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ABSTRACT 

Recent research in the development of biomaterials has shifted focus from synthetic 

biocompatible polymers to natural materials due to their inherent biocompatibility, 

biodegradability, and compatibility with the metabolic system. Among natural biomolecules, 

polysaccharides have garnered interest due to their abundance, hydrophilicity, defined 

structure, ease of functionalization, and selectivity towards specific cell sites. 

Polysaccharides, as constituents of glycoproteins, glycolipids, and proteoglycans, play 

crucial roles in cell signalling, immune recognition, proliferation, adhesion, and tumor 

metastasis. These properties make them ideal for biomedical applications ranging from drug 

delivery to tissue engineering. Polysaccharide-based biomaterials can mimic biological 

functions, resist elimination from the body, and perform targeted therapeutic actions, making 

them promising candidates for advanced therapeutic delivery systems. 

This thesis explores the fabrication and application of polysaccharide-based materials for 

drug delivery. Chapter 2 discusses the synthesis of carboxylated nanocellulose fibers for 

sustained antimicrobial delivery. The nanocellulose was prepared through a two-step process 

involving citric acid-induced hydrolysis followed by TEMPO-mediated oxidation, resulting 

in high carboxyl content (~1.12 mmol/g). This high carboxyl content facilitated the capture 

and release of antibiotics like triclosan and ampicillin sodium, showing high drug loading 

(>40%) and entrapment efficiency (>80%). Molecular docking studies revealed that the 

nanocellulose with the highest carboxyl content exhibited strong binding affinity towards 

antibiotics via hydrogen bonding. Triclosan-loaded fibers displayed sustained antibacterial 

activity against Escherichia coli and Staphylococcus aureus over a week, and ampicillin-

loaded fibers released the drug within 48 hours, demonstrating diffusion-driven release. The 

nanocellulose-based system offers a green and cost-effective alternative for developing 

biodegradable nanocarriers with high drug loading and sustained antibacterial effects. 

Clinical validation was performed by loading the fibers with moxifloxacin hydrochloride to 

treat bacterial-resistant ocular infections. The moxifloxacin-loaded fibers showed better 

permeability into Staphylococcus aureus biofilm, with a sustained release of the drug over 

40 hours and a reduction in the frequency of dosing. 

Chapter 3 details the development of core-shell microspheres with a cellulosic core and an 

acetalated dextran as shell for stimuli-responsive drug delivery. The acetalated dextran based 

shell, a pH-sensitive polysaccharide, provided physiological stability, while the porous 

cellulose core facilitated better drug entrapment and diffusion. A magneto/photo-responsive 
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microsphere co-loaded with magnetite (Fe3O4) nanoparticles, nano zero valent iron (nZVI) 

particles, and a photoacid generator (PAG) was designed for degradation-assisted release 

behavior. Upon exposure to an alternating magnetic field (AMF) and UV LED irradiation, 

these microspheres rapidly degraded, releasing a model drug (curcumin) in less than 50 

minutes. The system demonstrated cytotoxicity under external stimulus, validating its 

potential for targeted cancer therapy. In Chapter 4, the microspheres were modified for 

radiofrequency (RF) responsiveness by incorporating graphene oxide (GO), enabling on-

demand drug release. The GO-loaded microspheres exhibited RF-triggered disintegration 

and released 98% of the encapsulated drug within 60 minutes, showing promise for precision 

drug delivery. Chapter 5 introduces bicompartmental (Janus) microparticles with 

spatioselective conjugation of polymannose (polyMEMA) moieties for targeted drug 

delivery. The microparticles were fabricated using poly(lactic acid) (PLA) and bromo-

functionalized random copolymers through electrohydrodynamic co-jetting, followed by 

surface-initiated atom transfer radical polymerization (SIATRP) to graft poly(MEMA) 

brushes. The density of polymannose increased with PLA-Br concentration, enhancing the 

binding affinity of the particles to mannose receptors expressed on macrophages and 

dendritic cells. Interaction studies using Concanavalin A and functionalized polymersomes 

(may act as drug carriers) confirmed their efficient conjugation to polymannose brush 

modified Janus particles, indicating their potential as targeted drug delivery vehicles. Finally, 

Chapter 6 concludes the advances in polysaccharide-based biomaterials for targeted drug 

delivery, highlighting their biocompatibility, biodegradability, and specificity. Systems like 

carboxylated nanocellulose based fibers, core-shell microspheres, and Janus microparticles 

demonstrated sustained drug release for applications in antimicrobial therapy, cancer 

treatment, and immune targeting. The outlook suggests diversifying the polysaccharide types 

and improving their scalability for in situ diagnostics and controlled release, paving an 

innovative way for sustainable, personalized drug delivery in biomedical arena. 
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सार 

बायोमटेरियल के विकास में हाल के शोध ने अपनी अंतर्निहहत बायोकम्पैहटबबललटी, 
बायोडिग्रेिेबबललटी औि मेटाबॉललक लसस्टम के साथ अनुकूलता के कािण लसथेंहटक 
बायोकम्पैहटबल पॉललमि से प्राकृर्तक सामग्रग्रयों पि ध्यान कें हित ककया है। प्राकृर्तक 
बायोमोलेक्यूल्स में, पॉलीसेकेिाइि ने अपनी प्रचुिता, हाइड्रोकिलललसटी, परिभावित संिचना, 
कायाित्मकता में आसानी औि विलशष्ट सेल साइटों के प्रर्त चयनात्मकता के कािण रुग्रच 
अर्जित की है। ग्लाइकोप्रोटीन, ग्लाइकोललवपड्स औि प्रोहटयोग्लाइकन के घटक के रूप में 
पॉलीसेकेिाइि सेल लसग्नललगं, प्रर्तिक्षा पहचान, प्रसाि, आसंजन औि ट्यूमि मेटास्टेलसस में 
महत्िपूणि भूलमका र्नभाते हैं। ये गुण उन्हें दिा वितिण स ेलेकि ऊतक इंजीर्नयरिगं तक के 
जैि ग्रचककत्सा अनुप्रयोगों के ललए आदशि बनाते हैं। पॉलीसेकेिाइि-आधारित बायोमटेरियल 
जैविक कायों की नकल कि सकते हैं, शिीि से र्नष्कासन का वििोध कि सकते हैं अध्याय 2 
में र्निंति िोगाणुिोधी वितिण के ललए काबोर्क्सलेटेि नैनोसेल्यूलोज िाइबि के संश्लेिण पि 
चचाि की गई है। नैनोसेल्यूलोज को दो-चिणीय प्रकिया के माध्यम से तैयाि ककया गया था 
र्जसमें साइहिक एलसि-प्रेरित हाइड्रोलललसस शालमल था, उसके बाद TEMPO-मध्यस्थ 
ऑक्सीकिण हुआ, र्जसके परिणामस्िरूप उच्च काबोर्क्सल सामग्री (~ 1.12 mmol/g) प्राप्त 
हुई। इस उच्च काबोर्क्सल सामग्री ने िाइक्लोसन औि एम्पीलसलीन सोडियम जैस े
एंटीबायोहटक्स को पकड़ने औि छोड़न ेमें मदद की, र्जसस ेउच्च दिा लोडिगं (> 40%) औि 
िंसाने की दक्षता (> 80%) हदखाई दी। आणविक िॉककंग अध्ययनों स ेपता चला है कक 
उच्चतम काबोर्क्सल सामग्री िाले नैनोसेल्यूलोज ने हाइड्रोजन बॉर्न्िगं के माध्यम स े
एंटीबायोहटक्स के प्रर्त मजबूत बंधन संबंध प्रदलशित ककया। िाइक्लोसन-लोिेि िाइबि ने एक 
सप्ताह में एस्चेरिग्रचया कोली औि स्टैकिलोकोकस ऑरियस के खखलाि र्निंति जीिाणुिोधी 
गर्तविग्रध प्रदलशित की, औि एम्पीलसलीन-लोिेि िाइबि न े48 घंटों के भीति दिा जािी की, 
जो प्रसाि-संचाललत रिलीज का प्रदशिन किता है। नैनोसेल्यूलोज-आधारित प्रणाली उच्च दिा 
लोडिगं औि र्निंति जीिाणुिोधी प्रभािों के साथ बायोडिग्रेिेबल नैनोकैरियि विकलसत किने के 
ललए एक हरित औि लागत प्रभािी विकल्प प्रदान किती है। बैक्टीरिया-प्रर्तिोधी नेत्र संिमणों 
के उपचाि के ललए िाइबि को मोक्सीफ्लोक्सालसन हाइड्रोक्लोिाइि से लोि किके नैदार्नक 
सत्यापन ककया गया। मोक्सीफ्लोक्सालसन-लोिेि िाइबि ने स्टैकिलोकोकस ऑरियस 
बायोकिल्म में बेहति पािगम्यता हदखाई, र्जसमें 40 घंटे स ेअग्रधक समय तक दिा की र्निंति 
रिहाई औि खुिाक की आिवृि में कमी आई। अध्याय 3 में उिेजना-उििदायी दिा वितिण के 
ललए सेल्यूलोज कोि औि एसीटैलेटेि िेक्सिान शेल के साथ कोि-शेल माइिोस्िीयि के विकास 
का विििण हदया गया है। एसीटैलेटेि िेक्सिान शेल, एक पीएच-संिेदनशील पॉलीसेकेिाइि, 
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शािीरिक र्स्थिता प्रदान किता है, जबकक र्छिपूणि सेल्यूलोज कोि बेहति दिा िंसाने औि 
प्रसाि की सुविधा प्रदान किता है। मैग्नेटाइट (Fe3O4) नैनोकणों, नैनो जीिो िैलेंट आयिन 
(nZVI) कणों औि एक िोटोएलसि जनिेटि (PAG) के साथ सह-लोि ककए गए एक 
मैग्नेटो/िोटो-उििदायी माइिोस्िीयि को ग्रगिािट-सहायता प्राप्त रिलीज व्यिहाि के ललए 
डिजाइन ककया गया था। एक िैकर्ल्पक चंुबकीय क्षेत्र (AMF) औि UV LED विककिण के संपकि  
में आने पि, ये माइिोस्िीयि तेजी स ेविघहटत हो गए, र्जसस े50 लमनट से भी कम समय 
में एक मॉिल दिा (कक्यूिलमन) र्नकल गई। इस प्रणाली ने बाहिी उिेजना के तहत 
साइटोटॉर्क्सलसटी का प्रदशिन ककया, र्जसस ेलक्षक्षत कैं सि थेिेपी के ललए इसकी क्षमता की 
पुर्ष्ट हुई। अध्याय 4 में, माइिोस्िीयि को ग्रेिीन ऑक्साइि (GO) को शालमल किके 
िेडियोफ्रीक्िेंसी (RF) प्रर्तकियाशीलता के ललए संशोग्रधत ककया गया था, र्जससे ऑन-डिमांि 
ड्रग रिलीज संभि हो गई। GO-लोिेि माइिोस्िीयि ने RF-हिगि विघटन का प्रदशिन ककया 
औि 60 लमनट के भीति 98% एनकैप्सुलेटेि ड्रग को रिलीज ककया, र्जससे सटीक ड्रग 
डिलीििी की संभािना हदखाई दी। अध्याय 5 लक्षक्षत ड्रग डिलीििी के ललए पॉलीमैनोज मोइटीज 
के स्थार्नक चयनात्मक संयुग्मन के साथ द्वि-कम्पाटिमेंटल (जेनस) माइिोपाहटिकल्स का 
परिचय देता है। इलेक्िोहाइड्रोिायनालमक को-जेहटगं के माध्यम स ेपॉली(लैर्क्टक एलसि) (PLA) 

औि ब्रोमीन-िंक्शनलाइज्ि िैंिम कॉपोललमि का उपयोग किके माइिोपाहटिकल्स का र्नमािण 
ककया गया, इसके बाद पॉली(MEMA) ब्रश को ग्राफ्ट किने के ललए सििेस-इर्नलशएटेि एटम 
िांसिि िेडिकल पॉलीमिाइजेशन (SIATRP) का उपयोग ककया गया। पॉलीमैनोज का घनत्ि 
PLA-Br सांिता के साथ बढा, र्जसस ेमैिोिेज औि िेंड्राइहटक कोलशकाओं पि व्यक्त मैनोज 
रिसेप्टसि के ललए कणों की बंधन आत्मीयता बढ गई। कॉनकेनिेललन ए औि कायाित्मक 
पॉलीमिसोम का उपयोग किके इंटिेक्शन अध्ययन ने इन माइिोपाहटिकल्स के प्रभािी बंधन 
की पुर्ष्ट की, जो लक्षक्षत वितिण िाहनों के रूप में उनकी क्षमता का संकेत देता है। अंत में, 
अध्याय 6 लक्षक्षत दिा वितिण के ललए पॉलीसैकेिाइि-आधारित बायोमटेरियल में प्रगर्त का 
र्नष्किि र्नकालता है, उनकी जैि-संगतता, जैि-र्नम्नीकिणीयता औि विलशष्टता पि प्रकाश 
िालता है। काबोर्क्सलेटेि नैनोसेल्यूलोज िाइबि, कोि-शेल माइिोस्िीयि औि जेनस 
माइिोपाहटिकल्स जैसी प्रणाललयााँ एंटीमाइिोबबयल थेिेपी, कैं सि उपचाि औि प्रर्तिक्षा 
लक्ष्यीकिण में अनुप्रयोगों के ललए र्निंति दिा रिलीज को प्रदलशित किती हैं। भविष्य का 
दृर्ष्टकोण पॉलीसैकेिाइि प्रकािों में विविधता लाने औि इन-सीटू िायग्नोर्स्टक्स औि र्नयंबत्रत 
रिलीज के ललए मापनीयता में सुधाि किने का सुझाि देता है, र्जसस ेबायोमेडिकल अनुप्रयोगों 
में हटकाऊ, व्यर्क्तगत दिा वितिण का मागि प्रशस्त होता है. 

 



viii 
 

TABLE OF CONTENTS 
CERTIFICATE ........................................................................................................ i 

ACKNOWLEDGEMENTS ...................................................................................... ii 

ABSTRACT ...........................................................................................................iv 

LIST OF FIGURES ...............................................................................................xii 

LIST OF TABLES ................................................................................................xix 

LIST OF ABBREVIATIONS .................................................................................xxi 

CHAPTER 1: INTRODUCTION, LITERATURE REVIEW, MOTIVATION, AND 

OBJECTIVES ........................................................................................................ 1 

1.1. Introduction ................................................................................................................. 2 

1.2. Mono-and Disaccharide based biomaterials ............................................................... 5 

1.3. Carbohydrate conjugated Polymeric nanoparticles ..................................................... 5 

1.4. Polysaccharide based nanoparticles .......................................................................... 10 

1.4.1. Cellulose-based particles ..................................................................................... 12 

1.4.2. Chitosan-based particles ...................................................................................... 15 

1.4.3. Dextran based particles ........................................................................................ 18 

1.5. Effect of shape, size, ligand density, and linker length on cell binding efficiency and 
cellular uptake .................................................................................................................. 21 

1.6. Application of carbohydrate-based nanoparticles ..................................................... 23 

1.6.1 Drug delivery ...................................................................................................... 23 

1.6.2. Mono/Di-saccharide for drug delivery ................................................................... 23 

1.6.3. Polysaccharides for drug delivery ......................................................................... 25 

1.6.4. Gene therapy ...................................................................................................... 30 

1.6.5. Theranostics and Bioimaging ............................................................................... 32 

1.7. Objective ................................................................................................................... 37 

1.8. Thesis organization ................................................................................................... 37 

1.9. Brief overview of each chapter ................................................................................. 38 

CHAPTER 2A: TEMPO-OXIDIZED NANOFIBRILLATED CELLULOSE AS 

POTENTIAL CARRIER FOR SUSTAINED ANTIBACTERIAL DELIVERY .........41 

2A.1. Introduction ............................................................................................................ 42 

2A.2. Materials and Methods ........................................................................................... 46 

2A.2. 1. Materials ........................................................................................................ 46 

2A.2. 2.Synthesis of citric acid treated NFC .................................................................... 47 

2A.2. 3.Synthesis of TEMPO mediated oxidized NFC ..................................................... 47 

2A.2. 4.Morphological analysis ..................................................................................... 48 

2A.2. 5. Structural characterizations ............................................................................... 48 



ix 
 

2A.2.6. Determination of carboxylic acid group content and degree of polymerization (DPv) 48 

2A.2. 7. Zeta-potential measurement .............................................................................. 49 

2A.2. 8. Determination of water dispersibility ................................................................. 49 

2A.2. 9. Determination of drug entrapment efficiency and drug loading ............................. 49 

2A.2. 10. Molecular docking study .................................................................................. 51 

2A.2. 11.Determination of water uptake (%) ................................................................... 51 

2A.2. 12. In vitro release of triclosan and ampicillin sodium from drug loaded samples ........ 51 

2A.2. 13. Assessment of antimicrobial activity of triclosan loaded nanofibrillated cellulose .. 52 

2A.3. Results and discussion ............................................................................................ 54 

2A.3.1. Carboxyl modification of nano fibrillated cellulose from cellulose pulp .................. 54 

2A.3.2. Morphological analysis ..................................................................................... 56 

2A.3.3. Analysis of FTIR, surface charges, water contact angle and water dispersibility57 

2A.3.4. X-Ray diffraction study ....................................................................................... 60 

2A.3.5. N2 adsorption/desorption isotherm ...................................................................... 61 

2A.3.6. Drug adsorption and drug entrapment efficiency by NFCs ................................ 62 

2A.3.7. Water uptake study .............................................................................................. 67 

2A.3.8. In vitro release study ........................................................................................... 68 

2A.3.9. Molecular Docking study .................................................................................... 73 

2A.3.10. Assessment of antimicrobial activity of drug-loaded system............................ 75 

2A.3.11. Analysis of live /dead bacteria .......................................................................... 78 

2A.4. Conclusion .............................................................................................................. 79 

CHAPTER 2B: CARBOXYLATED NANOFIBRILLATED CELLULOSE 

EMPOWERS MOXIFLOXACIN TO OVERCOME STAPHYLOCOCCUS AUREUS 

BIOFILM IN BACTERIAL KERATITIS .................................................................81 

2B.1. Introduction ............................................................................................................ 82 

2B.2.Materials and Methods ............................................................................................ 83 

2B.2.1. Synthesis of carboxylated Nanofibrillated cellulose (cNFC)................................... 83 

2B.2.2a. Synthesis of cNFC .......................................................................................... 83 

2B.2.2. Morphological and structural analysis ................................................................. 84 

2B.2.3. Determination of carboxylic acid group content ................................................... 84 

2B.2.4.  Estimation of the sugar content and degree of polymerization (DPv) ...................... 84 

2B.2.5.  Determination of Klason lignin and hemicellulose content .................................... 85 

2B.2.6. Drug loading .................................................................................................... 85 

2B.2.7. Determination of drug loading and entrapment efficiency ...................................... 85 

2B.2.8. In vitro release study ......................................................................................... 86 

2B.3. Results and Discussion ........................................................................................... 86 



x 
 

2B.3.1. Synthesis and characterization of cNFC-based fibers ............................................ 86 

2B.4. Conclusions ............................................................................................................ 92 

CHAPTER 3: RADIOFREQUENCY-TRIGGERED RELEASE OF THERAPEUTICS 

FROM GRAPHENE OXIDE-LOADED POLYSACCHARIDE CORE-SHELL 

MICROSPHERES .................................................................................................93 

3.1. Introduction ......................................................................................................94 

3.2. Materials and methods .............................................................................................. 96 

3.2.1. Materials ........................................................................................................... 96 

3.2.3. Preparation of Core Shell Constituents .................................................................. 96 

3.3. Characterizations ....................................................................................................... 98 

3.4. Results and Discussions .......................................................................................... 100 

3.4.1. Fabrication of Ac-D /CMC based core-shell microspheres ..................................... 100 

3.4.2. Determination of layer compositions ................................................................... 104 

3.4.2. Determination of surface functionalities............................................................... 108 

3.4.3. Encapsulation of drug in the microparticles .......................................................... 110 

3.4.4. Radiofrequency (RF) triggered drug release ......................................................... 113 

3.5. Conclusion .............................................................................................................. 121 

CHAPTER 4: MAGNETO-PHOTO RESPONSIVE DRUG DELIVERY CARRIER 

ORIGINATED FROM ACETALATED DEXTRAN/CARBOXYLATED 

NANOCELLULOSE BASED CORE-SHELL MICROSPHERES ........................122 

4.1. Introduction ............................................................................................................. 123 

4.2. Materials and methods ............................................................................................ 126 

4.2.1. Materials ......................................................................................................... 126 

4.2.2. Fabrication of Fe3O4 nanoparticles ...................................................................... 126 

4.2.3. Fabrication and Characterization of core shell Microspheres .................................. 126 

4.3. Instrumentation ................................................................................................... 129 

4.4. Results and Discussion ............................................................................................ 130 

4.4.1. Synthesis and characterization of the multi-stimuli responsive acetalated dextran/CMC 
based core shell microspheres ..................................................................................... 130 

4.2.2. Morphological and TGA analysis ........................................................................ 132 

4.4.2. X-ray diffraction study ...................................................................................... 135 

4.4.3. X-ray photoelectron spectroscopy (XPS) analysis ................................................. 136 

4.4.4. Magnetic properties .......................................................................................... 138 

4.4.5. Synergistic effect of combining ZVI and Fe3O4 in activating PAG ......................... 140 

4.4.6. Drug loading and release behavior ...................................................................... 145 

4.4.7. Assessment of cytotoxicity ................................................................................. 153 

4.5. Conclusion .............................................................................................................. 157 



xi 
 

CHAPTER 5: SPATIO-SELECTIVE GRAFTING OF GLYCOPOLYMER BRUSHES 

ON BI-COMPARTMENTAL JANUS MICROPARTICLES AND THEIR 

APPLICATION IN ATTACHING POLYMERSOMES .........................................159 

5.1 Introduction .............................................................................................................. 160 

5.2. Materials and Methods ............................................................................................ 162 

5.2.1. Materials ......................................................................................................... 162 

5.2.2. Characterization techniques................................................................................ 162 

5.2.3. Synthesis of bromo functionalized polylactides (PLA-Br) ...................................... 163 

5.2.4. Fabrication of Bicompartmental/Janus Microparticles containing macroinitiator (PLA-
Br) in one of the hemispheres ...................................................................................... 164 

5.2.6. Selective Conjugation of FITC labelled Concanavalin A to poly MEMA grafted PM50 
particles .................................................................................................................... 167 

5.2.7. Interaction of Psomes with PM50 microparticles .................................................. 168 

5.3. Results and Discussions ....................................................................................... 168 

5.3.2. Interaction of PM 50 microparticles with Con A ................................................... 178 

5.3.3. Investigation of interaction between functionalized polymerosome with microparticles
 ................................................................................................................................ 182 

5.3.3.1. Interaction of PM50 with Cy5-Azo-Psome ........................................................ 183 

5.3.3.1. Interaction of PM50 with Cy5-β-CD-Psome ...................................................... 184 

5.4. Conclusion ......................................................................................................... 185 

CHAPTER 6: CONCLUSIONS AND FUTURE SCOPES

 ............................................................................................................................187 

6.1. Conclusions ............................................................................................................. 188 

6.2. Future scopes ........................................................................................................... 189 

BIBILOGRAPHY ................................................................................................191 

APPENDIX: I ......................................................................................................223 

CURRICULUM VITAE: Aiswarya T.T. ...............................................................225 

 

 

 

 

 

 

 

 



xii 
 

LIST OF FIGURES 

Figure 1.1. Features of carbohydrates---------------------------------------------------------------3 

Figure 1.2: Synthesis of PhE-ITA-Glu nanoparticles---------------------------------------------7 
Figure 1.3: Schematic representation of the core (PS)-shell (GP) particle formation using 
RAFT mediated surfactant-free emulsion polymerization (SFEP).------------------------------9 
Figure 1.4: Preparation of glycopolymer-grafted polystyrene particles via atom transfer 
radical polymerization (AGET ATRP)-------------------------------------------------------------10 
Figure 1.5: Schematic illustration of the synthesis pathway of CNC-gPEEP via CuAAC 
“click” reaction and the formation of DOX-loaded nanocrystals-------------------------------15 

Figure 1.6 : Effect of size, linker length, density and affinity on protein binding-----------21 
Figure 1.7: Effect of linker length on protein binding-------------------------------------------22 

Figure 1.8:Effect of shape on bacterial cell adhesion--------------------------------------------22 

Figure 1.9: Efficient co-encapsulation of PTX and SB into Dex-DOCA amphiphilic 
polymers and schematic illustration of (PTX+SB) NP as a robust nano-platform provided 
with prolonged circulation, eradicated stromal components and normalized tumor vessels for 
enhanced drug accumulation and potency in solid tumors---------------------------------------28 

Figure 1.10: Synthesis of polyethylenimine (PEI) derivative. High molecular weight PEI 
was modified by succinic anhydride. Low molecular weight PEI was conjugated with lactose‐

bearing galactose groups. These domains were coupled via an amide bond------------------32 
Figure 1.11 : Schematic illustration of a) the formation of DOX-loaded nanoparticles and b) 
tumor-targeted drug release behavior of bioreducible nanoparticle----------------------------33 

Figure 1.12: (a) Synthetic scheme of hydrophobic 5β-cholanic acid modified GC. (b) 
Schematic illustration of effective self-assembly of DOX-CNPs by hydrophobic interactions 
between DOX and cholanic acid moieties of GC polymers in mild conditions. (c) Synthetic 
scheme of thiolated glycol chitosan (tGC) by chemical conjugation of Sulfo-LC-SPDP to the 
amine group of GC polymers. (d) Schematic illustration of fthe ormulation process of small 
and compact Poly-siRNA/tGC complexes. First, weak charge interactions occur between 
negatively charged Poly-siRNA and positively charged GC polymers. Next, Poly-
siRNA/tGC complexes are further stabilized by chemical disulfide crosslinking between tGC 
and Poly-siRNA. (e) Schematic representation of the combinational delivery process by GC-
based nano-platforms. CNP-based delivery platforms exhibit almost similar physico-
chemical properties after encapsulation of drugs with extremely different physical features, 
i.e. DOX and siBcl2. Finally DOX-CNPs and siRNA-CNPs show outstanding tumor 
accumulation and localization tendencies thereafter similar cellular uptake followed by 
intracellular trafficking to the site of action, cytosol for the RNAi process and nucleus for 
DOX action, which will benefit anti-cancer therapeutic effects in a combinatorial way----35  

Figure 1.13: Design and characterization of PpIX–GC–NP. (a) The chemical structure of 
PpIX–GC–NP. (b) Size and shape of PpIX–GC–NP determined by DLS and TEM image. (c) 
Scheme diagram of self-assembled PpIX–GC–NP and cellular ‘on/off’ system for 

synchronous photodynamic imaging and therapy of cancer-------------------------------------36 



xiii 
 

Figure 2A.1: Representative FESEM and TEM images of (a),(e) NFC, (b),(f) TNFC-1, 
(c),(g) TNFC-3 and (d),(h) TNFC-5, respectively; (DA represents fiber diameter)---------56 

Figure 2A.2: FTIR spectra of NFC and TNFC samples-----------------------------------------57 

Figure 2A. 3: Conductometric titration curves for (A) NFC, (B) TNFC-Direct (c) TNFC-1, 
(D)TNFC-3, and (E)TNFC-5------------------------------------------------------------------------58 

Figure 2A. 4: Zeta potential values of NFC and TNFC samples-------------------------------58 

Figure 2A.5: Digital images of NFC, TNFC-1, TNFC-3, TNFC-5 dispersions in water taken 
at different time intervals-----------------------------------------------------------------------------59 

Figure 2A.6:(A) Sedimentation curves of NFC, TNFC-1, TNFC-3, and TNFC-5 over a 
period of 7 days (B)Hydrodynamic size of TNFC-5 at different time interval determined 
using dynamic light scattering method--------------------------------------------------------------60 

Figure 2A. 7:  X-ray diffraction patterns of the original pulp, NFC, and TNFC samples---61 

Figure 2A. 8: N2 adsorption/desorption isotherm of the original pulp, NFC, and TNFC 
samples-------------------------------------------------------------------------------------------------62 

Figure 2A. 9: Triclosan adsorption kinetics (A) Adsorption kinetics, (B) pseudo-first order 
model (Linear fit), (C) pseudo-second order model (Linear fit), (D) Elovich-chemisorption 
model (Linear fit) of NFC and TNFC-5-----------------------------------------------------------64 

Figure 2A.11: FESEM and mapping image of triclosan loaded TNFC-5 (a,b), Energy 
Dispersive X- ray (EDX) mapping (c,d,e) and EDX spectra (f)---------------------------------65 
Figure 2A.12: FESEM and mapping image of ampicillin sodium loaded TNFC-5 (a,b). 
Energy Dispersive X- ray (EDX) mapping (c,d,e) and EDX spectra (f).-----------------------65 

Figure 2A. 13: Progressive change in water uptake (%) of TNFC-5, AMP-TNFC-5 and TCS 
TNFC-5 samples with respect to time---------------------------------------------------------------67 
Figure 2A. 14: In vitro release profiles of triclosan loaded NFC, TNFC-1, TNFC-3, and 
TNFC-5 (A) cumulative release (CR) profiles (B) first order model (C) Higuchi model and 
(d) Ritger peppas model fitted curves obtained from panel A------------------------------------69 

Figure 2A.15: Representative FTIR spectra for TNFC-5 and TCS-TNFC-5 (drug loaded) 
samples-------------------------------------------------------------------------------------------------70 
Figure 2A.16: In vitro release profiles of ampicillin sodium loaded TNFC-5 (A) cumulative 
release profile(B) first order (C) Higuchi model and (D) Ritger Peppas fitted curves-------72 

Figure 2A.17: 2D plot showing interactions between cellulose receiving various treatments 
and antibiotics (triclosan and ampicillin)-----------------------------------------------------------75 

Figure 2A.18: Antimicrobial activity (zone of inhibition (left axis) and cell growth (right 
axis)) of triclosan loaded sample (TCS-TNFC-5) against (a) E.coli (b) S.aureus and 



xiv 
 

ampicillin loaded samples (AMP-TFC-5) against (c) E.coli (d) S.aureus. Control represents 
TNFC-5-------------------------------------------------------------------------------------------------77 

Figure 2A.19: Digital images representing zones of inhibition against S. aureus and E. coli 
after treating with triclosan loaded TNFC-5-------------------------------------------------------77 

Figure 2A.20: Digital images representing zones of inhibition against S. aureus and E. coli 
after treating with (A)ampicillin sodium drug (B) ampicillin sodium loaded TNFC-5------78 

Figure 2A.21: SEM images of bacteria after treatment with control (TNFC-5) and triclosan 
loaded TNFC-5, S.aureus (a,b) and E. coli (c,d)--------------------------------------------------79 

Figure 2A.22: Fluorescent images of live and dead bacteria of E.coli and S. aureus cells after 
treatment with TNFC-5 and triclosan loaded TNFC-5. Green fluorescence represents live 
bacteria stained with fluorescein diacetate (FDA) whereas red fluorescence represents dead 
bacteria stained with propidium iodide (PI)-------------------------------------------------------79 
 

Figure 2B.1: Representative FESEM (a,c) and TEM (b,d) images of NFC and cNFC, 
respectively. DA represents diameter---------------------------------------------------------------88 
Figure 2B.2: FTIR spectra of nano fibrillated cellulose (NFC), carboxylated nano fibrillated 
cellulose (cNFC), cNFC-Moxifloxacin and Moxifloxacin (Mox)------------------------------89 
Figure 2B.3: Field Emission Scanning Electron Microscope (FESEM) and mapping image 
of Moxifloxacin loaded cNFC (a,b). Energy Dispersive X- ray (EDX) mapping (d, e, f, g) 
EDX spectra (c)----------------------------------------------------------------------------------------90 
Figure 2B 4: In vitro release profiles for Moxifloxacin loaded cNFC and NFC- (A) 
cumulative release profile, (B)zero order fitting (C) first order (D) Higuchi model, and (E) 
Ritger Peppas fitted curves. CR represents cumulative release----------------------------------91 
Figure 3.1: Synthesis of acetalated dextran by modifying dextran: 1H-NMR spectra of 
dextran (a) Acetalated dextran (b)------------------------------------------------------------------101 

Figure 3.2: (a) Schematic representation of formation of GO loaded core-shell microsphere 
systems, (b) optical images taken at different time intervals after the addition of primary 
emulsion to water containing PVA. (i) 0 hr (ii) 1 hr (iii) 2 hr (iv) 3 hr and (v) 4 hr respectively, 
(c) schematic representation of plausible mechanism of the formation of core-shell 
microsphere system----------------------------------------------------------------------------------103 

Figure 3.3: (a) FESEM and (b) HRTEM image of GO-----------------------------------------104                                                                                                        

Figure 3.4: FESEM images of GO loaded core-shell microsphere systems. (a) and (b) for 
FESEM and cross-sectional FESEM images of Ac-D-GO/CMC (GO in the shell), (c) and (d) 
for FESEM and cross-sectional FESEM images of Ac-D/CMC-GO (GO in the core) 
respectively-------------------------------------------------------------------------------------------105 

Figure 3.5: CLSM image of core-shell microsphere (Ac-D/ CMC) in which blue dye 
(poly(9,9-di-n-octylfluorenyl-2,7-diyl)) was added to the Ac-D phase----------------------106 

Figure 3.6: Raman spectra for (a) blank Ac-D/CMC particles, and (b) their corresponding 
optical image taken during Raman mapping-----------------------------------------------------107 



xv 
 

Figure 3.7: Raman spectra of (a) Ac-D /CMC (GO in shell) and (d) Ac-D/CMC-GO (GO in 
core) and (b-c) show their corresponding optical images taken during the point-by-point 
mapping-----------------------------------------------------------------------------------------------107 

Figure 3.8: PXRD analysis for GO incorporated core-shell microspheres-----------------108 

Figure 3.9: XPS analysis of synthesized microparticles (a) comparative C1s spectra of neat 
Ac-D, neat GO, Ac-D/CMC-GO and Ac-D-GO/CMC, (b) comparative O1s spectra between 
neat Ac-D, neat GO, Ac-D/CMC-GO and Ac-D-GO/CMC-----------------------------------109 

Figure 3.10: Surface charges of microspheres measured at pH 7.4--------------------------110 

Figure 3.11: FESEM images of different GO/curcumin systems loaded with their cross 
sections. (a) S1,(b) S2,(c) S3,(d) S4, (e) S5 and (f)S6 (a-i, b-i, c-i,  d-i, e-i, and f-i,  represent 
their corresponding cross-sectional images)------------------------------------------------------112 

Figure 3.12: CLSM and DIC images of microspheres, when curcumin was loaded in (a, b) 
shell and (c,d) core-----------------------------------------------------------------------------------113 

Figure 3.13: (a) Applicator used for RF ablation (b)Thermal imaging using IR camera during 
RF heating (c) RF heating response of samples--------------------------------------------------114 

Figure 3.14: In vitro drug release from the core-shell microspheres S1-S6 without (a) and 
with (b) RF exposure--------------------------------------------------------------------------------114 

Figure 3.15: Representative FESEM micrographs for (a-S1, b-S2, c-S3, d-S4, e-S5, f-S6) 
after RF treatment during in vitro release study-------------------------------------------------115 

Figure 3.16: NMR spectra of acetalated dextran layer after RF exposure------------------116 

Figure 3.17: Swelling index of microspheres over time (a) without and (b) with RF 
exposure.----------------------------------------------------------------------------------------------116 

Figure 3.18: TGA thermograms for microspheres before and after RF exposure (a) Ac-
D/CMC-GO, (b) Ac-D-GO /CMC-----------------------------------------------------------------118 

Figure 3.19:  Schematic representation effect of RF on microsphere-------------------------118 

Figure 3.20: Cell viability of S1system-----------------------------------------------------------120 

Figure 4.1: Schematic representation of the synthetic procedure of formation of core-shell 
microspheres, (A) AcD-FZPA/CMC (B) AcD/CMC-FZPA-----------------------------------130 

Figure 4.2: TEM images of (A) nZVI nanoparticles and (C) Fe
3
O

4
 nanoparticles; and 

FESEM images of (B) nZVI nanoparticles and (D) Fe3O4 nanoparticles--------------------131 

Figure 4.3: CLSM image of microsphere having blue polymeric dye incorporated in AcD 
layer of the AcD/CMC microspheres (without incorporating any active agents)-----------132 

Figure 4.4: Representative FESEM images of (A) AcD-FZPA/CMC (PAG, ZVI and Fe3O4 
in shell) and in (B) AcD/CMC-FZPA (PAG, ZVI and Fe3O4 in core) (inset showing their 



xvi 
 

corresponding cross-sectional images). Arrows indicate the existence of additives in 
designated areas--------------------------------------------------------------------------------------132 

Figure 4.5: FESEM and EDX mapping spectra of core shell microspheres having active 
agents (A) AcD /CMC-FZPA (PAG, ZVI and Fe3O4 in core) and (B) AcD-FZPA /CMC 
(PAG, ZVI and Fe3O4 in shell)---------------------------------------------------------------------133 

Figure 4.6: TGA of various microspheres--------------------------------------------------------134 

Figure 4.7: Representative XRD spectra of core shell microspheres having magnetic 
nanoparticles incorporated in shell (AcD-FZPA/CMC) and core (AcD/CMC-FZPA), along 
with neat AcD, Fe3O4 and ZVI nanoparticles----------------------------------------------------135 

Figure 4.8: XPS analysis of AcD-FZPA/CMC and AcD/CMC-FZPA microspheres (a) 
Representative XPS survey spectra and their corresponding (b) Deconvoluted C1s spectra, 
(c) Deconvoluted Fe2p spectra, and (d) Deconvoluted O1s spectra for both type of 
microspheres------------------------------------------------------------------------------------------137 

Figure 4.9: MFM phase images of core-shell microspheres having magnetic nanoparticles 
incorporated in core (A) AcD/CMC-FZPA and in shell (B) AcD-FZPA/CMC and VSM of 
(C) neat Fe3O4 and neat ZVI nanoparticles and (D) Ac-D-FZPA/CMC----------------------139 

Figure 4.10: pH (a) and evolution (b) of released chloride ion from different systems upon 
UV and AMF exposure for 10 min-----------------------------------------------------------------141 

Figure 4.11: Representative (A) EPR spectra and (B) NMR spectra of various systems (i-iv) 
after UV/AMF exposure for 10 min. (C) Photolysis of R–Cl monitored by UV-vis 
spectroscopy recorded after UV/AMF exposure for 10 min------------------------------------143 

Figure 4.12: Plausible mechanism of acid generation to deprotect acetalated dextran during 
UV and AMF exposure------------------------------------------------------------------------------144 

Figure 4.13: CLSM and DIC images of AcD/CMC microspheres when curcumin was 
incorporated in (A, B) shell and (C, D) core (Green stain indicates curcumin)--------------146 

Figure 4.14: Schematic representation of the set-up where microparticles were treated with 
cancer cells under UV/AMF exposure-------------------------------------------------------------147 

Figure 4.15: In vitro release study of different systems (S1-S6) under UV exposure (a) and 
combined exposure of UV and AMF (b)----------------------------------------------------------144 

Figure 4.16: (a)Schematic representation of disintegration of the microspheres and drug 
release under UV/AMF exposure. (b) Representative optical (b-i) and FESEM(b-ii) images 
of  AcD-FZPA /CMC  and optical (c-i) and FESEM(c-ii) images of  AcD /CMC-FZPA under 
UV/AMF exposure for various time periods.(circles highlighted the disintegration of AcD 

layer) ). Both the systems were loaded with curcumin drug-----------------------------------149 

Figure 4.17: Evolution of change of temperature (a) and swelling index (b) of various 
systems (S1-S6) under UV/AMF exposure.------------------------------------------------------150 



xvii 
 

Figure 4.18: GPC traces of dextran as starting material used for AcD synthesis (a) and post 
triggered AcD by UV/AMF (b)--------------------------------------------------------------------151 

 

Figure 4.19: In vitro release of DOX from DOX-loaded AcD-FZPA/CMC (a), CLSM image 
of Dox loaded AcD-FZPA/CMC microspheres(b),Cell viability of DOX-loaded AcD-
FZPA/CMC microspheres treated with HepG2 cells, evaluated using MTT assay. Samples 
were exposed to UV/AMF for 60 min(c)--------------------------------------------------------153 

Figure 4.20: Cell metabolic activity (MTT assay) for various systems (i-v) against HEK293 
(a) and HepG2 cells (b) evaluated using MTT assay------------------------------------------154 

Figure 4.21: Live dead staining images (fluorescence) of HepG2 cells incubated with (a,b) 
AcD-FZPA/CMC microspheres (no drug) and (c,d) DOX-loaded AcD-FZPA/CMC 
microspheres. (b and d showed the overlay images of a and c, respectively)-------------.155 

Figure 5.1: 1H-NMR spectrum of  BMGL------------------------------------------------------166 

Figure 5.2: 1H-NMR spectrum of Poly(LA-ran- BMGL)(a) and PLA-OH(b)-------------167 

Figure 5.3: 1H-NMR spectrum of Poly(LA-ran- BMGL)(a) and PLA-OH(b)-------------167 

Figure 5.4: 1H-NMR spectrum of MEMA------------------------------------------------------169 

Figure 5.5: Bright field and Field emission scanning electron microscopic (FESEM) images 
of Poly (MEMA) brush-modified Janus microparticles, P50 at different monomer 
concentrations (a, e) 0.017mmol, (b, f )0.051mmol, (c, g) 0.085mmol and (d, h) 0.171 mmol)-
----------------------------------------------------------------------------------------------------------171 

Figure 5.6: Bright field images of Poly (MEMA) brush-modified Janus microparticles, P50 
varied polymerization time(a) 0.5 h, (b) 1 h, (c ) 3 h, (d) 5 h , (e ) 7 respectively-----------172 

Figure 5.7: FTIR-ATR spectra of PLA, P50 and PM50 respectively------------------------173 

Figure 5.8: Bright field images of janus microparticles, P10 (a), P25 (b) and P50 (c) and 
Poly (MEMA) brush-modified Janus microparticles, PM10 (d), ), PM25 (e) and PM50 (f).--
----------------------------------------------------------------------------------------------------------174 

Figure 5.9: Field emission scanning electron microscopic (FESEM) of janus microparticles, 
P10 (a), P25 (b) and P50 (c) and Poly (MEMA) brush-modified Janus microparticles, PM10 
(d), PM25 (e) and PM50 (f)-------------------------------------------------------------------------174 

Figure 5.10: High-resolution transmission electron microscopy (HRTEM) of janus 
microparticles, P10 (a), P25 (b) and P50 (c) and Poly (MEMA) brush-modified Janus 
microparticles, PM10 (d), PM25 (e) and PM50 (f)-----------------------------------------------175 

Figure 5.11: Differential interference contrast (DIC)of janus microparticles, P10 (a), P25 (b) 
and P50 (c) and Poly (MEMA) brush-modified Janus microparticles, PM10 (d), PM 25 (e) 
and PM 50 (f)-----------------------------------------------------------------------------------------176 



xviii 
 

Figure 5.12: Calorimetric titration of Con A with (A) PM10 (B) PM25 and (C)PM50 
performed at 25 °C-----------------------------------------------------------------------------------177 

Figure 5.13: CLSM images of FITC-BA Psomes conjugated PM50 microparticles at 
different pH (a) 5 (b)7.4) and (c) 9 PBS Buffer. (Green indicate FITC-BA Psomes, Blue 

indicate mannose decorated compartment of PM50)-------------------------------------------180 

Figure 5.14: CLSM images of Cy5-Azo Psomes conjugated PM50 microparticles at different 
pH (a) 5 (b)7.4) and (c) 9 PBS Buffer.(Red indicate Cy5-Azo Psomes, Blue indicate mannose 

decorated compartment of PM50)-----------------------------------------------------------------182 

Figure 5.15: CLSM images of Cy5-β-CD-Psomes conjugated PM50 microparticles at 
different pH (a) 5 (b)7.4) and (c) 9 PBS Buffer.(Red indicate Cy5-β-CD-Psomes, Blue 

indicate mannose decorated compartment of PM50)--------------------------------------------183 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 
 

 

LIST OF TABLES 

Table 1.1. Properties and applications of various carbohydrates-------------------------------3 

Table 2A.1: Comparison of various types of oxidized nanocellulose based drug carrier, 
their DL and EE---------------------------------------------------------------------------------------46 
Table 2A.2: Carboxyl content, drug entrapment efficiency and drug loadings of various 

NFCs prepared under varying concentrations of NaClO----------------------------------------56 

Table 2A.3: Surface area (SBET), Pore volume (Vtotal) and radius of NFC samples obtained 

from N2 adsorption/desorption isotherm-----------------------------------------------------------62 

Table 2A.4: Parameters and regression coefficients of fitted models to Triclosan adsorption-

-----------------------------------------------------------------------------------------------------------66 

Table 2A.5: Kinetic parameters and correlation coefficients (R2), for zero-order, first-order, 

Higuchi and Ritger-peppas model for triclosan loaded samples--------------------------------69 

Table 2A.6: Kinetic parameters, correlation coefficient (R2), for zero-order, first-order, 

Higuchi and Ritger-peppas model for ampicillin loaded TNFC-5 samples-------------------72 

Table 2B.1: Degree of polymerization, total sugar, hemicellulose and lignin content of pulp, 

NFC and Cnfc------------------------------------------------------------------------------------------88 

Table 2B.2: Kinetic parameters, correlation coefficient, for zero-order, first-order, Higuchi 

model Ritger-peppas model for Moxifloxacin loaded cNFC------------------------------------92 

Table 3.1: Interfacial Tensions (γ) among different phases and Spreading Coefficients (S)--
----------------------------------------------------------------------------------------------------------101 

Table 3.2: Composition, Particle Size, and location of GO-----------------------------------103 

Table 3.3: Compositions, particle size and effect on molecular weight after exposure to RF 

of different GO/curcumin loaded core-shell microspheres-------------------------------------111 

Table 4.1: Different microsphere systems used as controls and their compositions-------141 

Table 4.2: Location of active ingredients including drug in various microspheres--------145 

Table 5.1: Concentration of Janus particle (JP), RhB-BA-Fc-Psomes and Cy5-Azo-Psomes-

---------------------------------------------------------------------------------------------------------178 



xx 
 

Table 5.2: Mannose units, Stoichiometry of binding (n), Enthalpy of binding (ΔH), and 

Gibbs free energy(ΔG) for the Interaction of Con A with PM microparticles--------------179 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 
 

LIST OF ABBREVIATIONS 

1,4-bis-2-ethylhexylsulfosuccinate (AOT)    

2,2,6,6-Tetramethylpiperidinyloxy (TEMPO) 

2-chloropropionyloxyethyl methacrylate (CPEM)  

2-ethoxy-2-oxo-1,3,2-dioxaphospholane (EOP)  

Acetalated-Dextran  (Ac-D) 

Albumin–fluorescein isothiocyanate conjugate (FITC-BSA) 

Alkyl ketene dimer (AKD)  

atom transfer radical polymerization (AGET ATRP). 

Atomic force microscopy (AFM) 

Brunauer–Emmett–Teller (BET) 

Carboxymethyl cellulose (CMC) 

Cetyltrimethylammonium bromide (CTAB)  

Confocal Laser Scanning Microscope (CLSM) 

Concanavalin A (Con A)  

Deacetylated chitosan (DCH)  

Deionized (DI)  

Dimethyl sulfoxide (DMSO),  

Dimethylacetamide (DMAC)  

Dimethylformamide (DMF) and  

Doxorubicin (Dox) 

Drug loading (DL) 

Differential Scanning Calorimetry (DSC) 

Dynamic light scattering (DLS) 

Escherichia Coli  (E. coli) 

Entrapment efficiency (EE) 

Food And Drug Administration  (FDA) 

Field Emission Scanning Electron Microscopy (FESEM) 

Fluorescence resonance energy transfer (FRET)  

Fourier-transform infrared  spectroscopy   (FTIR) 



xxii 
 

Gel Permeation Chromatography  (GPC) 

Graphene oxide (GO)  

High resolution Transmission Electron Microscopy (HRTEM) 

Isothermal titration calorimetry (ITC) 

Itaconic anhydride (ITA)  

Mannosyloxyethyl methacrylate (MEMA)  

Methotrexate (MTX).  

Minimum Inhibitory Concentration (MIC) 

Nanofibrillated cellulose (NFC)  

Nuclear magnetic resonance (NMR) 

Photo acid generator (PAG)  

Poly(Lactic-Co-Glycolic Acid  (PLGA) 

Poly(ethyl ethylene phosphate) (PEEP)  

Polyelectrolyte complexation (PEC) 

Poly(lactic acid)  (PLA) 

Polystyrene-block-poly(pentafluoro styrene) (PS-b-PFS)  

Powder X-ray diffraction (PXRD) 

PS-b-PAA (polystyrene-b-polyacrylic acid)  

Radiofrequency (RF)  

Reversible addition-fragmentation chain transfer (RAFT) 

Reversible deactivation radical polymerization (RDRP) 

Staphylococcus Aureus (S. aureus) 

Sodium bromide (NaBr) 

Sodium hypochlorite (NaClO)   

Sodium tripolyphosphate (TPP) 

Surface-initiated atom transfer radical polymerization (SI-ATRP) 

Ultraviolet-visible (UV) 

X-ray photoelectron spectroscopy (XPS) 

Zero-valent iron (ZVI) 




