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 Synopsis 
 Name of the Candidate: Rajendra Aluri 


Thesis Title: L-Amino acid Based Poly(ester-urethane) Nano-assemblies and Their 
 Drug Delivery Applications 


L-Amino acid based polymer nano-carriers are emerging as excellent platform 
 for drug delivery in cancer therapy. Significant advances have been made on L-amino 
 acid based synthetic polypeptides and their di- and tri-block copolymers in biomedical 
 field. Alternatively, non-peptide synthetic polymers from L-amino acid resources are 
 relatively  less  studied  and  this  is  partially  associated  with  the  lack  of  the 
 unavailability of synthetic methodologies to  make biodegradable polymer structures.  


Thus,  the  development  of  new  synthetic  methodologies  for  the  large  abundant  of 
 natural  L-amino  acid  resources  is  one  of  the  emerging  area  in  biomedical  research 
 especially in drug delivery applications. The thesis work is aimed to develop new eco-
 friendly melt polycondensation approach for multi-functional L-amino acid resources 
 such as L-tyrosine, L-serine and L-threonine. Further, these new polymers were self-
 assembled  into  enzyme-responsive  and  thermo-responsive  nano-carriers  for  multiple 
 drug  delivery  in  cancer  treatment.  The  thesis  has  been  divided  into  following  four 
 chapters: 


(i)  Chapter  1:  The  introduction  chapter  provides  literature  survey  on  the  synthetic 
 polymers in drug delivery and L-amino acid based polymer nano-carriers in drug 
 delivery, and describe the aim of the thesis work.     


(ii) Chapter  2:  A  classes  of  enzyme-responsive  L-tyrosine  based  amphiphilic 
 poly(ester-urethane)s  were  developed  based  on  dual  ester-urethane  melt 
 polycondensation  approach. The self-assembled  nano-scaffold  was  employed  as 
 multiple drug vectors and the proof-of-concept was demonstrated in cancer cells. 


(iii) Chapter  3: Thermo  and  Enzyme  dual-responsive  polymer  nano-carriers  were 
 designed and developed for enriching the drug concentration at the cancer tissue 
 and also biodegrade them at the intracellular compartments. The self-assembly of 
 the  thermo-responsive  polymer  was  studied  in  detail  and  structure-properly 
 correlation was established.     


(iv) Chapter  4: One-pot  two  polymers:  First  examples  of  synthetic  hyperbranched 
 poly(ester-urethane)s  and  their  linear  polyester  counterparts  in  one-pot  via 
 temperature  selective  polymerization  approach  from  a  single  monomer  source 
 was demonstrated. The topologies of the new polymers were found to drive their 
 molecular self-assembly with respect to their diverse polymer backbones. 


The last chapter summarized the thesis work with future perspectives. 


    


In  chapter  2,  new  classes  of  enzymatic-
 biodegradable amphiphilic poly(ester-urethane)s 
 were  designed  and  developed  from  L-tyrosine 
 amino  acid  resources  and  their  self-assembled 
 nanoparticles  were  employed  as  multiple  drug 
 delivery  vehicles  in  cancer  therapy.    L-tyrosine 
 was  converted  into  dual  functional  ester-
 urethane  monomers  and  they  were  subjected  to 


solvent free melt polycondensation with hydrophilic polyethylene glycols to produce 
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comb-type  poly(ester-urethane)s.  The  topology  of  the  polymer  was  found  to  play 
 major role on the glass transition, crystallinity and visco-elastic rheological properties 
 of L-tyrosine poly(ester-urethane)s. The amphiphilic polymers were self-assembled as 
 200 10 nm nanoparticles and they exhibited excellent encapsulation capabilities for 
 anticancer drugs such as doxorubicin (DOX) and camptothecin (CPT).  In-vitro drug 
 release  studies  revealed  that  the  drug  loaded  L-tyrosine  nanoparticles  were  stable  at 
 extracellular conditions and they underwent enzymatic-biodegradation exclusively at 
 the intracellular level to release the drugs. Cytotoxicity studies in the cervical cancer 
 (HeLa)  and  normal  WT-MEFs  cell  lines  revealed  that  the  nascent  L-tyrosine 
 nanoparticles  were  non-toxic  whereas  the  CPT  and  DOX  drug  loaded  polymer 
 nanoparticles  exhibited  excellent  cell  killing  in  cancer  cells.  Confocal  microscopic 
 imaging confirmed the cellular internalization of drug loaded nanoparticles. The drugs 
 were  taken  up  by  the  cells  much  higher  quantity  while  delivering  them  from  L-
 tyrosine  nanoparticle  platform  compare  to  their  free  state.  Flow  cytometry  analysis 
 showed that the DOX loaded polymer nano-scaffolds were internalized the drugs 8-10 
 times higher  compare to free  DOX.  Both  the synthesis  of new  classes  of  poly(ester-
 urethane)s  via  melt  polycondensation  approach  and  the  enzyme-responsive  drug 
 delivery concept were accomplished for the first time.    


In  chapter  3,  new  thermo  and  enzyme-responsive  poly(ester-urethane)s  from 
 L-tyrosine  amino  acid  were  developed  and  their  aqueous  self-assembled 
 nanostructures  were  employed  as  multiple-drug  nano-carriers  to  cancer  cells.  L-
 Tyrosine  amino  acid  was  tailor-made  into  multifunctional  monomer  by  carefully 
 substituting long PEG-chain at the phenolic position and it was subjected to melt dual 
 ester-urethane  polycondensation  with  different  linear  and  cyclic  aliphatic  diols  to 
 yield  amphiphilic  poly(ester-urethane)s.  The  amphiphilic  polymer  design  with 
 appropriate  hydrophilic-hydrophobic  balance  was  self-assembled  into  100  ±  10  nm 
 nanoparticles in the aqueous medium.  Interestingly, these polymers were completely 
 soluble  or  dispersible  in  water  at  ambient  temperature  and  they  become  turned  into 
 turbid  solution  at  higher  temperature  with  respect  to  lower  critical  solution 
 temperature  (LCST)  behaviours.  This 


thermo-responsive  LCST  phase 
 transition  of  the  poly(ester-urethane)s 
 were  extensively  investigated  by 
 variable  temperature  transmittance, 
 DLS  and 1H-NMR  studies.  Polymers 
 with  C12  main  chain  in  the  backbone 
 and PEG-350 side chain showed LCST 
 at 44 °C which was very near to cancer 


tissue  temperature  for  drug  delivery  applications.  The  self-assembled  polymer 
 nanoparticles  were  found  to  be  capable  of  encapsulating  wide  ranges  of  anticancer 
 drugs such as DOX and CPT. In vitro drug release studies revealed that the polymer 
 nanoparticles  were  stable  at  physiological  conditions  and  they  underwent  to 
 disassembly at  temperature near to  cancer tissue temperature. Further, the polyester-
 urethane  linkages  in  the  polymer  nanoparticles  were  found  to  be  responsive  to 
 biodegrade  in  the  presence  of  lysosomal  esterase  enzyme  at  the  intracellular  level. 


Cytotoxic  of  these  poly(ester-urethane)s  were  investigated  in  tumor  tissue  (MCF  7 
and  HeLa)  and  normal  cell  lines  (WT-MEFs).  Drug  loaded  polymer  nanoparticles 
showed    better  cytotoxic  effects  than  their  free  drugs.  Confocal  images  and  Flow 
cytometry confirmed the cellular internalisation of the drug loaded nanoparticles. 
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In  chapter  4,  one-pot  ABB’  synthetic  approach  for  linear  polyester  and 
 hyperbranched  poly(ester-urethane)s  based  on  multi  functional  L-amino  acid 
 monomers  through  temperature  selective  melt  polycondensation  approach.  L-Serine, 
 D-serine  and  L-threonine  amino  acids  have  carboxylic  acid,  amine  and  hydroxyl 
 functional  groups  that  enabled  us  to  make  multi  functional  ABB’  monomer  (A= 


hydroxyl, B= ester and B’ = urethane). At 120 


C,  the  ABB’  monomer  underwent  thermo-
 selective  transesterification  polycondenstaion 
 (only  B  is  active  towards  A)  to  produce  linear 
 polyesters  with  B’  functionality  as  pendent  in 
 each  repeating  unit.  At  150  C,  the  ABB’ 


monomer  underwent  dual  ester-urethane 
 polycondensation  to  produce  new  classes  of 
 hyperbranched  poly(ester-urethane)s. 


Interestingly,  the  secondary  hydroxyl  group  in 
 the  L-threonine  monomer  did  not  react  at  120 


C,  but  at  150 C  exclusively  produced  linear  polyester.  The  temperature  selective 
 polycondenstaion process was confirmed by appropriate model reactions and also by 


1H-NMR, 13C-NMR spectroscopic analysis. The role of the macrocyclic formation in 
 the polycondensation process was also investigated by MALDI-TOF technique.  The 
 diverse  topologies  of  the  new  amino  acid  polymers  were  found  to  drive  their 
 molecular self-assembly. The linear polyesters were found to adapt expanded -sheet 
 chain  conformation  that  produced  exclusively  helical  nano-fibrous  morphology.  The 
 hyperbranched  polymers  adapted  globular  coil-like  conformation  that  produced 
 spherical  nano-particle  assemblies.  Both  the  secondary  structures  formations  as  well 
 as  their  morphological  features  were  confirmed  by  Circular  dichroism  spectroscopy 
 and electron microscopic analysis.  


The work described in the thesis opens up new synthetic pathways for diverse 
linear and hyperbranched polymer structures based on natural L-amino acids such as 
L-tyrosine,  L-serine  and  L-threonine.  L-Tyrosine  based  enzyme  and  thermo-
responsive nano-assemblies were demonstrated for drug delivery. The entire polymer 
reported in the thesis work is new generation biodegradable polymers; thus they have 
find wide range applications in biomedical and thermoplastic industry.  
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Introduction 
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 1.1. Introduction to Cancer Drug delivery


Cancer is one of the deadliest diseases of all times affecting millions of people 
 globally and every year the number of cancer cases growing at an alarming rate.1 To 
 eradicate  the  growth  of  cancer  tissues  several  anticancer  drugs  has  been  formulated 
 till date.2  The typical profile of drug concentration in plasma as a function of time in 
 oral or intravenous administration is depicted in figure 1.1.3 The concentration of drug 
 rises  in  the  blood  plasma  followed  by  peak  and  then  subsequently  declining  in  the 
 drug profile.4 The higher plasma level of each drug characterizes toxicity and lower is 
 ineffective.  Thus,  the  patient  requires  multiple  administrations  to  maintain  drug 
 concentration  at  a  particular  time  to  be  in  the  therapeutic  window  or  at  therapeutic 
 dose  level.5  Mostly  low  molecular  weight  therapeutic  agents  employed  in  cancer 
 treatment;  As  a  result  rapid  renal  clearance  undergone  by  these  drug  molecules. 


Furthermore,  diffusion  mechanism  compelled  the  absorption  of  the  drug  molecules 
 after  systemic  administration.  Thus,  there  is  an  even  distribution  of  drug  molecules 
 throughout the entire body thereby, lacking tumour selectivity and causing damage to 
 healthy tissues.6 


Figure 1.1.Comparison of conventional and controlled drug delivery system (adopted 
from Uhrich et al. Chem. Rev. 1999, 99, 3181-3198). 
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Paul Ehrlich, the founder of chemotherapy, proposed the presence of receptors in cells 
 or  in  blood  stream  capable  of  specifically  binding  to  antigens,  toxins  and  nutritive 
 substances. His postulates influenced the area of drug delivery and were adapted for 
 polymeric scaffold for targeted drug delivery.  He predicted that antibodies were like 
 magic bullets as these were capable of identifying their target receptors and causes no 
 harm  to  the  organism.7 Various  nano-drug  carriers  were  developed  aiming  for  (a) 
 controlled  drug  release,  and  (b)  site-specific  drug  delivery.  Drug  is  generally 
 delivered  at  a  pre-determined  rate  for  an  absolute  time  period  in  controlled  release 
 system (see figure 1.1).8 In these systems, the rate of drug release completely depends 
 on the design but is independent of the surrounding environmental conditions. On the 
 other  hand,  targeting  ligands  incorporation  attains  the  site  specific  drug  delivery 
 which elaborates the drug efficacy at the desired site of therapeutic need by increasing 
 the  local  drug  concentration.9  Thus,  a  controlled  delivered  system  retained  the  drug 
 concentration  for  longer  time  in  the  therapeutic  window(see  figure  1.1).  Therefore, 
 there is a sustained release of drug is accomplished in controlled release system over 
 oscillating drug plasma level in conventional delivery. These controlled drug release 
 systems provides various other advantages over the conventional drug therapies such 
 as:  (a)  enhanced  bioavailability  of  drug,  (b)  preventing  premature  degradation  of 
 therapeutic agents, (c) avoiding rapid renal clearance, (d) reducing the dose level, (e) 
 minimized side effects (local/systemic) and (f) improved patient compliance etc.10   


Different  types  of  small  molecular  amphiphiles  have  been  employed  as 
delivery agents owing to their biocompatibility and biodegradability characters. Self-
assembly of these amphiphilic small molecules designs broad range of nano-carriers11 
such  as  liposomes,  micelles,  nanoparticles  etc.  The  drug  molecules  are  physically 
entrapped  in  these  nano-  carriers  via  non-covalent  interactions  which  further 
deliberates  stealth  character  to  the  drug  molecule.12  Since  then  it  minimizes  the 
binding  of  plasma  proteins  to  the  drug  molecules  followed  by  reduced  uptake  by 
reticulo-endothelial  system  (RES)  or  macrophages.  In  other  words,  these  delivery 
agents  increase  the  blood  circulation  time  or  half-life  of  the  drug  molecule.13  These 
nano-  carriers  encapsulate  both  hydrophobic  and  hydrophilic  therapeutic  agents.  For 
instance, hydrophobic drugs can sequestered through small molecule based micelle in 
their  inner  hydrophobic  pocket;  while  encapsulation  of  both  hydrophilic  and 
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hydrophobic drug molecules facilitated over presence of outer hydrophobic layer and 
 inner aqueous interior in liposomes. 


1.2 Polymers in drug delivery applications 


Polymers  are  macromolecules  with  variety  of  functional  groups  and  can  be 
 blended with other low and/or high molecular weight materials for using in different 
 applications.  Natural  polymers  such  agar,  insulin,  cellulose  and  chitin  etc  have  been 
 used  as  components  of  herbal  medicines  for  wound  dressing,  emulsifying  agent  etc. 


Polymers are the backbone for pharmaceutical drug delivery systems; they have been 
 found  extensive  applications  in  drug  delivery  because  they  offer  unique  advantages 
 which  have  not  been  attained  by  any  other  materials.  Based  on  the  source  polymers 
 can  be  divided  in  to  two  main  categories:  (i)  natural  polymers  such  as  chitosan, 
 alginate, gelatin, albumin, collagen and dextran, and (ii) synthetic polymers includes 
 polyethylene,  polylactic  acid,  polypropylene,  polyacrylates  etc.  Synthetic  polymers 
 are of increasing interest in drug delivery as therapeutic agent, polymers show usually 
 an  improved  pharmacokinetics  compared  to  small  molecule  drugs  with  longer 
 circulation  time  and  better  tumour  accumulation  this  can  be  explained  by  enhanced 
 permeability and retention effect. 


1.2.1. Enhanced Permeability and Retention Effect 


Nano-scale  drug  carriers  achieve  tumour  targeting  mainly  through  two 
 mechanisms namely active targeting and passive targeting. Usually, passive targeting 
 is  attained  due  to  presence  of  defective,  leaky  vasculature  of  the  tumour  blood 
 vessels.14,15  The  disorganized  endothelial  cells  forms  the  large  fenestrations  on  the 
 inner lining of tumour blood vessels leads to enhanced vascular permeability, thereby 
 facilitating in better penetration of the nano-carriers in tumour tissue (see figure 1.2). 


Due to this, the local drug concentration maximises 10-50 fold times in tumour tissues 
 as compared to normal tissue.16 Likewise, these nano drug carriers has capability to be 
 retained  for  prolonged  period  in  the  dysfunctional  lymphatic  drainage  of  tumour 
 tissues thereby allowing them to release drug in tumour vicinity. This phenomenon of 
 higher  accumulation  and  retention  of  drug  carrier  in  tumour  tissues  was  termed  as 


“enhanced  permeability  and  retention  (EPR)  effect”.17  In  1990,  Maeda  and 
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Matsumura  discovered  this  efficient  strategy  for  anticancer  drug  design  having  high 
 selectivity towards tumour tissues.18 Interestingly, this EPR effect is not associable to 


free  drugs  with  low  molecular  weights  or  conventional  chemotherapeutic  agent  (see 
 figure 1.2). Though, the concept of EPR is widely accepted for selective solid tumour 
 targeting  of  nano  drug  carriers  and  is  a  key  mechanism  for  novel  drug  carrier 
 design.19,20


Figure  1.2. The  enhanced  permeability  and  retention  effect  of  nano-carriers  as 
 compared to conventional therapeutic agents. 


Passive  targeting  approach  suffered  from  several  limitations  such  as:  (a) 
 accumulation and penetration of drug carriers in  tumour non-specifically, (b) release 
 of  drug  molecules  before  reaching  the  target  site,  and  (c)  low  level  of  drug 
 concentration  in  tumour  tissues.21  In  other  words,  low  therapeutic  efficacy  and 
 undesirable  systemic  side  effects  executed  through  delivery  of  fraction  of  drug 
 molecule at the diseased.22,23 Furthermore, Drug carriers surface were modified with 
 various molecules which has capability of binding to receptors that are over expressed 
 on cancer cells in order to circumvent the limitation of passive targeting with respect 
 to  its  specificity.24,25  In  contrast,  “active  targeting”  or  “ligand-mediated  targeting” 


requires  surface  modification  of  the  nano-carrier  to  incorporate  conjugating  ligands 
having  affinity  for  cancer  specific  receptors  for  delivering  drug  at  desired  site.26
Conjugating  ligands  generally  used  for  tumour  therapy  are  folate,  antibodies, 
aptamers,  transferring,  proteins,  peptides,  nucleic  acids  and  sugar  molecules.27  By 
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linking  targeting  ligand  with  receptor  expressing  cancer  cells  leads  to  drug  carrier 
 accumulation in tumour tissue followed by cellular internalization and release of the 
 therapeutic  agent  in  intracellular  compartment.28,29  Thus,  active  targeting  moieties 
 significantly enhances the intracellular drug concentration and minimizes the toxicity 
 to non-cancerous cells adjacent to tumour tissues.27 In other words, actively targeted 
 nanosystems  in  combination  with  EPR  effect  have  the  potential  to  revolutionize 
 cancer therapy and improves the efficacy of nanomedicines for cancer treatment.  


 1.3. Biodegradable synthetic polymers: 


Synthetic biodegradable polymers are versatile polymeric materials that have a 
 high  potential  in  biomedical  applications  avoiding  subsequent  surgeries  to  remove. 


Biodegradable polymeric materials are preferable candidates for their unique physical, 
chemical  and  mechanical  properties  which  can  be  easily  varied  by  the  material 
composition  and polymer architecture and their degradation  rates can be  adjusted as 
required  for  an  efficient  therapeutical  treatment.  Biodegradable  polymers  also  have 
versatile applications as implants, biodegradable polymers containing entrapped drug 
can  be  placed  in  the  body  and  are  used  for  localised  drug  delivery  and/or  the 
controlled  release  of  a  drug  over  a  period  of  time,  for  example  small  polymer  rods 
(goserelin (Zoladex)) and polymer microparticles (Leuprolide (Leupron Depot)) made 
from  poly  lactide-co-glycolide-entrapping  leutinizing  hormone  releasing  hormone 
(LHRH) analogues are common treatments for prostate cancer. As the polymer slowly 
degrade  therapeutic  levels  of  the  anti-tumor  peptide  are  maintained  upto  3  months, 
making the therapy very convenient for the patient use (Figure 1.3).30 
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Figure 1.3. Schematic representation for bulk erosion and surface erosion (adopted 
 from Chang-Sik et al. Chem. Rev. 2005, 105, 4205-4232).  


Another biodegradable polymeric implant, carmustine (Gliadel) is used to treat brain 
 cancer.  In  this  case  a  biodegradable  polyanhydride  polymer  is  made  into  small 
 polymer discs containing the alkylating agent bis(2-chloroethyl)nitrosourea (BCNU). 


These discs are placed into the brain following the surgical removal of the tumor, and 
thereafter they slowly degrade to deliver the drug locally, therefore preventing tumor 
re-growth.  In the last  decades synthetic biodegradable polymers such as  poly(lactide 
acid)  (PLA), poly(ε-caprolactone)  and its copolymers or blends  approved by  the  US 
Food  and  Drug  administration  (FDA)  have  been  widely  used  in  biomedical 
applications. 
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Degradation  of  the  polymer  material  can  occur  either  in  the  bulk  or  at  the 
 surface  of  the  material,  depending  on  the  pH  conditions  external  and  internal  to  a 
 polymer  either  mechanism  can  dominate.  In  the  case  of  bulk  erosion  degradation 
 proceeds throughout the polymer matrix and an immediate drop of molecular weight 
 is  observed,  whereas  the  mass  loss  is  retarded.  In  the  case  of  surface  erosion  the 
 biodegradation proceeds exclusively at the surface. Bulk degradation is useful for  


Figure 1.4. Chemical structures of Biodegradable polymers  


applications  such  as  degradable  plastics  for  packaging,  surface  degradation  is 
 desirable  in  applications  such  as  drug  delivery  systems.  To  maximise  control  over 
 drug release, it is desirable for a system to degrade only from its surface. In systems 
 with surface erosion the drug release rate is proportional to the rate of erosion of the 
 polymer.  


Polylactide (PLA), polyglycolide (PGA), poly(ε-caprolactone) (PCL), poly(γ-
valerolactone)  (PVL),  poly(lactide-co-glycolide)  (PLGA),  PLA-b-PEG,  PLGA-b-
PEG,  polysacaharides,  (Chitosan,  Cyclodextrin,  Dextran),  poly(aminoacids)  and 
polypeptides are some of the extensively studied biodegradable polymer materials in 
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drug/gene  delivery  applications  (Figure  1.4).  Among  these  Poly(aminoacids)  or 
 Polypeptides are naturally occur biodegradable polymers, they often employed for the 
 design  of  targeted  drug  delivery  systems  because  they  are  made  of  hydrolysable 
 peptidic  bonds  and  can  form  electrolyte  complexes  with  DNA.  In  addition  they  can 
 form  micelles,  nanoparticles  or  polymersomes  by  copolymerising  with  PEG. 


Synthetic PAA are usually obtained from the polymerization of N-carboxyanhydride 
 initiated  by  primary  amino  compounds.  The  complete  details  of  the  synthesis  and 
 applications of the synthetic poly aminoacids and their subclasses has described in the 
 following section. 


1.4. Introduction to amino acids 


Amino  acids  are  the  most  essential  biomolecules  constitutesin  the  human  body  and 
 play  major  roles  in  various  biochemical  functions.31  These  are  the  mostabundant 
 organic  compounds  or  building  blocks,  of  proteins  joined  by  a  specific  type  of 
 covalent linkage. Its basic structure consists both amino groups (-NH3+


), carboxylate 
groups  (COO-),  and  a  side  chain  (-R).Thus,  the  α-carbon  atom  is  linked  to  four 
substituent  groups.  Based  upon  the  side  chain  functional  group,  amino  acids  are 
classified  as,  acidic,  basic,  aliphatic,  aromatic,  thiol,  alcohol  and  amidic  (see  figure 
1.5).32  These  amino  acids  either  directly  or  in  their  modified  form,  concur  in 
numerous  metabolic  functions.  They  comprise  neurotransmitter  function  (gamma-
aminobutyric  acid),  and  as  precursor  for  the  synthesis  of  non-protein  nitrogen 
containing  metabolites  (e.g.,  heme,  creatine,  purines  and  pyrimidines).  Some  amino 
acids are called as essential amino acids because they are not synthesized in the body 
and are supplied in the diet to maintain normal growth and metabolism.33  



(21)10 


Figure 1.5. Chemical structures of natural α-amino acids. 


Due to the rapid development of the aminoacid market, many companies and 
 academic  associations  has  enthusiastically  started  research  and  development  to 
 produce amino acids more efficiently. The main amino acid market is in food, which 
 absorbs  about  50%  of  global  market  (see  figure  1.6).34  The  major  amino  acids 
 consumed in food and flavour enhancers are Glutamic acid, which accounted for 34% 


of  the  total  US  amino  acid  market  size  in  2011.35  Also,  phenylalanine  and  aspartic 
acid  are  highly  standard  amino  acids  as  these  are  the  feedstock  for  producing 
aspartame  (an  artificial  sweetener).  In  2012,  methionine,  lysine,  threonine  and 
tryptophan are the prominent products, accounting to over 31% of total market value 
in the feed sector.36 The amino acids market is estimated to grow with 26% over the 
period  2012-2016.37  Furthermore,  four  ways  of  production  have  been  developed  to 
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meet  the  amino  acids  demand;  extraction,  chemical  synthesis,  fermentation  and 
 enzymatic catalysis. 


Figure  1.6.  Global  production  of  selected  amino  acids  with  the  total  amount  of  1.5 
 million  tonnes  (adopted  from  Shahid,  M.  et.al. European  Journal  of  Lipid  Sci.  and 
 Tech., 2011, 113, 1012-1018). 


Historically,  extraction  method  was  used  for  the  industrial  production  of 
 amino acids. In 1908, Kikunae Ikeda isolated the unique flavour of seaweed that later 
 became  monosodium  glutamate  (MSG)  known  as  the  first  original  industrial 
 application of an amino acid. Soon after this innovation, extraction of MSG was also 
 accomplished from other biomass such as wheat gluten and soyabean.33 In addition to 
 glutamic acid, some other amino acids are also extracted for food namely, cysteine (as 
 dough conditioner), leucine (as flavour enhancer), and valine (as dietary supplement). 


All these amino acids can be extracted from feather and hair.38,39  To meet the current 
industrial  needs  for  amino  acids,  extraction  confides  on  the  availability  of  biomass 
and the effectiveness of extraction process. However, amino acids may once again be 
extracted  from  various  agricultural  residues  to  meet  future  biorefinery  concepts.  In 
chemical synthesis method, confined number of amino acids has been produced such 
as  i)  Glutamic  acid  synthesised  through  oxo  reaction  from  acrylonitrile40  and  a 
reduction  reaction  from  di-ester-alpha-nitroglutaric  acid,41  ii)  Glycine  from 
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formaldehyde  or  monochloroacetic  acid  and  ammonia,42  iii)  Methionine  through  a 
 complex chemical synthesis involving mercaptan, propylene, and hydrogen cyanide.43
 This  method  can  only  produce  a  mixture  of  D  and  L-form  of  amino  acids.  On  the 
 other hand, living organisms are used as catalyst for the production of amino acids in 
 enzyme  catalysis  process.44  Based  on  these  approaches,  L-phenylalanine  was 
 synthesised from (E)-cinnamic acid by utilising phenylalanine ammonia lyase enzyme 
 as  the  catalyst.  Similarly,  L-aspartic  acid  was  synthesised  from  fumaric  acid  and 
 ammonia  using  L-aspartate  ammonia  lyase  enzyme  as  catalyst.45  Currently,  the 
 development  of  microbial  process  for  producing  glutamic  acid  from  soil  bacterium, 
 Cornyebacterium  glutamicum,  using  sugar  and  ammonia,  paved  the  way  for  the 
 progress  of  fermentive  production  of  amino  acids.46,47 Now  a  days,  fermentation 
 method has commonly been used to produce L-lysine, L-phenylalanine, L-threonine, 
 L-glutamine, L-arginine, L-tryptophan, L-valine, L-leucine, L-isoleucine, L-histidine, 
 L-proline, and L-serine.48  


1.5. Oligo-peptide amphiphiles 


Oligo-peptides congregate into an array of structures mediated by electrostatic 
attractions between charged amino acids, hydrogen bonding, π–π stacking interactions 
and  hydrophobic  associations.49 The  evident  separation  between  hydrophobic  and 
hydrophilic parts of the molecule in amphiphilic peptides are able to  form spherical, 
membrane  and  fibrous  aggregates  as  well  as  peptide  nanofibre  based  hydrogels 
(Figure  1.7).50-52 Amphiphilic  peptides  are  synthesized  using  solid  or  solution  phase 
techniques  followed  by  conjugation  with  hydrophobic  units.53 The  most  appealing 
self-assemblies are peptide spheres, peptide hydrogels and peptide fibres with respect 
to drug delivery.51 Peptide spheres commenced as 20-30nm micellar arrangements and 
peptide  nanofibres  have  an  internal  diameter  of  10-20nm  and  length  periodically 
exceeds to micron.54 Furthermore, peptide nanofibres consist of a central hydrophobic 
core surrounded by a β-sheet of peptides.55 As the alkyl chains concord, it is possible 
to  envisage  the  β-sheet  formation  that  astonish  the  self-assembly  and  prevents  the 
assembling  molecules  from  accomplishing  a  prominent  radius  of  curvature  and 
spherical shape, instead giving rise to a hydrophobic cylindrical assembly surrounded 
by  a  β-sheet.  Although,  literature  presents  the  rules  for  the  formation  of  peptide 
nanofibres i.e. peptide sequence forms by the presence of a β-sheet, a charged amino 
acid and an alkyl chain linked to one end of the peptide.54 In the literature, nanofibres 
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assembled  from    acyl  derivatised  therapeutic  peptides,  namely  from  O-palmitoyl 
 tyrosinate  ester1-leucine5-enkephalin56 which  is  devoid  of  a  charged  peptide  residue 
 and  O-palmitoyl  tyrosinate  ester1-dalargin.50 Additionally,  other  molecules  such  as 
 dipeptide,  diphenyl  Alanine  also  self-assemble  into  nanofibres.57,58 It  is  clear  that 
 peptide nanofibres are also able to aggregate to form gels by virtue of the peptides’s 
 intrinsic chemical composition. Self assembly for short peptides has been determined 
 by  chemical  coupling  of  a  variety  of  aromatic  groups,  such  as  carboxybenzoyloxy, 
 naphthalene  or  fluorenylmethyl-1oxycarbonyl  (Fmoc)  on  the  N-terminal  end  of  di- 
 and tri-peptides, with the resultant formation of stable hydrogels.59  


Figure 1.7. Self assembly of peptide amphiphiles into: nanospheres, membranes and 
 nanofibres. (adopted from A. Lalatsa et.al. Journal of Controlled release, 2012, 161, 
 523-536). 


       Self-assembled  peptide  amphiphiles  have  been  applied  as  a  drug 
delivery agents and tissue engineering scaffolds.53,60 Several in vitro experiments have 
been  performed  to  illustrates  the  utility  of  self  assembling  peptides  as  possible  drug 
delivery  agents  such  as  i)  in  vitro  cell  uptake  and  cytotoxic  activity  for  a  peptide 
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nanofibre  by  bearing  a  bioactive  epitope  attached  to  the  peptide  amphiphile,61 ii)  in 
 vitro  cell  uptake  for  peptide  amphiphiles  by  bearing  electrostatically  bound  DNA, 
 loaded  with  hydrophobic  drugs  or  recurrently  loaded  with  both  drugs  (e.g. 


doxorubicin)  and  therapeutic  (e.g.  p53  genes)  plasmids.62-64  Pivotal  in  vivo  data  has 
 been  generated  to  support  that  peptide  amphiphiles  may  use  as  a  new  class  of 
 medicines.  Further,  two  peptides,  YGAA[KKAAKAA]2  (AKK),  and 
 KLFKRHLKWKII (SC4), conjugated to lauric acid exemplifies that cationic peptide 
 amphiphiles  employ  their  anti-microbial  activity  by  disrupting  bacterial  cell  walls.65
 Likely,  there  is  a  evidence  of  anti-microbial  activity  from  the  spherical  self-
 assemblies  which  was  prepared  from  the  TAT  peptide  amphiphiles,  in  that  the 
 cationic  TAT  peptide  (YGRKKRRQRRR)  is  conjugated  to  cholesterol  via  a  spacer 
 unit  comprising  three  glycines  followed  by  six  arginines  (cholesterolG3R6-TAT). 


These  spherical  nanoparticles  were  active  via  the  intravenous  route  against  a 
 staphylococcus  aureus  infection  in  mice  and  a  S.  aureus  infected  meningitis  rabbit 
 model.53 


1.10. L-Amino acid based Polymers in drug delivery  


Natural L-amino acids are rotinely employed as one of the constituenets in the 
polymer  backbone  or  as  side  chain  units  for  bio-degradation,  inroduction  of 
functionality and employed as self-organizing tools. Natural amino acids, i.e. glutamic 
acid (Glu), phenylalanine (Phe), arginine (Arg), and lysine (Lys), have merits such as 
biodegradability, good biocompatibility, and the physical and chemical characteristics 
of  side-chain  functional  groups,  were  employed  to  develop  amphiphilic  polymers.66
Two  families  of  amino-acid-based  poly(esteramide)  (AA-PEA)  and  poly(ester  urea 
urethane)  (AA-PEUU)  biomaterials  with  good  biocompatibility  and  biodegradibilty 
have  been  developed.  These  amino-acid  containing  polymers  (AA-PEA  and  AA-
PEUU)  illustrates  useful  pendant  reactive  sites,  tunable  hydrophilicity, 
anionic/cationic charge, degradation rates, and a wide range of chemical, mechanical, 
thermal, physical,  and biological  properties  compared to  conventional  biodegradable 
aliphatic  polyester  biomaterials,  e.g.,  poly(lactic  acid)  (PLA),  poly-(caprolactone) 
(PCL),  poly(glycolic  acid)  (PGA)  and  their  copolymers.67  In  recent  years,  cationic 
amino  acids,  such  as  Arg  or  Lys  synthesizes  amino  acid  based  PEA  or  PEUU 
materials  are  of  particular  interest.  Arginine  (Arg)  shows  an  important  role  in 
macrophage-induced  TNF-α  and  nitric  oxide  (NO)  production  due  to  their  strong 
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cationic  nature  which  allows  for  better  cell  uptake.  Leucine  (Leu),  a  neutral  and 
 hydrophobic  amino  acid  interdependent  to  hydrophilic  Arg  due  to  the  presence  of 
 hydrophobic  moiety  appropriate  for  the  self-assembly  and  stability  of  the  resulting 
 self-assembled  nanoparticles.  Chu  et  al.  reported  that  the  supramolecular  structure 
 formed  and  stabilized  by  the  presence  of  Leu  moiety  in  the  protein,  peptide  and 
 synthetic polymers (Figure 1.8).68


Figure1.8.  Chemical  structure  of  Arg-Leu  PEUUs  (adopted  from  Chu  et  al. 


Biomacromolecules, 2016, 17, 523-537). 


Further,  controlled  and  targeted  drug  delivery  systems  have  been  studied  through 
 biodegradable polymers. Based on poly(LLA-co-Lys)-g-Lys (Figure 1.9 A), Langer et 
 al.  described  the  use  of  large  porous  particles  (d  =8.2  μm  and  F  =  0.1  g/cm3)  for 
 pulmonary  drug  delivery.69  The  encapsulation  and  in  vitro  release  of  model  drugs, 
 such  as  diclofenac  (acidic),  nicardipine  (basic)  and  dicumarol  (neutral)  from 
 microspheres  prepared  from  degradable  PEEA  based  on  dihydroxy-terminated 
 oligomeric  PCL,  sebacoyl  chloride,  and  1,13-di(L-phenylalaninamido)-4,7,10-
 trioxatridecane  was  studied  from  Rotonda  et  al.    (Figure  1.9  B).  In  vitro  release 
 experiments (pH 7.8, tris buffer) concludes that dicumarol loaded PEEA microspheres 
 exhibits a slow drug release (10% after 50d) while diclofenac loaded PCL and PEEA 
 microspheres show rapid and complete release in 2h. Also, Nicardipine-loaded PEEA 
 and PCL microspheres released about 70 and 30% drug, respectively, after 8 h. 70     


Zhuo  et  al.  designed  the  encapsulation  and  in  vitro  release  of  prednisone 
acetate  (PA)  from  microspheres  prepared  from  poly-R,β-[N-(2-hydroxyethyl)-L-
aspartamide]-g-PLLA  (PHEAg-PLLA)  graft  copolymers  (Figure  1.9  C).71 Likewise, 
the  antimicrobial  efficacy  in  vitro  and  in  vivo  were  studied  with  L-tyrosine 
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polyphosphate loaded (Figure 1.9D) with silver N-heterocyclic carbine complex (SCC 
 10).72


Figure  1.9. Chemical  Structures  of  Amino  Acid  Containing  Degradable  Polymers 
 Investigated  for  Drug  Delivery  Applications  (adopted  from  Feijen  et  al. 


Biomacromolecules, 2011, 12, 1937-1955. 


Polyurethanes  are  a  unique  class  of  biomaterials  that  are  widely  used  in 
 various  medical  devices  including  heart  valves,  catheters,  vascular  grafts,  and 
 prostheses.73  The  integration  of  acetal  bonds  in  polyurethane  is  appealing  due  to  its 
 high  pH  sensitivity.  In  addition  to,  pH  sensitive  degradable  micelles  and 
 polymerosomes  adapted  by  incorporating  pendant  acetal  groups  at  the  side  chain  of 
 polycarbonate or polyacrylate. The studies reveals that pendant acetal groups alter the 
 hydrophobic block into hydrophilic, concludes an accelerated drug release.74 Gu et al. 


commenced  that  acetal  linked  PTX  prodrug  micellar  nanoparticles  presented  potent 
growth inhibition of human cancer cells in vitro.75 
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Figure 1.10. Acid-Degradable PEG-PAU-PEG Triblock Copolymer Micelles for pH-
 Triggered Intracellular DOX Delivery (adopted from Huang et al.Biomacromolecules, 
 2015, 16, 2228-2236). 


The  Figure  1.10  defines  that  acid  degradable  PEG-PAU-PEG  triblock 
copolymer micelles  are  showing potent anticancer effects  and arbitrates  efficient  pH 
triggered intracellular DOX delivery. This triblock copolymer has various advantages 
including, i) easy to prepare and  noncytotoxic in nature, (ii) have good stability with 
a  low  critical  micelle  concentration  at  physiological  pH  while  undergoing  fast 
degradation  under  a  mild  acidic  environment,  and  (iii)  endo/lysosomal  pH  triggers 
drug release resulting in effective reversal of drug resistance.76
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 1.7. Polypeptides 


Preparation of polypeptides are mainly via ring opening polymerization (ROP) of α -
amino  acid N-carboxyanhydrides  (NCAs)  by  utilizing  amine  based  initiators.77  The 
typical  mechanisms  of  amine-initiated  ROP  of  NCAs  comprise  “amine  mechanism 
(AM)”  which  is  accomplished  by  attacking  CO-5  of  the  NCAs  using  10amines  or 
some highly nucleophilic  20amines (Scheme 1a) and “activated monomer mechanism 
(AMM), attained by deprotonation of NH-3 of the NCAs using 30 amines or some 20 
amines  with  bulky  substitution  groups  (Scheme  1.1.).78,79  Different  kinds  of 
polypeptides  and  polypeptide-based  copolymers  with  desired  molecular  weights  and 
architectures  are  successfully  prepared  by  the  ROP  of  NCAs  initiated  by  primary 
amines.  Although some  side reactions  causes  contamination  of polypeptide products 
during  the  primary  amine-initiate-polymerization,  Recently,  noticeable  approaches 
have been developed to prepare polypeptides with controlled molecular weight (MW) 
and polydispersities (PDIs) as well as distinct topological structures. Deming and co-
workers have used a series of transition metal complexes as initiators to attain explicit 
polypeptides and block copolypeptides.77 Schlaad et al. and Lutz et al. have described 
that ammonium chloride-functionalized macro-initiators can effectively suppress side 
reactions,  leading  to  the  formation  of  distinct  polypeptide-based  block 
copolymers.80,81  Further,  by  using  organosilicon,  controlled  ROP  of  NCAs  has  been 
produced.82  Subsequently,  amphiphilic  polypeptide-based  block  copolymers  have 
been synthesized for biomedical applications including, i) the ROP of NCAs by using 
polymeric  macro-initiators,  ii)  highly  effective  coupling  reactions,  such  as  click 
chemistry  and  carbondiimide  chemistry,  between  functionalized  polypeptide  blocks 
and other polymer blocks. Comparatively, Deming and co-workers have synthesized 
different  amphiphilic  diblock  copolypeptides  containing  a  charged  block  and  a 
hydrophobic block by using  transition  metal  complexes as  initiators.83  Poly(ethylene 
glycol)  (PEG)/polypeptide  diblock  copolymers  by  using  amino-functionalized 
methoxypoly(  ethylene  glycol)s  (mPEG)  as  macro-initiators  have  been    adapted  by 
Kataoka  and  coworkers.84  Chen  and  co-workers  have  developed  a  series  of 
polyester/polypeptide  block  copolymers  by  employing  amino-terminated  polyester 
blocks  as  macro-initiators.85-90  In  addition,  Bae  and  co-workers  have  developed  a 
class  of  poly(L-histidine)  (PLHis)-based  block  copolymers  by  coupling  PLHis  with 
other synthetic polymers.91
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Scheme1.1. The  ring  opening  polymerization  of  NCAs  via  “amine  mechanism”(a) 
 and “activated monomer mechanism”(b).  (adopted from  H. R. Kricheldorf , Angew. 


Chem. Int. Ed. 2006 , 45 , 5752-5784). 


Additionally,  different  polypeptide-based  materials  have  been  accomplished 
and  determined  based  on  the  polymers  with  different  structures  for  drug-  and  gene- 
delivery applications including micelles, vesicles, nanogels, and hydrogels. The self-
assembly  of  amphiphilic  polymers  in  aqueous  solution  form  polymeric  micelles.92 
They have a hydrophobic inner core and a hydrophilic outer shell. The micellar cores 
resides  of  hydrophilic  shells,  such  as  an  antifouling  PEG  shell,  which  shields  and 
stabilizes  the  hydrophobic  segments  or  complexes  of  oppositely  charged 
polyelectrolytes.  The  hydrophobic  cores  of  micelles  facilitate  the  loading  of 
hydrophobic drugs or ionic biopharmaceuticals,  such as  DNAs, RNAs, and proteins, 
while  the  hydrophilic  antifouling  shells  reform  the  biocompatibility  and  stability  of 
the micelles in circulation system in vivo.93,94 Additionally, micelles based on stimuli-
sensitive synthetic polypeptides are emerged as the most popular methods for cancer  
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Scheme 1.2. Chemical structures of some representative polypeptide-based block 
 copolymers that form stimuli-sensitive micelles (adopted from Chen, et.al. Adv. 


Healthcare Mater. 2012, 1, 48-78). 


therapy  due  to  their  stimuli-responsive  self-assembly  behaviours  and  conformation 
transitions  as  well  as  good  biocompatibility  and  biodegradability.  Recently, 
polypeptide-based  micelles  comprising  pH-sensitive  polypeptide  blocks,  acid-labile 
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polypeptide–drug conjugates, polypeptide containing ion complexes and dual stimuli-
 sensitive  segments  have  been  developed  for  controlled  drug  and  gene  delivery 
 (Scheme 1.2.).95,96 


Polymer  vesicles  have  hydrophobic  bilayer  or  interdigitated  layer  and 
 hydrophilic internal and external shells.97-99 These are nanometer or micrometer sized 
 hollow  spheres.  In  contrast  to  polymer  micelles,  polymer  vesicles  can  load  the 
 hydrophobic  drugs  within  hydrophobic  domain  of  the  vesicle  membrane  and  form 
 these materials  as  an ideal  candidate  for delivery of hydrophilic drugs  and bioactive 
 molecules.98  By  adapting  the  composition  and  chain  length  of  the  amphiphilic 
 polymer, the size and permeability of the vesicle membrane can be tuned. Therefore, 
 stimuli-sensitive  vesicles  developed  and  approved  for  drug  delivery  applications 
 based on different polypeptide block copolymers (Scheme 1.3). 


Scheme  1.3.  Chemical  structures  of  some  typical  polypeptide-based  block 
 copolymers  that  form  stimuli-sensitive  vesicles(adopted  from  Chen,  et.al.  Adv. 


Healthcare Mater. 2012, 1, 48-78). 
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Hydrogel  nanoparticles,  i.e.,  nanogels,  are  swollen  nanometer-sized  networks 
 comprises of  hydrophilic or amphiphilic polymers.100,101 It has a polymeric network 
 or  a  core-shell  structure  with  a  hydrogel  core  or  shell  (Scheme  1.4).101 Due  to  their 
 smart  swelling–deswelling  transitions  and  refined  biocompatibility,  stimuli-sensitive 
 nanogels  with  an  hydrophilic  and  biocompatible  shell,  have  earned  much 
 consideration.  In  the  past  decade,  polypeptide-based  crosslinked  nanoparticles,  such 
 as  crosslinked  micelles  and  nanogels,  have  been  utilised  for  different  drug  delivery 
 applications, since, it responds to external stimuli, such as pH, reducing environment, 
 and  dual  stimuli.  These  systems  have  been  assembled  through  various  methods 
 including  precipitation  polymerization,  crosslinking  of  preformed  polymer  chains  or 
 selfassembled nanoaggregates and one-step ring-opening polymerization. 


Scheme  1.4.  Chemical  structures  of  polypeptide  based  block  copolymers  and 
 crosslinkers  that  are  used  for  the  preparation  of  crosslinked  micelles  and  nanogels. 


(adopted from Hendrickson et al. Adv.Funct. Mater. 2010, 1697-1712).   
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Hydrogels  are  three-dimensional  polymer  networks  made  of  hydrophilic  polymer 
 chains  that are  cross-linked  chemically  or  physically.102  Hydrogels exhibited  various 
 biomedical, environmental applications due to their unique biocompatibility, chelating 
 nature,  desirable  physical  and  physiological  characteristics.  They  can  deliver  the 
 physiologically  important  entities  in  a  controlled  manner  and  serve  as  carriers  for 
 drug,  protein,  and  genes.  Presently,  polypeptide-based  chemically  crosslinked 
 hydrogels and in situ gelling hydrogels have been fabricated and applied for different 
 drug-delivery applications (Scheme 1.5).103-106 


Scheme 1.5. Chemical structures of representative thermo-gelling polypeptide-based 
 block copolymers (adopted from Slaughter et al. Advanced Materials, 2009, 21, 3307-
 3329). 


1.8. Poly(ester-amide)s 


In the past decades, α-amino acid containing degradable polymers have drew 
much  interest  and  suggest  several  features  including,  i)  imparting  chemical 
functionality,  such  as  hydroxyl,  amine,  carboxyl,  and  thiol  groups,  which  maintains 
hydrophilicity  and  possible  interactions  with  proteins  and  genes,  also  facilitates 
further  modification  with  bioactive  molecules  (e.g.,drugs  or  biological  cues);  (ii) 
improving  biological  properties  of  materials  including  cell-materials  interactions 
(e.g.,cell-adhesion,  migration)  and  enzymatic  degradability.  (iii)  by  improving 
thermal  and  mechanical  properties  of  degradable  polymers;  and  (iv)  providing 
metabolizable building units/ blocks (Figure 1.11).107 
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Figure  1.11.  Schematic  representation  of  α-amino  acid  containing  degradable 
 polymers (adopted from Feijen et al. Biomacromolecules, 2011, 12, 1937-1955).  


 Polydepsipeptides i.e. copolymers of α-hydroxy acids and α-amino acids, are 
 mainly  prepared  by  the  ring  opening  polymerization  of  morpholine-2,5-dione 
 derivatives. There are three main procedures describes the synthesis of the derivatives 
 of the 6-membered ring of morpholine-2,5-dione (Scheme 1.6) such as (a) Cyclization 
 of N-(α-haloacyl)-α-amino  acid  salts,  (b)  Intramolecular  transesterification  of N-(α-
 hydroxyacyl)-α-amino  acid  esters,  and  (c)  Cyclization  of  O-(α-  aminoacyl)-α-
 hydroxycarboxylic acids.108-110  


Scheme 1. 6. Synthesis of morpholine-2,5-dione derivatives and polymerization 
reaction (adopted from Puiggali et al. Polymers 2011, 3, 65-99). 
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Melt  condensation  method  is  carried  out  under  reduced  pressure  and 
 temperature  to  favour  the  elimination  of  condensation  products  and  using 
 transesterification  catalysts.  After  the  polymerization  reaction,  no  post  treatment  is 
 needed  which  makes  this  method  advantageous  for  industrial  production.  The 
 synthesis  is  usually  driven  in  two  temperature  steps:  i)  progress  under  milder 
 conditions to give rise to a prepolymer, ii) temperature is significantly raised to favour 
 the  condensation  process  and  to  get  a  high  molecular  weight  sample. Poly(ester 
 amide)s containing α-amino acid units successfully formed by reaction of a diol with 
 a diamide-diester previously obtained by condensation of a diacid chloride with an α-
 amino acid methyl ester (Scheme 1.7.).111,112 


Scheme  1.7:  Poly(ester  amide)s  preparation  by  melt  condensation  approach  by 
 incorporating α-amino acids of a diamide-diester monomer (Puiggalí et al. J. J. Appl. 


Polym. Sci. 2002, 85, 1815-1824).


Solution  polycondensation  reactions  make  use  of  condensing  agents  or 
 activation  groups  for  the  carboxylic  acid  in  order  to  expedite  aminolysis  reactions. 


High  polymerization  rates,  mild  reaction  conditions,  high  molecular  weights  and 
minimal  side  reactions  are  expected  characterstics  of  these  reactions.  Solution 
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polycondensation  of  disulphide  containing  di-p-toluenesulfonic  acid  salts  of  bis-
 Lphenylalanine diesters (SS-Phe-2TsOH) with di-p-nitrophenyl adipate (NA) in N,N-
 dimethylformaamide  (DMF)  in  the  presence  of  Et3N  under  mild  conditions  readily 
 synthesized α-amino acid based poly(ester-amide)s (SS-PEAs) (Scheme 1.8).113 In the 
 past  decades,  α-amino  acid-based  poly(ester  amide)s  (PEAs),  which  acquires  the 
 favourable  properties  of  both  polyesters  and  polypeptides,  such  as  enzymatic 
 degradability  and  bioactivity,  have  been  developed  as  a  versatile  class  of 
 biodegradable  polymers.  A  series  if α-amino  acid  based  PEAs  were  synthesized 
 mentioned above and studied for various biomedical applications.114-116 


Scheme  1.8: Synthesis  of  Reduction-Sensitive  L-Phenylalanine-based  Poly(ester- 
 amide)s (SS-PEA) (adopted from Sun et al. Biomacromolecules, 2015, 16, 597-605). 


Chu  et  al.  synthesised  PEAs  bearing  pendant  or  embedding  carbon-carbon 
double  bonds,  which  could  provide  additional  functional  PEA  derivatives  via 
conjugation of thiol containing molecules or bioactive agents.117 Further, electroactive 
tetraaniline grafted PEA shown good electroactivity, mechanical properties as well as 
affirmative  cell  adhesion  and  growth  behavior  of  mouse  preosteoblastic  MC3T3-E1 
cells reported by Chen et al.118 Recently, tremendous attempts have been conducted to 
the  formation  of  reduction-sensitive  biodegradable  polymers  containing  disulfide 
bonds  for  efficient  intracellular  drug  and  gene  delivery.  In  addition  to,  during 
circulation and in the extracellular environment, the stable di-sulphide bonds cleaved 
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rapidly  in  the  cytosol  due  to  the  presence  of  2−3  orders  higher  level  of  glutathione 
 tripeptide  (GSH;  about  2−10  mM)  than  in  the  extracellular  fluids  (about  2−20  μM). 


The therapeutic effect of anticancer drugs in vitro and in vivo distinctly enhanced by 
 intracellular  drug  release  triggered  by  cytoplasmic  GSH.119  Notably,  di-sulphide 
 based  poly(ester-amide)s  results  in  effective  reversal  of  drug  resistance  (ADR)  in 
 cancer cells because it exhibits exemplary cell compatibility and effective intracellular 
 drug release (Scheme 1.9).113 


Figure  1.9.  Enzymatically  and  Reductively  Degradable  SS-PEA  Polymer  for  Cell 
 Culture  and  Active  Intracellular  Anticancer  Drug  Delivery  (adopted  from  Sun  et  al. 


Biomacromolecules, 2015, 16, 597-605). 


1.8. Polyurethanes and poly(ester-urea) 


Scheme 1.10. Conventional synthesis of polyurethanes and mechanism of urethane 
 formation (adopted from Bayer et al. Angew Chem. 1947, 59, 257-272). 
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Polyurethanes  are  an  essential  class  of  synthetic  polymers  with  major  industrial 
 applications  constitute  flexible  and  rigid  foams,  thermoplastic  elastomers,  adhesives 
 and  surface  coatings.  In  1937,  Otto  Bayer  synthesized  polyurethanes  and  its  like 
 polyureas  using  the  most  common  polyaddition  reaction  between  di-isocyanates  and 
 diols (Scheme  1.10)  which  made  a  remarkable  year  in  the  polyurethane  (PU) 
 chemistry.120 Commonly,  Poly(hydroxyl-urethane)s  was  synthesized  by  the  reaction 
 between bifunctional cyclic carbonates and a diamine (Scheme 1.11).  


Scheme 1.11. Formation of primary and secondary hydroxyl groups in poly(hydroxyl-
 urethane)s(adopted  from  Tomita  et  al. Pol.  Sci.  Part  A:  Poly.  Chem. 2001, 39,  851-
 859) 


Additionally,  polyaddition  of  difunctional  alicyclic  carbonate  (DCHC)  and  m-
 xylenediamine(mXDA), forms poly(hydroxyl-urethane) (Scheme 1.12).121 


Scheme  1.12. Synthesis  of  poly(hydroxyl-urethane)  (adopted  from  Takeshi  et  al. 


Polymer bulletin, 2016, 73, 677-685).  
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Zhong  et.al.  illustrated  synthesis  of    copolymer  of  poly(acetal-urethane)  i.e.  PEG-
 PAU-PEG  triblock  copolymers  by  polycondensation  reaction  between  lysine 
 diisocyanate  (LDI)  and  a  diacetal-containing  diol,  terephthalilidene-
 bis(trimethylolethane)  (TPABTME)  followed  by  thiol-ene  click  conjugation  with 
 thiolated PEG at both ends (Scheme 1.13).122 


Scheme  1.13.  Synthesis  of  PEG-PAU-PEG  (adopted  from  Zhong  et  al. 


Biomacromolecules, 2015, 16, 2228-2236). 


The conditions maintained in the above reaction are i) DBTDL, DMF, 650C, 48h; 


ii)  allyl  alcohol,  DBTDL,  DMF,  650C,  12h;  iii) PEG-SH,  AIBN,  1,4  dioxane,  900C, 
 48h. 


Scheme  1.14.  Synthesis  of  poly(disulphide-urethane)s  (adopted  from  Lu  et  al. 


Polymer Chem. 2015, 6, 6001-6010). 
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Further, biocompatible and bioreducible poly(disulphide urethane)s denoted as 
 AAPU(SS)s were synthesised by the polycondensation reaction between  (SS-BSER) 
 disulphide-linked  bis(ethyl  L-serinate)  and  LDI  (L-lysine  ethyl  ester  disocyanate)  in 
 DMF using DBTDL  (di-butyltin  dilaurate) as  a catalyst  (Scheme 1.14).123 Poly(ester 
 urea)s with α-amino acid is  an efficient  materials  for biomedical  applications  due to 
 their distinct blood, tissue compatibility, and nontoxic hydrolysis byproducts. Becker 
 et. Al defines the synthesis of L-phenylalanine-based poly(ester urea)s that are strong 
 and  biodegradable  in  nature  through  two  step  synthetic  interfacial  polycondensation 
 approach.  During  the  monomer  synthesis,  the  respective  diols  (1,6-Hexanediol,  1,8-
 octanediol, 1,10-decanediol, 1,12-dodecanediol) are reacted with an α-amino acid that 
 is protonated by p-toluenesulfonic acid to prevent amidation  and exchange reactions. 


Afterwards,  the  diamine  synthesis  with  triphosgene  yields  the  homopolymers 
 followed by polymerization reaction either by interfacial or solution polycondensation 
 to obtain high molecular weight polymers (Scheme 1.15).124 


Scheme  1.15.  Synthetic  route  of  the  L-phenylalanine-based  poly(ester  urea)s  with 
 different chain length of diol (adopted from Becker et al. Macromolecules, 2014, 47, 
 121-129). 


Polycondensation  reaction  of  AB2  or  A2B  monomers  synthesized 
hyperbranched polyurethane (Scheme 1.16). Also, it can be prepared through in-situ 
generation of a dihydroxyphenyl isocyanate monomer, by the thermal decomposition 
of  the  corresponding  carbonyl  azide.  The  synthesized  hyperbranched  polyurethanes 
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demonstrates  complete  solubility  in  common  organic  solvents  like  Tetrahydrofuran 
 (THF), acetone, and dimethylsulfoxide (DMSO).125


Scheme 1.16. Hyperbranched polyurethane based on AB2 (adopted from Frechet et al. 


Macromolecules, 1993, 26, 4809). 
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 1.9 Polycarbonates based on L-tyrosine 


Kohn and co-workers had designed L-tyrosine diphenolic monomers and these 
 monomers were subjected to phosgene assisted solution condensation to make unique 
 classes  of  L-tyrosine  based  polycarbonates.126  Tyrosine  derived  poly(carbonate)s 
 represent a specific example of pseudo-poly(amino acids). These degradable polymers 
 are derived from the polymerisation of desaminotyrosyl-tyrosine alkyl esters and have 
 significantly  improved  engineering  properties  as  compared  with  most  conventional 
 poly(amino  acids).  The  monomeric  unit  for  all  tyrosine-derived  polycarbonates  is 
 desaminotyrosyl-tyrosine  alkyl  ester  (DTR),  a  derivative  of  naturally  occurring 
 tyrosine dipeptide. This Poly(DTE carbonate) has been explored in several biomedical 
 applications,  such  as  sutures,  deployable  cardiovascular  stents,  tissue  engineering 
 scaffolds  for  orthopaedic  applications,  nanospheres  for  drug  delivery,  thin  film 
 coatings,  low  or  minimally  load-bearing  orthopaedic  implants  and  also  as  substrates 
 for  the  attachment  and  growth  of  mammalian  cells  in  tissue  culture.127  Poly(DTE  ) 
 pins  were  found  to  degrade  at  about  the  same  rate  as  high  molecular  weight  PLLA 
 pins. To accelerate the degradation rates of the tyrosine derived polycarbonates efforts 
 were  made  to  synthesise  the  copolymers  of  DTE  with  polyethylene  glycols  such  as 
 poly(DTE-co-PEG carbonates) and these polymers were undergone to biodegradation 
 in  much  higher  rate.  The  hydrophilic  PEG  provides  stable  dispersion  in  aqueous 
 medium  and  also  protects  the  nanoparticles  from  protein  adsorption  and  subsequent 
 biological attack.  


Scheme  1.17.  Schematic  representation  for  L-tyrosine  polycarbonate  copolymerize 
with PEG  (adopted from Chun et al. Biomaterials, 1999, 20, 253-264). 
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Tyrosine  PEG-derived  Poly(ether  carbonate)  polymer  scaffolds  also  has 
 applications  in  tissue  reconstruction,  development  of  artificial  organs,  degradable 
 membranes for the prevention of surgical adhesions, and intra arterial coatings for the 
 prevention  of  thrombosis  or  restenosis.128  These  advanced  applications  require 
 biodegradable  materials  whose  physiochemical,  chemical,  and  biological  properties 
 can  be  closely  matched  to  a  wide  range  of  narrowly  defined,  application-specific 
 requirements.  So  far  only  polyesters  derived  from  poly(glycolic  acid),  poly(lactic 
 acid),  polydioxanone  or  various  copolymers  of  these  esters  were  used  for  the  above 
 particular applications because of their synthetic ease and biodegradability. But these 
 polyester  materials  have  some  disadvantages  such  as  releasing  of  acidic  degradation 
 products,  and  they  are  relatively  rigid,  inflexible  materials.  This  can  be  a  definite 
 disadvantage  when  mechanical  compliance  with  soft  tissue  or  blood  vessels  are 
 required. To overcome this difficulty Kohn and co-workers has developed a Turosine-
 PEG –derived poly(ether carbonate) by polymerising the tyrosine-derived diphenolic 
 monomers  with  polyethylene  glycols.  These  polycarbonates  have  been  found  to  be 
 tissue compatible, strong, tough, and degrade slowly under physiological  conditions. 


These materials are most suitable for use in orthopaedic implants.  


Scheme  1.18.  Schematic  representation  for  L-tyrosine  triblock  polycarbonates 
 copolymerize  with  PEG  and  aliphatic  diols.  (adopted  from  Sheihet  et  al. 


Biomacromolecules, 2007, 8, 998-1003). 


These  tyrosine  derived  polycarbonates  also  explo9red  for  hydrophobic  drug 
delivery  applications  by  making  the  triblock  copolymers  with  desaminotyrosyl-
tyrosine  alkyl  ester  and  PEG  and  various  hydrophodic  diols.129  These  polymeric 
nanoparticles  can  overcome  the  obstacle  of  poor  bioavailability  of  the  drug.  These 
nanoparticles can be designed to provide stable dispersions of hydrophobic drugs with 
low cytotoxicity, thus making them attractive alternatives to less mechanically stable 
liposomes or more cytotoxic surfactant dispersant systems. 
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