classes of hydroxyl and carboxylic functionalized polyesters were 
cleverly designed in L-aspartic acid polymer system for loading as well as delivering of 
anticancer drug as well as conjugating cisplatin drug in single polymer platform. TPE-
tagged fluorescent nano-assemblies were also explored to build new theranostic FRET 
probe for simultaneous drug delivery and bio-imaging.   
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pH responsive BOC urethane hanging groups and esterase-responsive ester backbone making 
 them dual stimuli containing amphiphilic polyesters. The BOC urethanes underwent cleavage 
 and transformation into cationic moieties NH3+ 


in the highly acidic endosomal compartments 
 of the intracellular regions (trigger 1). The 


ester containing backbone was susceptible 
 to cleave under the presence of esterase 
 enzyme present in the hydrolytic enzyme 
 rich lysosomes which acts as the (trigger-
 2). Three different therapeutically active 
 drugs curcumin (CUR), doxorubicin 
 (DOX), and topotecan (TPT) were loaded 
 into the polymer scaffolds and their 
 cytotoxicity  were  studied  in breast  cancer 
 (MCF 7) and cervical (HeLa) cancer cell 
 lines. The uptake of these drugs was 
 monitored using confocal microscopy.  


In chapter 3, L-amino acid based amphiphilic luminescent polyester was developed 
 using  π-conjugate luminescent materials and their FRET (fluorescence resonance energy 
 transfer) probes for colour-tunable intracellular imaging were  demonstrated. Highly 
 luminescent oligo-phenylenevinylene (OPV) with π-conjugated cores were tailor made into 
 melt polymerisable  diols and were subjected to thermo-selective melt trans-esterification 
 polymerization with modified multi-functional L-aspartic  acid monomers along with 


hydrophilic triethylene glycols and 
 hydrophobic dodecanediol to yield OPV-
 labelled luminescent amphiphilic polyesters. 


Comprehensive photo-physical analyses 
exhibited that the OPV and NR (a 
hydrophobic encapsulated dye) were 
constricted within close proximity and aligned 
at apt geometry within the nano-domains of 
polymer micelles for highly efficient excited 
energy transfer from OPV excited state to NR 
ground state. The OPV tagged nascent 
polymer nanoparticles and OPV-NR FRET 
probes were tested for their cytotoxicity in normal cell lines (wild-type MEF, WT-MEF), and 
cancer cells {breast cancer (MCF 7), cervical cancer (HeLa) cells} and were found to be 
biocompatible. The cellular uptake studies of these nanoparticles revealed that luminescent 
polymers and the FRET probes could be transported efficiently across the cell membrane and 
these could accumulate within the cytoplasm of the cells. Live cell imaging experiments 
manifested the co-localisation of donor and acceptor molecules in the lysosomal 
compartments of the cells which was supported by lyso-trackers, which provided direct 
evidence for endocytotic pathway as the mode of entry of these nanoparticles. The enzymes 
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found in lysosomes of the cells such as esterase, chymotrypsin, trypsin, and GSH reducing 
 agents were employed to study the bio-degradability of the polymeric micelles and were 
 found to be efficient in degrading the polymers.  


In chapter 4, aggregation induced emission (AIE) chromophore tagged L-amino acid 
 based biodegradable polyester have been designed and their fluorescent nano-scaffolds were 
 explored as multi-colour tunable FRET nano-probe for bio-imaging in cancer cells. AIE 
 capable hydroxyl functionalized tetra-


phenylethyelene (TPE) diol was tailor-made 
 through multi-step reaction and it was 
 subjected to melt transesterification with L-
 aspartic acid monomer to yield new blue-
 luminescent amphiphilic polyesters. These 
 AIE polyesters self assembled into compact 
 spherical nanoparticles and they were found 
 to be capable of encapsulating water 
 insoluble red-fluorophore Nile red (NR) and 


green-fluorophore drug Curcumin (CUR). Two FRET probes TPE-NR and TPE-CUR were 
 constructed in the TPE conjugated polymer nano-system as donor and CUR and NR as 
 acceptors. Third FRET probe was build between CUR-NR using non-TPE amphiphilic 
 polyester  scaffolds.  Confocal and live cell imaging experiments threw light on the 
 accumulation of these nanoparticles in the cytoplasm of the cells and demonstration of FRET 
 within the cell lines showed the stability of the nanoparticles during the efficient uptake into 
 the cells. The cleavage of these nanoparticles in the presence of lysosomal enzymes were 
 demonstrated by using various enzymes and the FRET as probe was used to study the bio-
 degradation of these nanoparticles in in vitro experiments.  


In chapter 5, enzyme-responsive  hydroxyl  and  carboxylic  acid  dual functional 
 polyesters were synthesized from natural L-
 amino  acid  residues. L-Aspartic acid was 
 converted into di-ester functional monomer 
 containing acetal protecting amine groups. 


The methyl esters of the aspartic acid 
monomer  under-went melt trans-
esterification with dodecane diols, an 
aliphatic hydrophobic di-functional  alcohol 
to  produce high molecular  weight 
polyesters. The hydroxyl functionalised 
polyesters were synthesised by acid assisted deprotection of the acetal groups  in each 
repeating units of the polymer. The free hydroxyl groups  were  further  converted into 
carboxylic functional groups by ring opening of succinic anhydride. The hydrophilic 
hydroxyl  and  carboxylic  groups  along  with  the  hydrophobic  aliphatic  backbone  made  these 
polymer amphiphilic in nature and enabled these to self-assemble into spherical nanoparticles 
in water. Successful and high amount of DOX loading was achieved and the cellular uptake 
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and  killing  were  demonstrated  in MCF 7 cells. The carboxylic polymers were further 
 covalently stitched to a second anticancer drug cisplatin and their killing was demonstrated in 
 the cancer cells. These polyesters  were  further  tailor-made  into AIE active  polymers by 
 introducing custom designed tetraphenylethene units  in the backbone during melt 
 condensation process making these polymers nanoscaffolds luminescent in nature. The DOX 
 loaded AIE active polymers were  used to demonstrate  FRET at the cellular  level where 
 aggregated TPE acted as donor and DOX acted as an acceptor.  


The last chapter summarizes the thesis work and put forward the direction for future 
 research.  The new classes of amphiphilic polyesters designed and developed based on L-
 aspartic acid residues in the thesis are new entries as enzymatic-biodegradable polymers in 
 the literature; hence they would be expected to be very important nano-carriers for long-term 
 application in the biomedical field. Further, the custom designed OPV-tagged and TPE-
 tagged fluorescent polymers are excellent nano-scaffolds  for constructing  wide range of 
 FRET probes with drugs and fluorophores which could be employed for early diagnostics of 
 cancer and other bio-imaging applications. Thus, the work described in the thesis opens up 
 new platform of opportunities in biomaterials arena based on L-Amino acid polymers. 
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 1.1 Nano-carriers in Drug Delivery 


Cancer is one of the leading causes of mortality all over the world and early 
detection and identification of cancer has only been able to extend the life of 
organisms. When the normal cells start dividing and growing uncontrollably, they 
stop dying and form cancerous cells. Some of these cancer cells form solid tumours 
(unlike leukemia which is blood cancer) and are difficult to treat. For the past few 
decades  the most commonly used procedures to combat cancer include i) surgical 
removal of solid tumours, ii) chemotherapy aided radiotherapy, iii) hormonal therapy, 
iv) radiation (X-ray) therapy, v) adjuvant therapy (concomitant use of chemicals and 
surgery), vi)  immunotherapy etc. However, the disease has not yet been fully 
understood and it’s treatment now demands superior remedies which includes anti-
angiogenic chemotherapy, advanced targeted treatments, nanotechnology, RNA 
expression profiling and proteomics etc.[1]  Chemotherapeutic agents are mostly 
organic molecule drugs or large protein enzymes which often causes kink or cut to 
DNA chains present in nucleus and damage the cell. The ability to target therapeutics 
inside the complex and highly dynamic network of cellular machinery in multicellular 
organism  is a challenging task. Some of these chemicals or enzymes alternatively 
cause cell death by interfering with essential pathways inside the cell network crucial 
for cell functioning. The metabolites needed for cell growth and cell functioning are 
also targeted by certain drug molecules called as anti-metabolites. Such organic drug 
molecules and enzyme molecules are often employed as active or passive therapeutic 
agents against cancer and related diseases. However, the poor bio-availability of free 
drugs administered to living organisms concomitant with decreased accessibility 
towards cancer cells generates  major unwanted fate  i.e.  undesirable targeting of 
normal cells over cancer cells. The consequences of these outcomes include severe 
side effects of the organism such as low immunity, hair loss, nausea, reduced appetite 
etc. It’s worth to mention that these form ‘the  immediate  side-effects’  on the 
organisms followed by major psychological traumas  in long term  faced by  the 
patients.  One of most common way increase bioavailability of drugs is that these 
anticancer agents are loaded in self assembled nanoparticles to cause desirable effects 
which can be developed and organised into aspiring assemblies. These drug loaded 
nanoparticles manifests advanced pharmacokinetics and pharmaco-dynamics 
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compared to their free loaded drugs because they provide better control over active 
 intracellular delivery and protection of the loaded drug from the plasma conditions. 


  


Figure 1.1: Various nanoparticles known for bio-medical applications. (Adapted from Chou 
 et al. Chem Soc. Rev. 2011, 40,233-245) 


The nanoparticles provide an edge over conventional drug carriers as these can 
be applied for molecular and cellular labelling and tracking, diagnosis, drug delivery, 
precise medical bio-imaging.[2,3]  Nanoparticles are developed carefully keeping in 
mind the properties of drug meant for delivery (see figure 1.1).  Highly hydrophobic 
drugs such as adriamycin, cisplatin, docetaxel, etoposide have been successfully 
stabilised in hydrophobic cavities of nano-scaffolds. The delivery of hydrophilic 
drugs on the other hand faces challenges due to limited options for loading water 
soluble drugs as well as elevated loss of drug molecules  due to high solubility in 
blood. Nano-vesicles play major role in loading and delivering hydrophilic drugs such 
as: doxorubicin HCl, gemcitabine, L-asparginase etc, at target site. Therapeutic agents 
based on DNA and siRNA/miRNA are rather stabilised by cationic polymers or 
systems for efficient loading and formation of nanoparticles  [4]. Cationic nano-
hydrogels  PEO-cl-PEI  (crosslinked poly(ethylene oxide) and polyethyleneimine) 
were employed for immobilizing and delivery of retinoic acid, indomethacin, and 
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oiligonucleotides etc to cells.[5]  Tumour marker mediated drug release has been 
 performed by silica nanoparticles of size 100 nm for delivery of DOX to HL-60 and 
 LO2 cells with efficient killing. [6] Therefore, the choice of chemical systems capable 
 of forming  nanoparticles highly depends upon the drug for delivering in question. 


PEGylated liposomal doxorubicin (Doxil/Caelyx), liposomal daunorubicin 
 (daunoXome) and Abraxane (albumin-  paclitexal conjugate) are the three FDA 
 approved nanomedicines that have shown lower toxicity and better efficacy compared 
 to the drugs alone against cancer [7]. Liposomes (LD: Liposomal doxorubicin and 
 Myocet) are one of the first therapeutic nanoparticles approved for clinical trials for 
 drug delivery.[8]  The efficacy of the chemotherapeutic agents however are trimmed 
 down due to various reasons including lack of appropriate drug delivery vehicles, the 
 scarce targeted delivery (causing poor bio-availability), undesirable side effects to 
 normal cells (due to non-specificity, example cardio diseases etc), and multi drug 
 resistance acquired by cancer cells during several phases of drug administration, lack 
 of large scale production of such nanoparticles, lack of well defined chemistry to built 
 such nanoparticles[9]  etc. Research and development of drug delivery vehicles are 
 being carried out to subjugate these short comings of therapeutics drugs.  


Figure 1.2:  Various nanoparticle structures employed for Drug delivery applications. 


(Adapted from Senapati et al,  Signal Transduct and Targeted Ther. (2018) 3:7 and Abdalla 
 et al, Theranostics 2018, 8, 533-549). 


Nano-technology is one of the most widely used science that has also been 
explored and studied for carrying out efficient drug delivery at cellular levels in living 
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organisms showing higher circulation periods in organism and reduced toxicity[9]. 
Nano-therapy comprises of advanced delivery of chemotherapeutic agents such as 
small molecule drugs, short length peptides, long chain proteins, lipids, synthetic 
polymers, and nucleic acid, metal, metal oxides etc which find potential role in 
combat against diseases like cancer [2,10,11]. The  nanoparticle based therapeutics of 
various sizes from 1-1000 nm like  polymer-drug conjugates, liposomes, albumin 
based nano-carriers, PLA nanoparticles, polymer based nanoparticles etc  have been 
proposed for treatment of cancer.[1] A variety of structures from  nano-materials have 
been made for developing stable nano-carriers for drug delivery applications 
including hydrogels, carbon nanotubes, mesoporous silica nanoparticles[6], quantum 
dots, hydrogels, polymeric micelles, polymeric vesicles, lipid nanoparticles, lipo 
proteins, plant virus nanoparticles (figure 1.2). The underlining strategies used in 
developing these materials involve their careful designing capable of undergoing self 
assembly into stable nano-carriers keeping  the loaded cargoes intact  till  the  point of 
delivery. Amongst the very first nano-carriers are liposome based nano-vescicles 
which are comprised of bilayer membranes and have been used in treatment of 
various diseases such as HIV-related Kaposi’s sarcoma (FDA approved Doxil), fungal 
infections (liposomal amphotericin). The advantage of using liposomal drug-carriers 
lies in the versatility of encapsulating both hydrophilic and hydrophobic drugs, as a 
consequence of which, a vast span of anticancer drugs could be used for loading and 
delivery  purposes  [12].  Nanoparticle based cancer therapy provides a platform for 
enhanced tumoural delivery of water insoluble drugs, long circulation time, site 
specific targeted delivery, transfer of drug through epithelial and endothelial 
membrane barriers [12], enhanced delivery of large drug molecules, systematic 
delivery of more than one drugs to target site, bio-imaging of intracellular regions [13], 
reduce immunogenicity of drugs [12],  early  detection of cancerous tissues, etc  [13].  A 
precise control of size of nanoparticles for therapeutics is an essential aspect which 
influences the pharmacokinetics, bio-distribution, accumulation and penetration in the 
tumour tissue [9,14,15].
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Figure 1.3: A timeline showing various nano-particle based delivery systems as important 
 milestones of history (figure adapted from Shi et al, Nano Lett. 2010, 10, 3223-3230). 


The Abraxane, nab paclitaxel and ABI-007 are one of the most prominent sub 
 nano-meter sized FDA approved albumin-bound drug composites successfully used 
 for treatment of metastatic breast cancer  [16,17].  PEG modified proteins have been 
 found to be an interesting class of nanoparticles having higher retention in blood and 
 enhanced efficacy than free  drugs  [18]. For example, PEG based  nanoparticles; 


Pegaspargase was proven to be highly efficient anti-leukemic chemotherapeutic agent 


[19].    Various classes of nano-materials used for drug delivery were engineered to 
develop high ordered structures for drug delivery purposes as shown in figure 1.3 [20]. 
In a nutshell, nanoparticles provide a platform for drug delivery vehicles that can be 
modified into better designs by tuning the chemistry behind their development and 
knowledge of more clinical data could further enhance the optimisation of 
nanoparticle structures as future medicine for drug delivery. However, having 
explored a huge number of nanoparticles that are finding their way to high standards 
of research and development yet unfortunately only 0.7 % of known nanoparticles are 
found to be effective in reaching the solid tumour and causing collateral damage to 
cancer tissue  [21].  The individual profiling of patients with aid of genomic and 
proteomic informations of individuals have been proposed as future in medicines and 
targeetting  proangiogenic  signalling  pathways  and this form of advanced  nano-
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therapy has been quoted to bring a reform in the field of medicines and are anticipated 
 to play a major role in enhanced efficacy [22,23].  


1.2 Enhanced Permeability and Retention Effect (EPR Effect) 


The enhanced permeability and retention effect (EPR effect) is related to the hyper 
 permeability of cancer vasculature over normal cells which allow  particles of size <


500 nm to extravasate passively from blood circulation and lead to  accumulation in 
 tumour vasculature. The tumour vasculature is known to be permeable by large sized 
 molecules compared to normal vasculature [7]. This is due to an imbalance between the 
 growth of tumour under uncontrolled pro-angiogenic signalling and  the  anti-
 angiogenic signalling [23] which renders the tumour vasculature immature and leaky in 
 nature [7]. The resultant large intracellular aperture is  created within the endothelial 
 cells causing  development of poor support (impaired pericytes) in the tumour 
 vasculature  [7].  The physical forces like pressure in the intracellular region in the 
 tumour are  high due to nearly collapsing intratumoural lymphatics. However, the 
 clearance of the molecules occurs from the tumour environment at a sluggish rate. [7]  


Figure 1.4:  Schematic representation of EPR effect (figure adapted from Abdalla et al, 
Theranostics 2018, 8, 533-549). 
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EPR effect was one of the historic events in the field of cancer research and 
 therapeutics and led to FDA approval of major anticancer drugs based on liposomal 
 nano-particles such as Doxil[7,9]  and daunorubicin[24]  etc. Accumulation of an 
 anticancer protein, neocarzinostatin, was studied in normal and tumour bearing mice 
 by conjugating it to macromolecules of various chain lengths and these nanoparticles 
 were found to accumulate more in the tumour induced sites of xenografted mice 
 model compared to the normal tissues [25].  It is believed that the endothelial cells 
 along  the blood passage are loosely bound at the site of tumour growth and the 
 endothelial cells at normal tissues on the other hand are highly intact and well ordered 
 such that only small small molecules can diffuse through these to the internal organs. 


The loosely bound endothelial cells therfore offer free passage of the nanoparticles of 
 large size into the highly complex growing tumour tissues which causes a gradient of 
 large sized molecules accumulated at the tumour tissue sites. This offers a non-
 selective  passive accumulation of nanoparticles at cancer sites due to the above 
 mentioned leaky and poorly developed tumour vasculature. Tumour tissues also lack 
 well define lymphatic drainage system which leads to the  accumulation of 
 nanoparticles for longer duration leads to poor clearance of the nanoparticles from the 
 cancer tissue from lymphatic system [25, 26, 27]


 ,which adds the advantage of retention 
of the nanoparticles in the cancerous tissue regions. The high accumulation of drugs 
into tumour tissues and the retention due to dysfunctional lymphatic drainage gives 
rise to the “enhanced permeability and retention” effect (see figure 1.4)[7]. Having 
stated the role EPR in uptake and retention of annaopatrilces it is worth to consider 
that small sized  particles  undergo excretion via kidney from blood circulations and 
large  sized  particles are evaded by the macrophage phagocytic system (MPS) (also 
called reticulo-endothelial system (RES)) (figure 1.5).The MPS is a web of various 
organs of the body mostly liver and spleen which work together by targeting foreign 
particles through their phagocytotic cells network and cause the excretion of any 
object smaller than 5.5 nm in diameter via renal i.e., kidney system[20].  Therefore,  a 
trade off is used to develop optimum sized nanoparticles that stay in the blood 
circulation overcoming these hurdles and are eventually taken up by the tumour 
tissues (this has been discussed in detail in section size of the nanoparticles). The bio-
distribution of any nanoparticles used for bio-medical applications is one of the 
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underlying information required to begin to understand the mechanism of action by 
 any therapeutic agents  [28].  The RES system built on macrophages cells at liver and 
 spleen organs forms the underlining principle behind bio-distribution studies of 
 nanoparticles in animal models wherein prefential accumulation of nanoparticles in 
 liver and spleen gives insight on the clearance of the nanoparticles by RES system. 


Experiments involved in understanding the fate of intravenously injected 
 nanoparticles often include : i) hyper-vasculature of the tumour, ii) the presence of 
 nanoparticles in the tumour vasculature, iii) low  recovery of nanoparticles from the 
 blood serum and iv) from the lymphatic system, which provides indirect information 
 about uptake of the nanoparticles into the system.[26,27,28]  


Figure 1.5: Renal clearance of various sized nanoparticles from glomerular capillary wall of 
phagocytotic pore size <5nm showing phenomenon of renal clearance. (Figure adapted from 
Sun et al, Angew. Chem. Int. Ed. 2014, 53, 12320-12364). 
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The EPR effect is one of the most sought passive approaches found behind designing 
 of the nanoparticles for the drug delivery and has been known in general to 
 accumulate macromolecules 20-30% higher compared to small molecular weight 
 agents.[28]  The size and shape of nano-therapeutics plays a vital role  in their bio- 
 distributions in living organisms and affects the action of killing.[29,30]  The fate of 
 nanoparticles injected intravenously is best described based on their mechanism of 
 transport in the living systems. Having understood the EPR effect one must look 
 towards the ideal characteristics nanoparticles must exhibit in order to act as 
 successful drug delivery carrier.  An assortment of nanoparticles encounter various 
 fates upon injecting intravenously (shown in the figure 1.6) and are described as : i) 
 particles larger than 5-7 nm trap and accumulate mostly in small capillaries of lungs; 


ii) particles of size around 4-5 nm are engulfed by phagocytic cells of RES of organs 
 such as liver, spleen and lungs;iii) the particles less than sub-micrometer range (<500 
 nm) in size have been known to accumulate in tumour tissues via EPR effect and iv) 
 even smaller sized carbon nano-tubes, Q-dots, gold nanoparticles were known to cross 
 the tight endothelial junctions and are found to clear rapidly through kidneys[29]. 


Figure 1.6:  Segregation of intravenously injected nanoparticles from the circulating blood 
trapped in small blood capillaries A), taken up by phagocytic cells B), extravasation through 
porous endothelial cell wall  C), excretion from the kidneys  D), E) ,  blood vessel wall 
adhesion F).(Figure adapted from: P. Decuzzi et al. J. Control. Release 2010,141, 320-327). 
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Apart from size, the charge on nanoparticles also affects their fate in living organism. 


For example, neutral and slightly negatively charged, sub-150 nm sized nanoparticles 
 were mobile within the tumour tissues[31]  and on the other hand cyclodextrin based 
 polycation of size 50-100 nm with slight positive charge demonstrated deeper 
 penetration in tumour [32]  in animal model. Therefore optimisation of size of a 
 nanoparticle with careful selection of charge on them becomes essential qualification 
 for use as therapeutic agent.  Material architecture plays a crucial role in efficacy of 
 drug carrier and delivery, as it determines the folding and packing of the materials 
 into various nano-shapes capable of loading a range of drugs etc. The drug ballasting, 
 drug conjugating, drug release profiles etc can be tuned into single nanoparticles by 
 engineering the material for use. Various polymer architectures including linear 
 polymers, branched polymers, cross linked, dendrimers; hyperbranched polymers etc 
 have been employed for the same applications [33]. A plethora of intra-vascularly 
 injectable particles of various shapes like classical spherical to discoidal, cylindrical, 
 hemispherical and conical etc were proposed for diagnostic and therapeutic purposes 
 for treating diseases [29].Julie et al.  have reported the phagocytosis of polystyrene 
 particles macrophages like continuous alveolar rat macrophage cells NR8383 [34].  


Figure 1.7: The scanning electron micrographs and actin filaments stained time lapse vedio 
 microscopy of polystyrene nanoparticles A) oval shaped nanoparticles interacting along the 
 major axis B) oval shaped nanoparticles interacting along the lateral axis and C) uptake of a 
 spherical nanoparticle into the macrophages. (Scale Bar: 10 µm). (Picture adapted from Julie 
 et al. PNAS, 2006, 13, 4930-4934.) 


The polystyrene particles were modified into oval and spherical shaped 
nanoparticles and their uptake into the cells were monitored using time lapse video 
microscopy imaging. It was observed that the nanoparticles which hit the cells along 
their major axis were taken up by the cells within 3 min, however,  the same 
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nanoparticles when came in contact with the cells along their minor axis were not 
 taken up by the cells even up to 38 min.   The spherical nanoparticles on the other 
 hand being uniform in shape from all sides could be taken up effortlessly by  the 
 macrophages and has been shown in figure 1.7 c. Figure 1.7 shows that since the point 
 of contact is uniform in case of spherical nanoparticles therefore they were taken up in 


<  6 mins into the cells characterised by actin polymerisation which is first  step 
 towards uptake of the particles into the cells[34].  P. Decuzzi et al. have reported a 
 detailed analysis of uptake of silica spheres of various sizes (0.7 -5.0 µm) and non 
 spherical particles (discoidal, cylindrical, and quasi-hemispherical) by subjecting 
 them to nude mice after inducing tumour in them using MDA-MB-231 breast cancer 
 cells. The bio-distribution of these particles was studied by analysing the silica 
 content in various organs of the mice. It was observed that while discoidal particles 
 were found to accumulate more (4 fold of spherical and 8 fold of cylindrical and 
 quasi-hemispherical) in lungs. The cylindrical particles accumulated more in the liver 
 (2 folds that of spherical & quasi-hemispherical; and 5 folds higher than discoidal 
 particles). Discoidal particles also found their way into heart more than other 
 particles, and discoidal along with quasi-hemispherical were found to accumulate 
 more in spleen. The kidneys, brain and tumour were found to have lower amount of 
 these particles  (1.0 % overall) which reflected on poor uptake of these large sized 
 particles. Clearly, the shape of the nanoparticles affects their fate of accumulation in 
 the various parts of the mice system [29].  These data presented could form rationale 
 behind designing of particle size and shape for desired applications.  


1.3 Polymer Nano-carriers for Drug Delivery 


Use of nano-structures architected into water soluble materials improves the 
 bio-availability of drugs, improves their solubility, and reduces their toxicity [35]. 
 Amongst many desirable features for drug delivery, a polymeric nanostructure offers: 


water solubility, low toxicity and low immune response, narrow poly-dispersity, and 
availability of multiple functional handles for drug conjugations  [36].  The most 
essential advantage of a polymeric drug carrier and delivery system is the controlled 
release of drug to the target site. In order to act as an efficient drug carrier a 
nanoparticles has to strike a balance between clearance from the blood from the 
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organs such as kidney, liver, spleen, and the escaping and extravasation from the 
 blood circulation and fenestrate through the wide gaps in the endothelial cells of the 
 tumour tissues. Various structures have been summarised by Megan E Fox et al  [37]


and they have postulated the role of the structure on polymer nano-particle and these 
 have been summarised in figure 1.8. They postulated that given the VH
 (hydrodynamic Volume) similar for various polymers, the linear polymers can pass 
 through the pores in the blood capillaries into the vasculature. A globular rigid 
 structure needs to undergo shape deformation in  order to pass pores (see figure 1.8 
 (b)). A cyclic polymer having no chain ends would also require shape transformation 
 to enter pores; a rod like structure with similar dimensions would find it easier to pass 
 through the pores if aligned precisely. And macromolecular structure originating from 
 a centre or a core and protruding out via various chains would find their initial entry 
 into the pores rapid, however the transport of the whole molecule through the pores 
 maybe be time and energy dependent [37].   


Figure 1.8: Molecular conformations adopted by various macromolecular structures: linear 
 (a), spherical (b), star-like (c), and rod-like (d). (Figure adopted Fox et al, Acc Chem Res., 
 2009, 42, 1141-1151).  


Intelligent architectures were developed by Mariarosa Mazza et al. and 
demonstrated peptide epitopes tightly wrapped nanofibre core forming highly 



(27)27 


advanced molecular structure which achieved high accumulation within the brain 
 upon crossing the blood brain barrier [38]. Kai Li. et al have proposed the formation of 
 Laponite Nanodisks for high loading (98.3%) and efficient delivery of doxorubicin to 
 mice model with higher accumulation in tumour compared to free DOX, and had 
 higher retention in the blood for 45  days which demonstrated  the role of disk like 
 nanoparticles in drug delivery [39]. A.  G. Cheetham et al synthesised protein-drug 
 conjugates from Tau-β-sheet proteins and CPT (camptothecin) drug and modulated 
 the self assembled structure from fibres  (23% CPT) to nanotubes (38 % CPT) and 
 used these structure for drug delivery [40].    The effective drug delivery is based on 
 precise combination of designing materials that can escape renal filtration, enhance 
 blood accumulation, and uptake in higher amounts in the tumour tissues compared to 
 healthy cells.The polydispersity of any polymer for developing nanocarriers should 
 be low which brings in high reproducibility and helps in better control over 
 pharmacokinetic behaviour of the polymer nanocariers  [36].The size and structure of 
 nanoparticles can be easily monitored and played with using polymer as underlining 
 materials for developing these nanoparticles. An ideal polymer drug carrier should be 
 able to clear from the system after it has released its loaded cargo at the desired place 
 of action. Hydrophobic drugs that are ideally insoluble in water readily stabilize in the 
 hydrophobic core of micelles and that is essentially desirable to load hydrophobic 
 drugs [41].  


Figure 1.9:  Polymeric micelles having hydrophobic core for loading hydrophobic guest 
molecules (a) (Schematic adapted from Sutton et al Pharm. Res.  2007, 24, 1029-1046), 
Polymeric vescicle having hydrophilic watery core and hydrophobic layer for dual loading 
applications(b)  (Schematic adapted from Meng et al,  J. Phys. Chem. Lett.  2011, 2, 1533-
1539). 
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In most of the copolymers the hydrophilic units are often provided by the 
 polyethylene glycol units (PEG chains) of molecular weight 2-15kD. The hydrophilic 
 portion of the amphiphilic polymers interacts with the aqueous surroundings and 
 creates a tight shell around the hydrophobic core, thereby safe guarding the loaded 
 cargo from the hydrolysis or enzymatic degradation abundant in aqueous 
 environment. The advantages of using PEG as hydrophilic units include their water 
 solubility, bio-compatibility, and reduction of electrostatic interactions with plasma 
 proteins leading to drop in opsonisation and the clearance from the blood circulation


[42].  Other hydrophilic polymers often used to impart water soluble segments to 
 polymer include poly(N-isopropylacrylamide) (pNIPAM), and poly (N-vinyl 
 pyrrolidone) PVP and examples of hydrophobic segments include hydrophobic 
 polyesters, polypeptides, polyethers, poly (β-amino ester) etc[13,43]  PEG-PPO-PEG is 
 ternary copolymer named as pluronic made up of hydrophilic PEG and hydrophobic 
 poly (propylene oxide), to yield amphiphilic polymers which self assemble into 
 micelles where PPO forms the core while the PEG forms corona of the nanoparticles. 


Three polymeric micelles based on PEG have been reported which have been used in 
 clinical trials and their clinical data are available. These are SP1049C (doxorubicin 
 encapsulated Pluronic micelles), NK911 (doxorubicin encapsulated in micelles 
 obtained from PEG and DOX conjugated poly (aspartic acid), and Genexol-PM 
 (paclitexal encapsulated in PEG-PLA copolymer micelles) [9, 44, 45]


.  The 
pharmacokinetics of these drug loaded polymers were compared to that of the free 
drugs and it was observed that the half life of excretion of free DOX was 48 min 
whereas the SP1049C and NK911 increased the half life upto 45.9 h which was a 
predigious  accomplishment in retention of doxorubicin within the system. This was 
due to prevention of opsonisation rendered due to the shealth effect of PEG chains to 
the nanoparticles. Liposomes are synthetic vescicles made up of biocompatible 
phospholipids and cholesterols used for delivery of cargoes specially gene delivery as 
these are known to possess bilayer like structure and these exhibit ability to pass 
through bilayers as well as cell membranes [3]. Vesicles or liposomes (liposomes are 
vesicles made up of lipid) are unique nano-scaffolds that are capable of loading 
hydrophobic as well as hydrophilic cargoes in their interiors. A vesicle is comprised 
of hydrophilic core surrounded by hydrophobic layer which is further protected by a 
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hydrophilic corona (see figure 1.9 (b))[46]. Liposomal drug delivery has been well 
 employed for cancer therapy, because of extending the loading capabilities to 
 hydrophilic drugs along with hydrophobic drugs (micelles can load only hydrophobic 
 drugs) too, increasing the range of delivery of drugs for drug delivery applications. 


Other advantages of using vesicular liposomes are:  their  reduced size, better bio 
 distribution and higher penetration into tumour tissues than free drugs etc. Liu and co-
 workers have reported multifunctional poly(ethylene oxide) (PEO) based vesicles 
 constructed by using cetyl trimethyl ammonium bromide (CTAB)/sodium dodecyl 
 benzene sulfonate surfactants (SDBS), fabricated via the electrospinning process. This 
 vescicular system was demonstrated as dual anticancer model drug delivery system 
 for hydrophilic 5-Fluorouracil and hydrophobic paeonolum  [47]. PEG-liposome 
 conjugated doxorubicin “Doxil” is approved in ovarian cancer and multiple myeloma 
 and in treatment for sarcoma [10]. Tranferrin (Tf)-lipoplex have shown high efficiency 
 delivery of tumor targeted p53  gene, which is known to be involved in control of 
 DNA-damage induced apoptosis. This liposome based non-viral drug carrier has been 
 used in therapy for head, neck and prostate cancer in humans  [48].Other examples of 
 liposomal nano-medicine approved by FDA are DaunoXome (Liposomal 
 daunorubicin)[24], liposomal doxorubicin (Myocet)[49] and Mifamurtide (Mepact)[8] etc 
 to name a few. Liposomal Cisplatin (Lipoplatin) [50], Thermo DOX[51], Liposomal 
 Paclitaxel (EndoTAG-1)[52],  and these are currently  in various phases I, II, and III 
 trials in cancer treatment. 


1.4 Ligand targeted delivery 


Apart from the rudimentary features of a nano-particle, they are decorated 
with specific cell targeting agents that are based on ligand receptor binding, which 
improvises the bio-distribution of nanoparticles in the living systems. The targeting of 
the nanoparticles can be either of passive nature or active nature. The passive 
targeting is the preferential accumulation of nanoparticles of certain sizes (50-200 
nm) in cancer tissues compared to normal tissues and this effect has been discussed in 
detail in EPR effect [7]. The active targeting is more specific in nature and relies on the 
fact that certain receptors are over expressed on hastily growing cancer cells. Rapid 
proliferation in cancer cells is associated with high rate of metabolism which in turn 
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causes expression of various receptors on the cell surface depending on the 
 biochemical properties of the surface of the cells, for example trasferrin, folate etc 


[30,36]


. The strategy of targeting ligands relies on highly specific molecular recognition 


[20]  and interactions between such ligands and their receptors. These receptors can 
 bind to transferrin and folic acid ligands and this gives rise to a promising approach of 
 engineering nanoparticles with these molecules  [30,  36]


.  Nanoparticles are therefore 
 engineered to modify their surfaces by attaching ligand which specifically bind to 
 receptors over expressed in rapidly growing cancer cells (see figure 1.10)[53]. The 
 potential of such nanoparticles as therapeutic agents are enhanced and these show 
 promising reduction in side effects caused by conventional therapeutic agents [13]. 


Figure 1.10:  Schematic representing various steps involved in receptor mediated targeted 
 uptake of cells. (Figure adapted from Duncan etal, Nat.Rev., 2006, 6,688-700. 


Eventually the ligand and receptor binding leads to endocytosis of the nanoparticles 
and this phenomenon is referred to as ‘receptor mediated endocytosis’ [54]. The major 
advantages of ligand assisted targeting of nanoparticles includes transcytosis of drugs 
across tight epithelial cells, and endothelial barriers such as blood brain barriers, and 
across the highly dense and complex network of solid tumour, overcoming mutli drug 
resistance (MDR), rendering long circulation periods to the nanoparticles, targeting 
the migrating cells in events of metastasis[13]. However, multi step synthesis involved 
in preparation of ligands, biomaterial self assembly, ligand conjugation, scalable 
manufacturing without batch to batch variations are few of the major disadvantages of 
receptor mediated targeting of nanoparticles [55]. Most importantly,  the presence of 
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these receptors on other non specific cells cannot be ruled out, and therefore the 
toxicity caused by drug loaded nanoparticles or the askew toxicity are not completely 
eliminated. One of the ligand mediated polymeric nanoparticle which made it to the 
clinical trials is PK2 (FCE28069), a HPMA-polymer-Gly-Phe-Leu-Gly-DOX 
chemical conjugate containing galactosamine sugar which was used as target for the 
receptor asiaglycoprotein which is over expressed on hepatocytes of liver cells. Being 
expressed in normal hepatocytes too, the nanoparticles were found to be accumulated 
in normal tissue as well. However, in human trials it showed promising results  [56]. 
Transferrin  is known to be over expressed over many malignant cells due to severe 
requirement of iron for growth [57]. MBP-426 is a transferrin conjugated liposomal 
nanoaparticle used for delivery of cisplatin [9]. Monoclonal antibodies (mAB) are 
another class of targeting agents that are widely used as therapeutic agents, imaging 
materials and for radiotherapy applications in tumour. Prostate specific membrane 
antigen (PSMA) is a glycol protein selectively over expressed in all prostate cancers 
and nonprostatic tumourous neovasculature, in vascular endothelium of solid tumours 
(carcinoma and sarcoma) and not in normal vascular endothelium regions [58]. J591 
antibody specific to PSMA were conjugated to dendrimers and were demonstrated as 
potential targeting agent for cellular internalisation [58]. Peptides are another class of 
targeting agents used for active targeting in cells, one of the most widely used being 
RGD peptide which have high molecular recognition toward integrin ανβ3  receptors 
overexpressed in human melanoma cells[59,60]. The multiple (24 mer) RGD ligands 
based Doxil delivery to mice model showed high affinity towards the neoplastic 
endothelial cells over expressed with ανβ3 receptors [61]. Phospholipid-anchored folate 
conjugates were used to target the folate receptor expressing tumours [62],  activated 
macrophages [63], and has been used for delivery and bio-imaging applications. Very 
recently Jayakannan and co-workers  developed biotin conjugated dextran based 
biodegradable nanoscaffoleds and showed their higher uptake in cancer cell lines [64]. 
Ligand conjugation has even enabled the organ specific targeting of nanocariers for 
delivery of loaded cargoes at specific organs in living organisms. Ligands comprising 
of cationic species triphenylphophonium moieties are very well known to target the 
mitochondrial surface in the cells [65, 66]. The nucleus targeting is a challenging task as 
the nucleus in eukaryotic cells are separated from cytosol via two membranes having 
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pores as small as 10 nm in size. Nucleoplasmin is the chemical entity often used for 
 targeteing the nuclus in the cells [67,  68]. Poly-L-Lysine DNA conjugates have also 
 been reported for nucleus specific delivery purposes [69]. The biocompatibility and 
 quintessentially biodegradability of these nanostructures are desirable traits for use at 
 clinical trials. The biodegradation of nano-scaffolds are unfortunately not addressed in 
 majority of these scaffolds and it poses an elevated limitation to use of nano-vehicles 
 for drug delivery purposes. Phenomenon such as pinocytosis and endocytosis are 
 known to take up polymer nanocarriers into the cells and expose them to endosomal 
 and lysosomal compartments where they face degradation. Certain non degradable 
 polymers tend to accumulate inside the cell causing toxicity over a period of time [37]. 
 The means of entry of nanoparticles inside the cells determine the efficacy of the 
 polymer nanoparticles and can be analysed and used to engineering polymer designs 
 to begin with. The most challenging task faced by any polymeric drug carrier is 
 established on its ability to deliver the loaded cargo (like anti cancer drug or gene etc) 
 to the region of interest. An ideal ligand targeted nanoparticle should have utmost 
 specificity, and it should recognise in principle all the overexpressed receptors present 
 on the cancer cells over normal cells [13].  


1.5 Stimuli Responsive Polymers for drug delivery 


The clatherin mediated endocytosis causes the nanoaprticle to end up in the 
lysosomal compartments of the cell. The lysosomes are abundaunt in hydrolytic 
enzymes and are highly acidic in nature and the nanoparticles are bound to degrade in 
such harsh conditions. An endosomal escape from the lysosomes is a must for 
nanoparticles to deliver the loaded cargoes to cytosol so that these can target 
mitochondria, nucleus etc. In the case of caveolin mediated endocytosis also the 
nanoparticles need to escape the endosomes before they are fused into lysosomes [30]. 
Macropinocytosis which is neither cavelion-mediated nor clatherin mediated 
endocytosis is an actin dependent process which is used for taking up of large 
molecules into the cells. These kinds of endocytosis are  exploited by making use of 
cell penetrating peptides that are attached to the cells  [30].  Apart from these it is 
noteworthy to address various dissimilarities in cancer and normal cells , for example 
i) high temperature of cancer tissues, ii) over-expression of reducing agents such as 
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GSH, iii) higher acidity of cancer tissues, iv) low oxygen content in the cancer tissues, 
 v) over expression of receptors such as folic acid receptors, biotin receptors, peptides 
 receptors, etc. The drugs molecules are linked to the polymeric systems via covalent 
 bonds keeping the rationale behind the linkages that are affected or cleaved influenced 
 by above mentioned dissimilarities, and these have been explained in details. The use 
 of block copolymers having individual hydrophobic and hydrophilic segments  offer 
 an opportunity for these to self assemble into supra-molecular structures capable of 
 loading hydrophobic drugs in their core via encapsulation. These polymers offer 
 technological advancement in the area of drug delivery applications, as these are often 
 imbibed with stimuli responsiveness with respect to internal cancer tissue regions. 


Improvising the drug carrier structure often the polymer molecules are engineered and 
 developed having more than one stimulus so as to improve the efficacy of the drug 
 delivery which occurs due to more systematic release of drug following controlled 
 kinetics. The fine tuning of stimuli response in the polymeric structures offers a better 
 control over release of drug and enhanced regulation of release profile of the drugs 
 released. A polymer design strategy which included synthesis of self assembling 
 amphiphilic polymers with stimuli responsiveness in built are sort after [70, 71]. 


pH responsive polymers 


A marginal difference in pH exists between normal and cancerous cells, 
wherein the pH of a normal cell is around 7.4, the pH in the extracellular tumour 
region is found to be 6.5-7.2.  The major reason for this difference arises due to fast 
rate and irregular angiogenesis in the uncontrollably growing tumour cells. Since the 
blood vessel in cancer tissue is not well developed there is a scarcity of nutrients as 
well oxygen in these tissues and thus cancer cells shifts towards glycolytic 
metabolism. Since the glycolytic metabolism creates acidic metabolites, there is a 
drop in the pH of tumour tissue environment causing it to be more acidic than the 
healthy tissues. The majorly used strategies for developing pH sensitive nancarriers 
for drug delivery include use ionisable acid or base containing polymers which can 
structurally change upon variaition in pH in surroundings or which shows difference 
in solubility in aqueous medium with change in pH. Also incorporating acid sensitive 
chemical linkages within the polymer scaffold or conjugating drugs or fluorophores 
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with similar chemical linkages can help in release of the loaded cargoes once the 
 scaffolds reach the acidic tumour site  [72].  Warbug effect also explains the 
 development of acidic conditions at tumour sites due to formation of lactic acid as a 
 by product of insufficient consumption of glucose molecules  [73].  Acid  cleavable or 
 labile bonds such as imines bonds and hydrazones linkages are used to bind the drug 
 molecule to the polymeric system such that these drugs are released only upon 
 reaching the highly acidic cancer tissues regions while staying stable at normal tissue 
 regions. The drop in the pH of cancerous tissue is often exploited to form such 
 linkages, which are sensitive to slight change in pH of the surrounding environment


[74].  The pH of the cancerous tissues is around 5-6 and the lysosomes have a pH of 
 range of 4-5. Low pH can act as extracellular as well as intracellular stimuli to cause 
 breakage of drug molecule and subsequently aid its delivery. 


Figure 1.11:  The acidic conditions in cytosol causing disruption of pH responsive 
 nanoparticles. (Adapted from Hao et al, ACS Nano, 2015, 9, 9614-9625). 


Upon reaching the highly acidic and hydrolytic enzyme rich lysosomes these 
bonds are cleaved and the drug molecules are released to the target sites. In an 
alternative approach, the pharmacological state of the drug is kept intact  by  the 
physical loading of the drug molecules in the polymeric nanostructures. The linkages 
discussed above are successfully incorporated in the polymeric backbone to bring 
about complete disassembly and degradation of the amphiphilic polymers in order to 
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disrupt the assembly leading to release in the loaded cargo. These include 
 incorporating Ca2+ ions within Si/Ca NPs which are senstitive to acidic environment 
 and causes a disruption of the NPs   (see figure 1.11)  [75].  Natural resources like L-
 amino acid have been carefully chosen to develop pH sensitive nano-carriers namely 
 poly-L-Lysine,  polyhistidine,  poly(β-amino esters), etc which have buffering 
 capabilities and often undergo structural changes with change in pH conditions [76,77]. 
 Amphiphilic block copolymers of poly(polyethyleneglycol)-poly(aspartate-
 hydrazone-adriamycin) (PEG-p(Asp-Hyd-ADR) were developed and the anticancer 
 drug adriamycin was carefully attached to the polymer via acid labile hydrazone 
 linkages[78].  Acetal chemical linkages are another class of acid sensitive molecules 
 which readily undergo hydrolysis in acidic conditions. PEG-block-acetalated-dextrans 
 were developed and employed by Chen and co workers to efficiently delivery DOX 
 for anticancer applications [79]. Acid labile Schiff bases were used by Cheng and co-
 workers to conjugate DOX and develop Polylactide-graft-doxorubicin nanoparticles 
 and used them for DOX delivery [80]. Polyacetal urethane based polymers were 
 synthesised having acetal linkages within the polymer backbone to synthsise PEG-
 PAU-PEG triblock copolymers [81]. The advantages of such systems are the lowering 
 in the pH of the system causes disruption of the polymer backbone and disturbs the 
 self assembly of the amphiphilic polymer causing a burst release of the loaded cargo 


[81].  Amine side chain containing pH sensitive PEG-Polypeptide diblock were 
 synthesised and amine were further used as initiator for ring opening of N-
 carboxyanhydride (NCA) monomers and the self assembled nanovescicles of these 
 diblocks were employed for  delivery of DOX and these showed high killing towards 
 triple negative breast cancer cell line, MDA-MB-468 at in vitro levels [82].


Thermo-responsive polymers 


Temperature change between normal healthy tissues and cancerous tissues is 
 one of the exogenous stimuli often exploited for polymeric drug delivery applications. 


The non linear sharp change in the characteristic properties of polymer or their 
components with temperature is basic fundamental of themo-responsiveness. In an 
ideal scenario nanocarriers retaining their loaded cargoes at 37 °C physiological 
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conditions, and releasing the loaded drugs/cargoes at locally heated tumour sites are 
 used as thermoresponsive delivery agents against the strong blood circulation [83].  


Figure  1.12:  Development of aggregated species of micelles above their LCST as 
 thermoresponsive polymer (Schematic adapted from Sun et al, J. Mater. Chem. B, 2015, 3, 
 814–823).


Sensitivity of polymers towards temperature has been long employed to 
synthesise  thermoresponsive polymers. Poly(N-isopropylacrylamide) (PNIPAAm) is 
one of the most extensively studied thermoresponsive polymer  which exhibits a 
lower critical solution temperature (LCST) at 33 °C when dispersed in aqueous 
solution. Below this temperature however, this polymer dissolves in aqueous solution 
and above this temperature it precipitates out (See figure 1.12 [84]  for  a schematic 
representation)  [85].  The drug delivery is controlled temporally, as any slight change 
above or below the LCST would disrupt the self assembly of the nanoparticles or 
would force it to precipitate out leading to the burst release of the encapsulated loaded 
cargoes.  During the micelle formation the PNIPAAm segment and hydrophobic 
component of the polymer forms core-shell nanoparticles structure with the 
hydrophilic PNIPAAm exposed  to the aqueous environment and the hydorphobic 
component formed the core of the micelles [86]. The hydrophobic core loaded cargoes 
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are prevented from interacting with the biocomponents and the hydrophobic 
 component gets exposed upon heating. The hydrophobicity induced into the system 
 forces the nanoparticles to precipitate out and selective accumulation  could be 
 enhanced due to micelle adsorption into tumour tissues. The combined effect of EPR 
 and thermo-responsive micellar accumulation can be exploited to deliver drugs at 
 tumour sites making thermoresponsive polymers efficient for drug delivery  [87]. 
 Various polymer structures have been reported based on tuned LCST properties for 
 their potential  use  for effective  drug delivery at tumour tissue environment. Use of 
 oligoethylene units to induce thermo-resposiveness into polymers were demonstrated 
 by Stefan and co-worker, who prepared copolymer poly(γ-2-(2-(2-
 methoxyethoxy)ethoxy)ethoxy-ε-caprolactone which self assembled into micelles and 
 showed thermoresponsiveness at 47.5 °C. A slight modification in the structure of the 
 polymer by adding hydrophobic poly(γ-octyloxy- ε-caprolactone), the resultant block 
 copolymer poly(γ-2-(2-(2-methoxyethoxy)ethoxy)ethoxy-ε-caprolactone-b-  poly(γ-
 octyloxy- ε-caprolactone) showed thermoresponsive behaviour at 37.5 °C which is 
 closer to physiological temperature and can be  used for bio-applicaions  [88]. 
 Jayakannan and co-workers reported the development of amphiphilic molecules from 
 ethylene glycols and PDP molecules that formed shape transformable and 
 thermoresponsive scaffolds which exhibited core shell nature at ambient temperatures 
 but were transformed to rod like structure at temperature close to cancer tissues. High 
 and stable loading of DOX and CPT were demonstrated and these nano-scaffolds 
 were found to be ideal shape transforming nano-materials for drug loading 
 applications  [89].  Futher these small molecule amphiphiles were translated into 
 polymeric amphiphiles diblock with PDP and PEG using amide bonds. These 
 polymers formed super LCST thermo-responsive core-shell nanoparticles because 
 they formed high temperature LCST >  90 °C. These nanoparticles preferentially 
 bound to ATP compared to ADP, AMP, Pi at cancer tissue temperature i.e., at 42-44 


°C.  Stefan  and co-workers reported a thermo-responsive, fluorescent  as well as 
biocompatible  poly{γ-2-[2-(2-methoxyethoxy)-  ethoxy]ethoxy-ε-caprolactone}-b-
poly(γ-octyloxy-ε-caprolactone) (PMEEECL-b-POCTCL) diblock copolymer were 
reported and these showed a lower critical solution temperature (LCST) of 38 °C and 
were demonstrated as thermally responsive micelles. Nile Red and Doxorubicin 



(38)38 


(DOX) were loaded and were stable in FBS and BSA conditions exhibited thermo-
 responsive in vitro  drug release. These also showed higher killing in the MCF 7 
 human breast cancer cell at incubation temperature above the LCST. The DOX-
 loaded micelles were found to internalize into the cells via endocytosis which was 
 monitored using confocal imaging  [88].  The thermo-responsive nano-scaffolds were 
 promising candidate for drug delivery at cancer sites  [90]. Jayakannan and co-workers 
 have reported a completely biodegradable polyester urethane based on L-Tyrosine 
 natural resources by grafting PEG chains on the side chains of the polymer using the 
 tyrosine phenolic groups [91].  Many other polymers are known for their 
 thermoresponsive structural changes and have been employed for their temperature 
 sensitivity for example Poly(N-vinylcaprolactam) (PVCa) [92], Poly (N-
 vinylpyrrolidone) (PVPy)[93],  Poly(N-n-propylacrylamide) (PNNPAM), Poly(N-
 cyclopropylacrylamide) (PNCPAM), Poly(N,N-diethylacrylamide)(PDEAM), 
 oligo(ethyleneoxide)-grafted polylactide, P(Val-Pro-Gly-Val-Gly)[83]  etc to name a 
 few. The research in the field of thermoresponsive polymers are limited to only in 
 vitro experiments and utilisation of hypo/hyperthermia conditions of cells in vivo are 
 still untapped and remains a critical challenge for further use of thermoresponsive 
 polymers in drug delivery applications. 


Enzyme responsive polymers 


Enzymes are one of most essential components of the cellular machinery and 
 are highly specific in nature and they exhibit outstanding bio-recognition abilities and 
 act as excellent catalytic molecules. Designing of conjugated nanoparticles for clinical 
 testing are generally based on hydrolysis assisted cleavage of chemical bond between 
 the polymer and drug or the drug-nanoparticle conjugates by enzymes that are 
 specifically present either outside or inside cellular compartments of the cells. These 
 enzymes include mostly lysozymes, esterases, or intracellular enzymes such as 
 cathepsin B [94]. Conjugates of poly-L-Glutamic acid (PG) with paclitaxel have been 
 developed with high loading content of paclitexal (37% wt/wt)  and these polymer 
 drug conjugates were found to be biodegradable and have been used in clinical trials 


[9].    Enzyme-responsive nanoparticles can be designed and developed based on the 
chemical linkages towards which these enzymes can possess molecular recognition to, 
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