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ABSTRACT

Thesis Supervisors: Siddhartha Sankar Ghosh, Ph.D Arun Chattopadhyay, Ph.D
Title: Professor of Biotechnology Professor of Chemistryvii

Fluorescent Nanomaterials for Biological ApplicationsByAmit JaiswalSubmitted to the Indian Institute of Technology Guwahati in April, 2013 in PartialFulfillment of the Requirements for the Degree of Doctor of Philosophy in Nanotechnology
Abstract:Nanoparticles are always accompanied with the appearance of novel propertiesirrespective of the metallic or semiconductor origin. Evolution of the unique physical,chemical and electronic properties at the nanoscale forms the essence of the variousapplications of nanoscience and nanotechnology. The interplay between thenanomaterials and biological systems is of special significance, especially for thefluorescent nanomaterials, such as quantum dots (Q-dots), which have diverse imagingand sensing applications. However toxicity issues remain a lingering concern and propelresearch to prepare nontoxic Q-dots.The thesis illustrates the synthesis of non-cadmium (cd) based Q-dots and its biolabelingand sensing applications. In chapter 1, the properties and implications of fluorescentnanomaterials for biological applications are discussed. In chapter 2, the synthesis ofbiocompatible zinc sulfide (ZnS) Q-dots and its interaction with silver nanoparticles (AgNPs) leading to the fluorescence quenching of the Q-dots is demonstrated. The detailedmechanism involved was investigated which showed the applicability of the Q-dotsNPpair for possible Förster resonance energy transfer (FRET)/ nanometal surface energytransfer (NSET) applications. The synthesized ZnS Q-dots were employed as a fluorescentlabel, embedded within chitosan nanocarriers having folic acid (FA) as a targeting agent,for theranostic applications and is illustrated in chapter 3. The film forming ability ofchitosan and the ability of ZnS Q-dots to undergo cation exchange transformation reactionwas exploited for sensing and removal of heavy metal ions from water. The detailedprocedure and mechanism of detection and removal is presented in chapter 4. Chapter 5demonstrates a simple microwave mediated synthesis of fluorescent C-dots using abiocompatible polymer, poly(ethylene glycol) (PEG), for the first time as precursor andpasivating agent. The detailed characterization of the C-dots in addition to its biolabelingapplication is also elucidated in the chapter. Taking a step further, in chapter 6, a simpleroom temperature based synthesis of gold nanoparticles (Au NPs) utilizing thesynthesized C-dots as catalyst is demonstrated. The comprehensive characteristics of theAu NPs, its stability, and the influence of the varying amounts of precursor and catalyst onthe synthesis of Au NPs are also unveiled in the chapter.
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Introduction and Literature
Review
This chapter briefly describes the importance of nanotechnology in the field
of biological sciences. It concisely illustrates the properties and applications
of fluorescent nanomaterials in the field of theranostics. The synthesis
methodology and potential of Q-dots as imaging agent for biodiagnostics
have also been elucidated along with the challenges posed by these
nanomaterials for theranostic applications.

Chapter 1
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Chapter 1
Introduction and Literature Review

1.1. IntroductionThe advancement in the field of science and engineering has led to thedevelopment of many new devices and revolutionized existing technologiesspanning a wide range of scales, from towering skyscrapers to microfabricatedelectronic circuits.1 A prominent gap, however exist between micro-scaleengineering and molecular scale chemistry. This gap is in the range of fewnanometers and is presently the focus of all the major disciplines of science.Physicists investigating the link between the classical and quantum physics,chemists trying to understand the interactions of colloidal macromolecules andelectronic engineers aspiring to fabricate nanoscale chips for circuitry are fewexamples.2 Nature has also beautifully exploited this scale range by creatingproteins and nucleic acids which are the elementary functional units of biologicalsystems and are responsible for the sustainability of life on earth.3 Therefore, thefield of life sciences will be the first to benefit or affected by the advent ofnanotechnology.In 1974, Norio Taniguchi coined the term “nanotechnology” in reference toprecision machining.4 However, the public awakening to this word occurred onlywhen Prof. K. Eric Drexler hypothesized a future era where molecular machineswill be employed to heal, compute, build and destroy efficiently.5-6 It was during apresentation on the molecular engineering of complex biomolecular probes,inspired from the biostructural equivalences of existing macrotechnology, whereProf. Drexler conceptualized the idea of molecular machines.5 Family of enzymesassociated with adenosine triphosphate (ATP), which harness the chemical freeenergy released by the hydrolysis of ATP in order to perform mechanical work are
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the best examples of naturally found molecular motors.7-9 Along these lines, heproposed the creation of molecular machines by mimicking those available innature.5, 10-12 These ideas have found their way to science fiction like the Borgnanoprobes in Star Trek and in The Outer Limits episode ‘The New Breed’.13 Manyscientists believe the idea of Prof. Dexler to be exactly that science fiction14 and itmight be a long time before humans are capable of creating these nano machinesperforming robotic tasks, but the recent development of DNA basednanomotors,15-17 and several nanocarriers18-22 is showing promise, especially inthe field of medical therapy and diagnostics.It was in the year 1959, when a friend and collaborator of Prof. Richard P.Feynman, Albert Hibbs suggested the idea of using Feynman’s theoreticalmicromachines for medical use. This idea was included into the Feynman's 1959lecture ‘There's Plenty of Room at the Bottom’, where he put his words as “itwould be interesting in surgery if you could swallow the surgeon”.23 Though,nanoscience and nanotechnology are relatively novel concepts, but the inspirationactually originated from his talk and his proposal of printing the entire volumes ofthe Britannica Encyclopedia onto a pins head.23 Much of the revolution innanotechnology in the last two decades has been built upon nanometer sizedmaterials and composites like fullerene,24-26 carbon nanotube,27-29 quantumdots,30-33 polymeric and nucleic acid based nanomachines34-37 and nanocarriers;18-22 however, the use of gold nanocluster sols were first reported in 1857 by Prof.Michael Faraday.38
The most promising application of nanotechnology is in the field of medicine,with its potential of improved therapy and diagnostics i.e. theranostics.39-40Advances in both diagnostic tools such as imaging agents and the developmentand administration of therapeutics (nanocarriers) may soon come together for thecreation of nanoscale devices known as nanorobots or more simply, nanobots.41-43These nanobots have the prospective to serve as vehicles for delivery oftherapeutic agents, detectors or guardians against early disease and perhapsrepair of metabolic or genetic defects.43 In this respect, fluorescent nanomaterialshave emerged as excellent labeling, imaging and sensing agents due to its superiorproperties over conventional organic fluorophore.44-45 The fluorescent
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nanomaterials which have revolutionized the field of biosensing and biolabelinginclude quantum dots,30-33, 40 metallic nanoclusters,46-47 and silicon48-49 and carbonbased quantum dots.50
1.2. Quantum dots: Physics & ChemistryQuantum dots (Q-dots) are semiconductor nanomaterials having a nearlyspherical shape and size in the range of 1 to 10 nm with bright and tunablefluorescence.30-33 Q-dots possess certain unique physical properties by virtue of itsnanoscale size, comparable to electron delocalization length, which are notavailable in either individual atoms or molecules or bulk semiconductor solids.51The bright emission of the Q-dots have made them a key fluorescent nanomaterialfor bioimaging and sensing applications.33
1.2.1. Photophysical properties of Q-dotsDue to the small size of the Q-dots, quantum confinement of the electronic motiontakes place in the crystal and they display discrete energy levels. These energylevels can absorb and emit at different wavelength regions depending on the sizeof the Q-dots. The reason, 'quantum' prefixes the name is because the dots exhibitquantum confinement properties in all three dimensions.51 First of all, they exhibitquantized energy levels like an atom. For a given input energy, for instance, a Q-dot will only emit specific spectrum of light. Quantum theory predicts that withdecreasing diameters of quantum dots, there will be a corresponding increase inenergy of emitted light; as a result, it is possible to systematically control theemission profile of the Q-dots, by adjusting the size of the semiconductor.51-53 Thisis the underlying principle behind the unique photophysical properties of Q-dots.A schematic representation of the band structure in solids quantum confinementeffect on changing Q-dot size is shown in Figure 1.1. Due to their bright andnarrow emission spectra, Q-dots are emerging as an ideal fluorescent probe forbiological imaging and medical diagnostics.
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Figure 1.1. (a) Electronic energy states of a semiconductor in transition frommacroscopic bulk crystal to nanosized quantum dots. The figure also depicts the sizedependent variation in the band gap of the Q-dots. (b) CdTe Q-dots showing the sizetunable emission when observed under UV illumination (ex = 302 nm).
Q-dots have several appealing optical features that outdate the use of organicdyes for sensitive bioimaging applications. Firstly, the molar extinctioncoefficients of the Q-dots are in the order of 0.55.0 × 106 M-1 cm-1 which is severalfolds higher than those of conventional organic dyes.54-55 Due to this higherabsorption rate of the Q-dots, it shows about 1020 fold brighter emission thanthe organic dyes, enabling its use for highly efficient fluorescence labeling of cellsand tissues.56-58 Secondly, the excellent photostability of the Q-dots allows it to beused for real time monitoring of biological processes over longer time periods,without much photobleaching, as observed in case of organic dyes.59 Further, theQ-dots have a longer excited state life time than the organic dyes, allowing theeffective separation of the Q-dots fluorescence from background noise. In addition,the large stoke shift of the Q-dots emission band from their broad absorptionspectra, improves the detection sensitivity in imaging tissue biopsies and livingorganisms.60 Lastly and most importantly, the size tunable emission spectra of the
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Q-dots is unique and allows it to be used for multiplexing, using a single excitationsource.40 In stark contrast, the relatively broad emission profile of the organicdyes and fluorescent proteins with narrow absorption band and small stoke shift,renders the detection of separated signals from distinct fluorophore morechallenging.
1.2.2. Quantum dot chemistryThe making of Q-dots to be used as a fluorescent probe for biological applicationsinvolves a multistep process which includes synthesis, surface passivation,solubilization, and bioconjugation. A single Q-dot crystal consists of hundreds tothousands of atoms that typically belongs to Group II and Group VI elements (e.g.CdSe, CdTe, ZnS) or Group III and Group V (e.g. InP and InAs) elements in thePeriodic Table.51 The Q-dots synthesis approach can broadly be divided either intoaqueous phase synthesis or organic phase reaction. Aqueous phase synthesis aregenerally the benign methodology involving less toxic reagents and yielding watersoluble Q-dots which can directly be used for biological applications, but the Q-dots produced are usually of low quality.61 Superior quality Q-dots having highcrystallinity and homogeneity are produced using the hot injection based organicphase reaction involving elevated temperatures. The most commonly used nonpolar solvent is generally a mixture of trioctylphosphine, trioctylphosphine oxide(TOPO) and hexadecylamine serving as a robust reaction medium, where theirbasic moieties coordinate with the unsaturated metal atoms on the Q-dots surfaceinhibiting the growth of the Q-dots into bulk semiconductors.62-64 However, therequisite of the use of highly toxic reagents and extreme temperatures is thedrawback of the organic phase synthesis of Q-dots.Once the Q-dot nanocrystal core is synthesized, it is often coated with a shellof wider band gap semiconductor material and the process is called surfacepassivation.65-66 The importance of surface passivation is multifold; it protects thecore from oxidation, prevents the leaching of highly toxic Cd2+ ions and improvesthe quantum yield by reducing surface defects and averts nonradiative decay. Q-dots prepared using the hot injection methods are water insoluble due to thepresence of the hydrophobic capping agent. In order to exploit these nanocrystals
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Figure 1.2. Schematic illustration showing the most common methods to conjugate Q-dots to biological molecules, such as proteins, peptides, nucleic acids, or small organicmolecules. Reproduced with permission from Reference [1]. Copyright © 2006, SpringerScience and Business Media Inc. [Document enclosed in the Permissions section]
for biological application, these hydrophobic molecules must first be renderedhydrophilicity, so that it can be dispersed in aqueous solvents or buffers. Thestrategies generally used for the surface modification of these dots are either capexchange or the native surface modifications employing suitable amphiphilicpolymer coatings.67 The ligand or cap exchange is usually carried out usingbifunctional ligands like mercaptoacetic acid or mercaptosilane, whereas,amphihilic polymers like polyethylene glycol (PEG)-derivatized phospholipids,polyanhidrides, block copolymers, and octylamine modified polyacrylic acid arereported to be used as coating to impart water solubility to the Q-dots.60, 68-70Further, for biological applications like specific cellular labeling, targeting, imagingand multiplexing, the Q-dots must be conjugated to biomolecules like proteins,
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antibodies, peptides, DNA, or other targeting moieties. The several methodologiesused for bioconjugation includes biotin streptavidin complexation, covalentconjugation using EDC/NHS chemistry for amide, thioether bond formation andelectrostatic interaction between oppositely charged molecules.1 The schematic ofdifferent examples of bioconjugation of Q-dots is shown in Figure 1.2.
1.3. Applications of Quantum dotsIn accordance with the properties, the applications of the Q-dots aremultidimensional. Q-dots find application in all the major areas of science andtechnology. They can be used in photovoltaic devices,71 in light emitting diodes(LED)20, 72 and lasers,73 as photodetector devices,74 as qubits in quantumcomputing,75 in optical sensing76 and so on. The major applications of the Q-dotsare in the field of life sciences, where it has revolutionized the cellular labeling andimaging techniques due to its extraordinary fluorescence property.30-33, 40 Theseveral biological applications of the Q-dots are summarized in Figure 1.3 andthose related to diagnostics and therapeutics are discussed in details below.
1.3.1. Multiplexed Biosensing and FRETDue to the unique optoelectronic properties of the Q-dots, it has become popularfluorescent cellular probes for light microscopy (LM), whereas, because of theirelectron-dense semiconductor cores, it can be directly imaged by electronmicroscopy (EM) even without any contrasting treatment.77 Q-dot-mediatedFörster Resonance Energy Transfer (FRET) and Nanometal Surface EnergyTransfer (NSET) is widely implemented mechanisms in Q-dot-based fluorescencebiosensing. Respectable progress has been made in the past few years on the useof Q-dot-FRET based biosensors, particularly on bioanalysis (nucleic acids,proteins, and immunoassays) and intracellular sensing. 78-79 The advantage of theQ-dots in terms of unique optical properties such as broad absorption, size-dependent narrow and tunable emission and strong resistance to photobleachingenables superior FRET configurations over organic fluorophores.
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Figure 1.3. Schematic illustrating the various biological applications of quantum dotsalong with the detection methodology.
While using the Q-dots in conjunction with an organic fluorophore, the spectrumoverlap between the donor and acceptor emissions can be effectively minimized.Meanwhile, the large Stokes shift in Q-dots emission and broad excitation spectraenables the use of UV-range excitation and thereby diminishes the possibility ofdirect-acceptor excitation, which is a requisite for FRET based sensors. Mostimportantly, a single wavelength can be used to excite multiple Q-dots to emit innon-overlapping, narrow spectral ranges that can still be distinguished. Thisrenders Q-dots, its use towards multicolor applications80-81 particularly valuablefor cellular interactions involving multiple entities or events and even inmultiplexed FRET. In addition to the organic fluorophore as an acceptor in theFRET based sensing process, metal NPs can also be used as effective acceptors.Due to the high extinction coefficient of the metal NPs, efficiency of the energytransfer increases and this results in the increase in the Förster distance, whichdecays with the fourth power of the separation distance ‘R’, instead of the sixthpower in case of conventional Förster mechanism. This phenomenon of NSET
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could enable the study of the kinetics involved in biological macromolecules. Oh et

al. reported an approach for the rapid and simple detection of proteinglycosylation based on the energy transfer between lectin-conjugated Au NPs andcarbohydrate-conjugated Q-dots.82 The PL intensity of the dexQ-dots wasquenched by about 70% in the presence of conAAuNPs and was completelyrecovered after the addition of free conA which inhibited the binding of conAAuNPs to dexQ-dots. The system exploited NP-based energy transfer mechanismand showed its potential to be used in a high-throughput analytical method for thedevelopment of glycoprotein and carbohydrate therapeutics.82
1.3.2. Cell-specific targeting and subsequent uptakeWith the substantial progress in in vitro diagnostics,83 bioconjugated Q-dots haveemerged as imaging probes for detection of specific cell types, tissues andorganelles 30-33, 59, 84-85 that are exploited in clinical translation,86 especially forcancer research and therapy. In 2003, Wu et al. first demonstrated the use of Q-dots for the static immunostaining of cellular targets and shown to be bothbrighter and more photostable than conventional organic fluorophores withoutnon-specific labeling.68 Subsequently, specific targeting of the tumor tissues in livecells using the Q-dot–peptide conjugate was reported by Akerman et al.87 Inspiredby the in vitro success, Gao et al. designed an ABC triblock copolymer-coated Q-dotprobe to target and image prostate cancer in vivo.60 The tumor site could beactively probed by the antibody-conjugated Q-dots and imaged in living animals,after proper signal post-processing. It is worth mentioning that the surface of theQ-dots can be conjugated with multiple biomarkers, imparting Q-dots, theadvantage of improved binding affinities for the receptors on the cells due to thepolyvalency effect.60, 88-89

The uptake of exogenous material generally occurs through cellularinternalization mechanisms, which includes phagocytosis, macropinocytosis,receptor-mediated endocytosis, and clathrin and caveolin-independentendocytosis.90-91 The detailed schematic demonstrating the uptake ofnanoparticles by cells is shown in Figure 1.4.
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Figure 1.4. Modes of cellular internalization of nanoparticles and respective sizelimitations. Internalization of large particles is facilitated by phagocytosis (a). Nonspecificinternalization of smaller particles (>1 m) can occur through macropinocytosis (b).Smaller nanoparticles can be internalized through several pathways, including caveolar-mediated endocytosis (c), clathrin-mediated endocytosis (d) and clathrin-independentand caveolin-independent endocytosis (e), with each being subject to slightly differentsize constraints. Nanoparticles are represented by blue circles (> 1 μm), blue stars (about120 nm), red stars (about 90 nm) and yellow rods (about 60 nm). Reproduced withpermission from Reference [91]. Copyright © 2010, Nature Publishing Group. [Documentenclosed in the Permissions section]
Parak et al. studied the applicability of undecorated Q-dots as an alternativemarker over gold nanoparticles for phagokinetic tracking; to monitor cell motilityas a potential assay for cancer metastasis.92 The study demonstrated the passiveuptake of the Q-dots via non-specific endocytosis along the migratory pathway ofhuman mammary epithelial tumor cells. However, the uptake of Q-dots using
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Figure 1.5. Comparison of delivery modes of Q-dots via chemical and physical methods.Fluorescence/Phase contrast micrographs of HeLa cells A) transfected with green Q-dotsusing cationic liposome and red Q-dots as endosomal label, B) after electroporation and
C) after cytoplasmic injection of green Q-dots. Reproduced with permission fromReference [93]. Copyright © 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.[Document enclosed in the Permissions section]
either a transfecting agent (liposome, micelle or polymer) or ligand modification isgenerally more specific and efficient than non-specific endocytosis alone.93-94 Theendocytosed Q-dots are often trapped in endosomes and lysosomes, and areobserved as punctate fluorescence staining as seen from Figure 1.5A, hencelimiting their delivery to cytosol.Microinjection,69 and electroporation,93, 94 are the physical approaches whichhave been applied to deliver Q-dots into cells. In a recent report, Yum and co-workers delivered monodispersed Q-dots into specific cells using a novelmembrane-penetrating nanoneedle.96 However, the physical mode of deliveryprocess suffers from low efficiency and labor-intensive procedures which typicallyrequires delicate instrumentation and optimization for different cell lines, andpossibly induces irreversible damage to the cells.A concomitant variation in the patterns of cellular labeling which can be seenfrom Figure 1.5 usually results from the internalization of the Q-dot conjugatesvia different mechanisms (endocytosis, receptor-mediated endocytosis,electroporation or microinjection).94 Therefore, a clearer mechanisticunderstanding of intracellular delivery would facilitate the rational design of‘‘ideal’’ functionalized Q-dots, where one can optimize the density andarrangement of the different functional ligands, and their binding strength to theQ-dot nanoscaffold, for controlled theranostics.
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1.3.3. Drug/gene TraffickingFunctionalized Q-dots can be employed to trace the intracellular delivery ofplasmid DNA (pDNA).97 A Q-dotFRET based system was engineered by Ho et al.to investigate the structural composition and dynamic behavior of polymeric DNAnanocomplexes intracellularly.98 The FRET system was designed between pDNAand cationic polymers; the complex coacervation brings the 605Q-dot labeledpDNA which acts as donor into the close proximity of Cy5 functionalized polymer,acting as acceptor and resulting in efficient FRET with high signal-to-noise ratio.99Further employment of two-step FRET, using a Q-dot paired nuclear dye on thepDNA, can serves as a novel approach to study both polyplex dissociation and DNAdegradation simultaneously in a non-invasive way.100
To visualize the transport and release of siRNA from the carrier foroptimization, Q-dots were introduced as a traceable marker to shed light on thesiRNA delivery.101 The Q-dot/siRNA was co transfected with the well-developedliposome system (Lipofectamine 2000) in this study. Tan and coworkerssubsequently ameliorated the transfection system by using a non-viral vector,chitosan polyplexes doped with Q-dots for siRNA tracking system.102 Similarly,Amphipol-mediated delivery was employed to ferry the siRNA/Q-dots into thecytoplasm, where Amphipol serves both as a gene carrier and as protecting agentto prevent siRNA from enzymatic degradation. Further, to understand thepharmacokinetic and pharmacodynamic of drug, Manabe et al. have suggested a Q-dot–drug tracer system,103 where Q-dots were conjugated with an anti-hypertensive drug, catrophil.

1.4. Q-dot based TheranosticsTheranostics is a term coined from the amalgamation of diagnostics andtherapeutics and it integrates real-time evaluation with delivery of a medication.Q-dots excel in imaging applications and may also serve as particulate deliveryvehicles if the biocompatibility and toxicity issues are overcome. The use of suchmultimodal nanoparticles offers synergistic advantages over any single-modalnanoparticle alone.104–107 The ideal properties which a theranostic system shouldpossess include (a) accumulation in the pathological zone achieved through
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targeting specific cell types, (b) efficient penetration into the cells with minimaltoxicity, (c) allowing efficient intracellular trafficking by overcoming theintracellular delivery barriers, (d) responding to the local stimuli and releasing thetherapeutic agent, (e) possessing a diagnostic agent (optical or magnetic) enablingreal time monitoring of the treatment. In this regard, an ‘all in one’multifunctional nanoplatform featuring targeting, therapeutic and imagingmodalities (as shown in Figure 1.6) can be designed through surfaceimmobilization of ligands and conjugation of ‘‘drugs’’ on Q-dots. Multifunctional Q-dots therefore can potentially meet the requirements of a theranostic system.The Q-dot–aptamer(Apt)–doxorubicin(Dox) conjugate, abbreviated as Q-dot–Apt(Dox), reported by Bagalkot et al. is one of the most successful demonstrationof Q-dot based theranostics for synchronous cancer cell imaging and traceabledrug delivery.108 In this report RNA aptamer, was functionalized onto thediagnostic modality (Q-dots) to target the prostate-specific membrane antigen,whereas, the therapeutic modality doxorubicin (Dox) was intercalated into theaptamer. This study demonstrated the enhanced therapeutic specificity in vitroagainst the targeted LNCaP cells compared to non-specific PC3 cells using thefunctionalized Q-dots.Furthermore, Q-dot–liposome system may constitute another multifunctionalplatform for imaging and therapy. In these systems, the Q-dots can either beincorporated into the bilayer membrane or can be functionalized onto aliposome109 forming a Q-dot–lipid vesicle. Liposomes are one of the conventionalnonviral drug and gene carriers. The introduction of Q-dots in liposomes reducesthe in vivo cytotoxicity of the Q-dots, without altering its labeling specificity,110-111which remains comparable to other approaches.109-112 Therefore, the assistance ofliposomes and other well-developed polymeric gene carriers may be exploited formultifunctional Q-dot based theranostics.
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Figure 1.6. (a) Representation of the constituents of an idealized nanoplatform for anideal “all in one” workstation with targeting, therapeutic and diagnostic modalities.Redrawn from Reference [40]. (b) Multifunctional nanoparticles for drug delivery.Multifunctional nanocarriers can combine a specific targeting agent (usually an antibodyor peptide) with nanoparticles for imaging (such as quantum dots or magneticnanoparticles), a cell-penetrating agent (e.g. the polyArg peptide TAT), a stimulus-sensitive element for drug release, a stabilising polymer to ensure biocompatibility(polyethylene glycol most frequently) and the therapeutic compound. Reproduced withpermission from Reference [18]. Copyright © 2008, Elsevier. [Document enclosed in thePermissions section]
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1.5. Challenges in Q-dot based TheranosticsThe major and lingering concern for Q-dots based theranostics remains in theinherent cytotoxicity of the dots. Surface oxidation and leaching-out of heavymetal ions from the core remains a potential threat.113-114 Derfus et al. reportedthat the oxidation of Cd on the Q-dot surface by oxygen or ultraviolet light and thesubsequent release of the Cd2+ ions is a possible mechanism for the Q-dotscytotoxicity. However, when the Q-dot surface is coated with a protective shell ofZnS or hydrophilic molecules, no acute cytotoxicity or systemic toxicity in micewas detected.114 Further, in addition to the dosage and exposure time of Q-dots,the toxicity majorly depends upon on the physicochemical properties of Q-dots,such as size, surface charge and surface coating materials.115 The choice of anappropriate surface passivation has also been shown to be a critical parameter toaddress the toxicity issue, as the surface ligands itself can impair cell viability.Another source of Q-dots toxicity arises from the generation of reactive oxygenspecies (ROS) during the excitation of the Q-dots.116-119 The Q-dots can transfer theabsorbed energy to oxygen molecules and lead to the formation of free radicalscapable of damaging DNA and other cellular components leading to apoptosis ornecrosis.120
Q-dots are relatively new materials and their toxicity is yet to be fullyunderstood.121 The Q-dot mediated cellular responses must be correlated with itsphysicochemical properties to advance the field. Instead of paying much effort onoptimization of the surface modifications of CdSe or CdTe Q-dots, alternativeapproaches to synthesize more biological and environmentally friendly Q-dots,such as silicon-based Q-dots48-49 or carbon dots (C-dots)50, should be pursued.Nontoxic, non Cd based Q-dots may hold the key to the future of Q-dot basedtheranostics. The challenge lies in the development of newer fluorescent materialhaving photophysical properties and solubility similar to those of the group II–VIor III–V Q-dots and is nontoxic and biocompatible. Further concern remainsregarding the utility of Q-dots as a tag for imaging, as the additional mass of the Q-dots conjugated to a biomolecule may alter the diffusivity of the molecule.122Additionally, the Q-dots can affect the functional property of the biomolecules byperturbing its native conformation. Efforts to synthesize Q-dot conjugates with a
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thinner biocompatible coating, and hence reducing the overall size, would perhapsalleviate the concern. Smaller Q-dots would further benefit the FRET basedsensing, by improving the energy transfer efficiency.78, 123 The rewards ofnanomedicine call for effort to synthesize well controlled, multifunctional,nontoxic Q-dot conjugates.
1.6 Carbon dotsCarbonaceous quantum dots, colloquially known as carbon nanodots or carbondots (C-dots) has recently emerged as a fascinating class of fluorescent materialthat comprises discrete quasi-spherical nanoparticles with sizes less than 10nm.50, 124-125 Similar to its popular older cousins, the fullerene, the carbonnanotube, and graphene, C-dots have gradually become a rising star in thenanocarbon family, due to their benign and inexpensive nature.50, 126-127Additionally, these surface passivated C-dots have several attributes similar tothose of the traditional semiconductor Q-dots, namely, size and excitationtuneable emission, photostability and ease of bioconjugation without sufferingfrom the burden of cytotoxicity or elemental scarcity or the need of expensive andtedious synthesis steps as in case of the semiconductor Q-dots.50, 124-127 The C-dotswere discovered by Scrivens et al. in serendipity.128 While purifying single walledcarbon nanotubes (SWCNT) using gel electrophoresis, they were amazed toobserve a fast moving luminescent band. These researchers analyzed the basicproperty of the then-unknown fluorescent nanomaterial, which was distinct fromthe SWCNT and ascertain their possibility to emerge as a promising nanomaterialin their own right. Since their discovery these materials came to be known as C-dots and immense research have been channelized in this field in order tounderstand its photophysical behavior and establish its possible applications.50,124-127

C-dots have excellent water solubility due to the surface coverage with manycarboxylic acid moieties which also helps in its functionalization with variousorganic, polymeric, inorganic or biological species. In contrast to nanodiamonds,which possess a sp3 hybridized core, C-dots have greater sp2 characteristic and arerelatively close to the graphene Q-dots and contain low carbon to oxygen ratio.50
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C-dots are also sometimes referred to as carbogenic nanodots due to its highoxygen content.129-130 Typically, C-dots have strong optical absorption in the UVrange with a tail extending to the visible spectrum. The fluorescence profiles of theC-dots are generally broad and are excitation tunable.50, 124-127 The phenomenonresponsible for the emergence of fluorescence from the C-dots is still a paradox.Whether the excitation dependent fluorescence arises from the optical selection ofdifferently sized particle and/or due to the presence of emissive traps on the C-dots surface or some newer mechanism altogether remains unsolved.
1.6.1 SynthesisThe synthetic methods for C-dots can be broadly classified into two groups: top-down and bottom-up approaches. 50, 124-127 The various techniques demonstratedfor the synthesis are summarized in Figure 1.7. In the top-down method, the C-dots are formed or broken off from a larger carbon material and the techniquesinvolved include arc discharge, laser ablation and electrochemical oxidation.

Figure 1.7. Timeline showing the development in the field of C-dots synthesis.Reproduced with permission from Reference [50]. Copyright © 2010 WILEY-VCH VerlagGmbH & Co. KGaA, Weinheim. [Document enclosed in the Permissions section]
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Whereas, in case of bottom-up approach the C-dots are formed frommolecular precursors via combustion/thermal, supported synthetic or microwavemethods. After synthesis, their surfaces are oxidized by nitric acid or otheroxidizing agents and finally purified by using centrifugation, dialysis orelectrophoretic techniques.In the year 2004, Xu et al. isolated fluorescent C-dots from the purificationstep of SWCNTs derived from arc discharge soot.128 The synthesized C-dotsresolved into 3 bands exhibiting green-blue, yellow and orange emission whenexcited at 366 nm. Sun and coworkers produced C-dots by laser ablationmethod.131-134 They prepared a carbon target by hot pressing a mixture of graphiteand cement, which was ablated by a Q-switched Nd:YAG laser and the resultingproduct was refluxed using 2.6 M HNO3 to yield 3 to 10 nm sized C-dots which wasfinally passivated using diamine terminated poly(ethylene glycol). Theelectrochemical synthetic method was exploited by Zhao et al. to prepare C-dots.135 They used multiwalled cabon nanotube (MWCNT) as working electrode inan electrochemical cell with degassed acetonitrile solution containing 0.1 Mtetrabutylammonium perchlorate as the electrolyte. Cycling of the appliedpotential resulted in the development of yellow to brown coloration of thecolorless solution, indicating the exfoliation of the C-dots from the MWCNTelectrode into the solution.Several researchers have used soot derived from the combustion of unscentedcandles, natural gas as an elegant raw material for the synthesis of C-dotsfollowing bottom-up approach,.136-138 Mao et al. collected soot by placing a piece ofaluminium foil or glass plate on the top of a burning candle and the obtained sootwere refluxed using 5 M HNO3 to oxidize the particles.136 Subsequently, Chen andcoworkers collected soot from the combustion of natural gas and oxidizedfollowing procedures similar to those of Mao et al.138 Giannelis and co-workersdemonstrated a single-step thermal decomposition of low temperature meltingmolecular precursor to synthesize surface passivated hydrophilic or organophillicC-dots.130 Ammonium citrate salt was used as the precursor molecule forpreparing the hydrophilic C-dots, where the citrate provided the carbon sourceand the ammonium the stabilizer. The organophillic C-dots were synthesized by
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calcining the precursor octadecylammonium citrate or 4-aminoantipyrene.Another bottom-up approach involving supported growth of C-dots was reportedby Liu and coworkers.139 In this method, a composite of silica spheres withpluronic F127 was prepared and resols acting as carbon precursor wereintroduced into it; subsequent polymerization and thermal heating of thecomposite yielded C-dot/SiO2 composite. NaY zeolite supported growth of C-dotswere later demonstrated by Giannelis et al.133 Microwave mediated synthesis of C-dots were also demonstrated using different saccharides as the precursormolecules.140-141
1.6.2 ApplicationsThe major applications of the C-dots are in the field of bioimaging andphotocatalysis.50, 124-125 Due to the established low toxicity and excitation tunableemission property of the C-dot, they are appearing as emergent nanolights forbioimaging applications. The first demonstration on the bioimaging capability ofthe C-dots was reported by Sun and coworker which was subsequently followedby many other researchers.131-132, 142-143 In their study, they showed the potentialability of the PEI-EI passivated C-dots for visualizing the human breast cancerMCF-7 cells using a two photon luminescence microscopy.131 On the similar linesRay et al. demonstrated the use of C-dots in conventional bioimaging applicationin Ehrilch ascites carcinoma (EACs) cells.137 Recently, Chen and coworkersdemonstrated the light triggered theranostic application of C-dots.144 In theirstudy they showed the C-dots–Ce6 conjugate can act as a good candidate withexcellent imaging and tumor-homing ability for NIR fluorescence imagingmonitored PDT treatment.C-dots have also been demonstrated to be used in photocatalyticapplications.125 Kang et al. demonstrated the design of complex photocatalyticsystem comprising TiO2/C-dots and SiO2/C-dots which was used to harness theentire solar spectrum based on the upconversion luminescence properties of C-dots.145 Based on similar principle they further reported a series of C-dotscomposite photocatalytic system such as C-dots/ZnO, C-dots/Fe2O3, C-dots/Ag/AgPO4 and etc.146-148 Additionally, C-dots were also demonstrated to be
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used for the catalytic reduction of metal salts either by the application ofmicrowave irradiation or through exposure using Xe arc/ mercury vapor lamp. 149-150
1.7. Key Areas and ScopesBased on the literature review in the field of therapeutic and diagnosticapplications of Q-dots, the research areas with potential scope are summarizedbelow:
 Synthesis of nontoxic fluorescent Q-dots (semiconductor/ carbon based)
 Investigating the interaction of Q-dots with metallic NPs for possibleFRET/NSET based applications
 Designing biocompatible Q-dot based traceable polymer nanocarriers fortheranostics
 Exploring novel strategies for sensing and water remediation using Q-dots
 Demonstrating the applicability of C-dots in material sciences

1.8. The Present Work

1.8.1. ObjectivesThe main objectives of the present work are as follows:
 To study the interaction between the ZnS Q-dots and Ag NPs for predictingthe applicability of the Q-dots in tracing Ag NP delivery and for FRET/NSETbased applications.
 To evaluate the application potential of multimodal chitosan nanocarriersfor suicide gene therapy.
 To fabricate Q-dots impregnated chitosan film for heavy metal ion sensingand removal from contaminated water.
 To design a simple novel technique for the synthesis of C-dots usingbiocompatible polymer and demonstrate its biolabeling property.
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 To demonstrate the catalytic activity of the synthesized C-dots for a simple,room temperature based methodology for Au NP synthesis.
1.8.2. Significance and Salient Features of the Present StudyThe significance and salient features of the present study are summarized below
 The effect of silver nanoparticles on the fluorescent properties of thebiopolymer stabilized ZnS Q-dots was investigated in order to predict thesuitability of the Q-dots as a probe for the delivery of Ag NPs.
 The mechanism involved in the fluorescence quenching of the ZnS Q-dotsby Ag NPs were demonstrated and its practicability to act as donoracceptor pair in FRET/NSET process was illustrated.
 Multifunctional chitosan nanocarriers having ZnS Q-dots and folic acid asimaging and targeting moieties were demonstrated for theranostics.
 The synthesized functional nanocarriers were used for binding and cellulardelivery of the bifunctional suicide gene cytosine deaminase-uracilphosphoribosyl transferase (CD-UPRT) for potential application in genetherapy.
 The chitosan stabilized ZnS Q-dots were also exploited for the fabricationof chitosan film for sensing and removal of heavy metal ions from water.
 The detailed mechanism of cation exchange reaction in Q-dots responsiblefor the sensing and removal of heavy metal ions from water were validated.
 Carbon dots, a newer fluorescent nanomaterial were synthesized by themicrowave mediated caramelization of an FDA approved polymer, PEG, forthe first time as precursor and passivating agent. The biolabelingapplication of the C-dots was successfully demonstrated on cancer celllines.
 The synthesized C-dots were also demonstrated to be used as catalyst for asimple room temperature synthesis of mono-disperse Au NPs. Theinfluence of varying concentration of the precursor and the catalyst on AuNP synthesis in the present case was also studied.
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Investigating Fluorescence
Quenching of ZnS Quantum
dots by Silver Nanoparticles*
This chapter demonstrates the effect of silver nanoparticles on the
fluorescence property of ZnS Q-dots. The quenching phenomenon was
analyzed using Stern-Volmer plot and the mechanisms involved were
explicated using steady state and time resolved spectroscopy.

* Much of this work has appeared in print. It is reproduced with permission from Plasmonics,2011, 6, 125-132. Copyright © 2010, Springer.
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Chapter 2

Investigating Fluorescence Quenching of ZnS

Quantum dots by Silver Nanoparticles

2.1. IntroductionQuantum dots (Q-dots) are inorganic semiconductor nanocrystals withremarkable optoelectronic properties originated from quantum confinement ofthe electronic motion, otherwise unavailable in either discrete atoms or bulkmaterials.1-3 Q-dots have several advantages over conventional organicfluorophores because of their excellent resistance to photobleaching and opticalproperties tunable by size and material composition.4 Most importantly, the broadabsorption with narrow emission spectra of Q-dots makes them potentialcandidate for multiplex applications in bio-imaging as well as bio-tagging.1, 3 Inrecent years, the extraordinary photo-physical properties Q-dots have beensuccessfully exploited in various fields such as optoelectronic devices, imaging aswell as biodiagnostics.3, 5-7 Various sensing application has been developed basedon the quenching of Q-dots fluorescence by metal nanoparticles or othermolecules.8-9 Q-dots can also act as efficient energy transfer donors or acceptors inFörster resonance energy transfer (FRET) based applications.10-11 Severalbioanalysis formats like molecular beacons, Taq man probes and immunoassayshave been developed based on either quenching or FRET of Q-dots.1, 11
In last few years, a great deal of research – theoretical as well asexperimental – has been carried out to understand the influence of metal surfaceon the emission properties of fluorophore.12-14 A fluorophore near a metalfilm/metal NPs has been reported to show a varied degree of fluorescencedepending on the distance between the metal surface and fluorophore.15-16However, the exact mechanism of differential fluorescence exhibited by a
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fluorophore near a metal surface is still to be understood completely. In thisregard, the fluorescent enhancement of conventional fluorophore or Q-dots inpresence of Ag NPs has been well studied.17-18 However, there are only few reportswhere Ag NPs have been used as an efficient quencher of the fluorophore.19-20 Tay
et al. has showed that the photoluminescence of surface functionalized Si wasquenched by Ag NPs.21 Recently, it has been reported that Ag NPs quenched thefluorescence of 1,4-dihydroxy-2,3-dimethyl-9,10-anthraquinone depending uponthe particle size.22 Ag NPs have been reported to act as enhancer of FRETefficiency, where hybridization of the donor-labeled oligonucleotide with theacceptor-labeled complimentary strand on Ag NP surface led to larger Försterdistance. Zhang et al. showed that the FRET efficiency between cy5 and cy5.5 onthe surface of Ag NPs was increased with particle size.23 The report suggested thatthe conventional Förster distance can be increased to 75% by varying the particlesize of the Ag NPs. However, the length scale for detecting dynamic changes inFRET – based methods is limited to a distance of < 10 nm by the nature of thedipole-dipole mechanism. On the other hand, Yun et al. reported that the energytransfer from a dipole to a nanometal surface (nanometal surface energy transfer,NSET) follows a 1/R4 distance dependence and the traditional Förster distancecan be increased up to the range of 22 nm.24 The quenching property of Ag NPs inFRET or NSET applications could stem from their plasmon resonance in the visiblerange which makes them strong absorbers with large extinction coefficients.25 Thedevelopment of long range FRET is therefore critical to investigate the biologicalmulti-component systems, such as ribosomes or various nucleoproteincomplexes.24
2.2. Outline of the Research Work1) Water dispersible, chitosan stabilized ZnS Q-dots (~3 nm) weresynthesized in an environment friendly way. The Q-dots showed brightblue emission with max at 427 nm.2) The fluorescence of ZnS Q-dots was significantly quenched in presence ofcitrate capped – Ag NPs (~37 nm) in a concentration dependent manner.
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The quenching mechanism was analyzed using Stern-Volmer plot whichindicated dual nature of quenching with Ksv value of 9 × 109 M-1.3) Static mechanism was evident from the formation of electrostatic complexbetween positively charged ZnS Q-dots and negatively charged Ag NPs,confirmed by absorbance study.4) The role of energy transfer process as an additional quenching mechanismwas investigated by time resolved fluorescence measurements whichdemonstrated decrease in the average lifetime of ZnS Q-dots fluorescence.The corresponding Förster distance for the Q-dot – NP pair was estimatedto be 18.4 nm.5) The results of the present study indicate that the ZnS Q-dot – Ag NP paircan be applied in FRET or NSET based analysis of biological multi-component systems such as ribosome, nucleoprotein complex, etc.
2.3. Experimental Section
2.3.1. MaterialsZinc acetate dihydrate [Zn(CH3COO)2, 2H2O], sodium sulfide [Na2S], trisodiumcitrate, silver nitrate [AgNO3] and acetic acid (glacial, 99–100 %) were purchasedfrom Merck India Ltd, Mumbai, India. Chitosan (high MW, > 75 % deacetylated)was obtained from Sigma-Aldrich Chemical Pvt. Ltd., Kolkata, India. All chemicalsemployed were of AR grade and were used as received without furtherpurification. Mili-Q ultrapure water (>18 MΩ cm, Millipore) was used in allexperiment.

2.3.2. Synthesis of chitosan stabilized ZnS Q-dotsThe synthesis of chitosan stabilized ZnS Q-dots was carried out using a modifiedinorganic wet-chemical synthesis method reported by Warad et al.26 Briefly, 21 mgzinc acetate (0.01 M) was added to 9 mL of 0.05 % (w/v) chitosan solution underconstant stirring and heated at 80 °C for 15 min. After cooling to roomtemperature, 1 mL of freshly prepared 16 mg mL-1 sodium sulfide was addeddropwise to the mixture in an ice bath with continuous stirring. This resulted in
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the formation of a milky white suspension without any sedimentation for morethan 24 h, indicating the synthesis of ZnS nanocrystals. The as prepared colloidalsolution of ZnS Q-dots was ultrasonicated to remove the dissolved gases, if any.Next, ZnS Q-dots were characterized by transmission electron microscopy (TEM)using a JEOL 2100 UHR-TEM instrument. 5 µL of ZnS Q-dots solution was drop-cast on carbon-coated copper grids and subsequently air-dried before TEManalysis. X-ray diffraction (XRD) pattern were recorded with Brucker D8Advanced X-ray diffraction measurement system, with Cu K source (= 1.54 Å).UV-visible absorption spectra were recorded on a Varian Cary 100spectrophotometer. Steady state fluorescence intensity was measured using Jobin-Yvon Fluoromax-3 spectrofluorimeter at an excitation wavelength of 315 nm.Quantum yield of ZnS Q-dots were calculated according to Williams’ method27using Rhodamine 101 as a reference (Q.Y. = 100 %).28
2.3.3. Synthesis of citrate – capped Ag NPsCitrate – capped Ag NPs were prepared by a modified Turkevich method.29 Briefly,1 mM aqueous solution of AgNO3 was heated until it started to boil. As the boilingstarted, sodium citrate (5 mM) was added to it. The color of the solution slowlyturned yellow and then grayish yellow after 30 min of boiling, indicating theformation of Ag NPs. The reaction was performed under refluxing condition toavoid loss of water by evaporation during boiling. The solution was cooled toroom temperature and kept for 1 day. In order to remove excess Ag+ ions, if any,the Ag NPs solution was centrifuged at 13000 g for 15 min and the pellet waswashed for several times. Finally, the washed Ag NPs were resuspended in Milli-Qwater and subsequently characterized by using UV-visible absorptionspectroscopy (Varian, Cary 100 spectrophotometer) and TEM (JEOL 2100, UHR-TEM instrument).
2.3.4. Fluorescence Quenching of ZnS Q-dots by Ag NPsThe chitosan stabilized ZnS Q-dots were diluted to 1.4 µM in Milli-Q water anddifferent concentrations of citrate – capped Ag NPs were added to it. The pH of all
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the samples was 5.5. After 1 h of incubation, each sample was studied by steadystate fluorescence as well as absorption spectroscopy. For all steady statefluorescence measurement excitation was set at 315 nm and the fluorescenceemission spectra were recorded in the wavelength range of 360-560 nm. Forquenching experiments, the integrated fluorescence intensity in the abovementioned range was used to determine Fo/F since it gave a flat baseline free fromRaman scatter. Time-resolved intensity decays of the ZnS Q-dots both in absenceand presence of quencher were recorded using a Life Spec II spectrofluorimeter(Edinburgh Instrument). The sample was excited by Pico-quant 308 nm LEDsource, and the decay was measured in a time scale of 0.0488 ns/channel. Thedecay curves were analyzed by FAST software, provided by Edinburgh Instrumentalong with the fluorescence instrument.
2.4. Results and Discussion
2.4.1. Synthesis and characterization of ZnS Q-dotsAs is evident from the TEM image (Figure 2.1a), the chitosan stabilized ZnS Q-dots synthesized in the present study were nearly monodisperse and spherical inshape. The average particle size was found to be 2.9 nm from the correspondingparticle size distribution shown in Figure 2.1b. The high resolution TEM(HRTEM) image shown in the inset of Figure 2.1a, depicts the lattice-resolvedstructure of ZnS Q-dots.The UV-visible absorption spectrum (Figure 2.1c) of the ZnS Q-dotsshowed absorption edge around 300 nm, considerably blue-shifted compared tothat of bulk ZnS at 340 nm.30 This shift in band gap can be explained by theeffective mass approximation model with the particle in a box approach.31 Basedon the first order approximation of Brus equation32, the relationship between theparticle radius (r) and band gap Eg in ZnS nanocrystal33 is given by equation 2.1
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Figure 2.1. (a) TEM image of ZnS Q-dots with HRTEM image (inset) showing latticefringes. (b) Particle size distribution, (c) UV-visible spectra and (d) XRD pattern of thecorresponding ZnS Q-dots
Using equation (2.1), the diameter of the ZnS nanocrystal (considering Eg =4.14 eV) was calculated to be 3.14 nm which is in good agreement with TEMresults. The extinction coefficient of ZnS Q-dots at 315 nm was estimated to be 3.3× 105 M-1 cm-1. The crystallinity of the ZnS Q-dots was confirmed by powder XRDanalysis. The XRD pattern (Figure 2.1d) consisted of characteristic peaks at 28.5°,47.5° and 56.5° corresponding to principal Bragg reflections in {111}, {220} and{311} lattice planes, respectively, of bulk ZnS crystallizing in cubic zinc blendestructure according to the JCPDS-ICDD database.34 The quantum yield of ZnS Q-dots was calculated to be 9.5 %.
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2.4.2. Synthesis and characterization of citrate – capped Ag NPsCitrate-capped Ag NPs were prepared using a modified Turkevich process.29 TheTEM images revealed that the prepared Ag NPs are well-separated and mostlyspheroid in shape. Selected area electron diffraction (SAED) pattern of the Ag NPs(inset of Figure. 2.2) indicated poly-crystalline nature of the NPs. The averageparticle size was determined to be 37 nm from the corresponding particle sizedistribution (inset, Figure 2.2). A strong surface plasmon resonance (SPR) band at418 nm, characteristic of Ag NPs,35-36 was observed in the corresponding UV-visible spectra. The extinction coefficient of citrate-capped Ag NPs at 418 nm wasestimated to be 1 × 1010 M-1 cm-1. It may be mentioned here that no significantemission was observed for the prepared Ag NPs at the excitation wavelength of315 nm.

Figure 2.2. TEM image of Ag NPs with corresponding particle size distribution and SAEDpattern (inset).
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2.4.3. Fluorescence Quenching of ZnS Q-dots by Ag NPsThe effect of Ag NPs on the fluorescence properties of ZnS Q-dots was firstinvestigated by steady state fluorescence spectroscopy. The fluorescence intensityof ZnS Q-dots in presence of different concentrations of Ag NPs was recorded andthe results are shown in Figure 2.3a. It clearly shows that the fluorescence of ZnSQ-dots was efficiently quenched by Ag NPs in a concentration dependent way. Itmay be mentioned here that no quenching of ZnS Q-dots fluorescence wasobserved in presence of citrate, indicating the Ag NPs to be solely responsible forquenching effect.The fluorescence quenching was further analyzed using the well-knownStern-Volmer equation28 as given in equation 2.2
0 1 [ ]sv

F
K Q

F
  (2.2)

where, F0 and F represents the integrated fluorescence intensity in absenceand presence of quencher, respectively, Ksv is the Stern-Volmer quenchingconstant and [Q] is the concentration of quencher.

Figure 2.3. (a) Fluorescence of chitosan capped ZnS Q-dots (1.4 µM) in presence of (i) 0,(ii) 11.5, (iii) 2.30, (iv) 3.45, (v) 4.60, (vi) 6.90, (vii) 8.05, (viii) 10.35, (ix) 12.65, (x) 13.8,(xi) 16.1 and (xii) 18.4 pM Ag NPs. (b) Stern-Volmer plot of the correspondingfluorescence quenching.
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The corresponding Stern-Volmer plot (Figure 2.3b) demonstrates thequenching in the present Q-dot-NP pair is linear in the lower quencherconcentration range (0100 pM.) with a Ksv value of 9 × 109 M-1. The high Ksv valueindicates the efficient quenching in the present study.37 Additionally, positivedeviation (concave toward Y-axis) in the Stern-Volmer plot was observed athigher NP concentration. This superlinear behavior indicates the presence ofmixed quenching28 in the present system.Due to strong surface complexation with citrate, surface of the Ag NPsprepared in the present study is negatively charged.36, 38 Chitosan stabilized ZnS Q-dots, on the other hand, are positively charged as the pKa value of the chitosanamino group is estimated to be at ~6.3.39 The quenching of ZnS Q-dots by Ag NPsmay arise from the formation of static quenching complex via attractiveelectrostatic interaction. In order to investigate this electrostatic interaction, UV-visible spectra of the Ag NPs in presence and absence of ZnS Q-dots wereexamined (Figure 2.4a). Figure 2.4a clearly shows the simultaneous dampingand broadening of the SPR band of Ag NPs in presence of ZnS Q-dots. Thisindicates the aggregation of Ag NPs in presence of ZnS Q-dots. The electrostatic

Figure 2.4: (a) Absorption spectra of Ag NPs (11.5 pM) in the presence and absence ofZnS Q-dots (1.4 µM). (b) The fluorescence recovery of ZnS Q-dots on addition of varyingconcentration of NaCl. Io and I are the integrated fluorescence intensity of Q-dots inabsence and presence of Ag NPs respectively.
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interaction between chiotsan-stabilized ZnS Q-dots and Ag NPs may lead to theformation of a Q-dot-NP ensemble where a single Ag NP can quench a largenumber of ZnS Q-dots. This effect in turn could result in the extraordinaryquenching efficiency observed here. The formation of electrostatic complex duringthe quenching process was further supported by the observation that the increasein ionic strength significantly reduces the quenching efficiency.37, 40 Figure 2.4bshows the regaining of fluorescence from Ag NP-quenched ZnS Q-dots uponaddition of salt (NaCl). This observation was consistent with the previous reportsof reduced quenching efficiency due to ionic screening.37
However, the positive deviation of the Stern-Volmer plot indicates thatadditional mechanisms, in conjunction with electrostatic complex formation, areinvolved28, 37 in the quenching of ZnS Q-dot fluorescence by Ag NPs. Theinvolvement of energy transfer and electron transfer mechanism in the interactingQ-dot – NP pair has already been reported. Electron transfer mechanism which isonly predominant in smaller (< 5 nm) metal nanoparticles41 does not seem to playsignificant role as the Ag NPs in the present study are much larger (~37nm). Onthe other hand, energy transfer may significantly influence the present quenchingprocess due to the excellent overlap between ZnS Q-dots emission and the SPRband of Ag NPs (Figure 2.5).

Figure 2.5. Spectral overlap between the emission spectrum of ZnS Q-dots andabsorbance spectrum of Ag NPs.
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FRET can be defined as a process in which the excited state energy from theinitially excited ‘donor’ molecule is transferred to an ‘acceptor’ molecule. FREToccurs without the appearance of a photon and is a result of long range dipole-dipole interactions between the ‘donor’ and ‘acceptor’.28 In the present study, ZnSQ-dots and Ag NPs act as ‘donor’ and ‘acceptor’ respectively. The rate of energytransfer depends upon (i) the extent of spectral overlap between the donor’semission and the acceptor’s absorption, (ii) the relative orientation of thetransition dipole of the donor and the acceptor (iii) the distance between thedonor and the acceptor, and (iv) the quantum yield of the donor.28 The Försterdistance Ro, defined as the distance at which resonance energy transfer is 50 %efficient, is given by equation 2.3
125 2 4 6[8.8*10 ]oR n J    (in cm) (2.3)

where κ2 is the orientation factor between the emission dipole of the donorand the absorption dipole of the acceptor, n is the refractive index of the medium,φ is the quantum yield of the donor in absence of acceptor and J () is the overlapintegral of the fluorescence emission spectra the donor and the absorption spectraof the acceptor in units of M-1 cm3.  J () is given by equation 2.428
4

0

( ) ( )D AJ F d


      (2.4)where, FD() is the corrected fluorescence intensity of the donor with totalintensity normalized to unity, A() is the decadic extinction coefficient of theacceptor at , which is in unit of M-1 cm-1. In the present case, φ = 0.095, n = 1.33,κ2 = 2/3. According to equation (2.3) and (2.4), values of the above parameterswere found to be J = 2.2 × 10-9 M-1 cm3 and Ro = 18.4 nm. The value of Ro is higherthan the conventional Förster distance which could be due to large size and highermolar extinction coefficient of Ag NPs. This also indicates the involvement of NSETprocess.42
Were the energy transfer between the excited ZnS Q-dots and Ag NPsresponsible for emission quenching, characteristic signature can be found in the
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Figure 2.6. Fluorescence decay profile of ZnS Q-dots in absence and presence of Ag NPs.
emission decay profile of the ZnS Q-dots in time resolved fluorescencemeasurements.43-44 Time correlated single photon counting (TCSPC) provides anaccurate measurement of energy transfer, excluding both ground state complexformation and inner filter effect. Figure 2.6 shows the emission decay of ZnS Q-dots at 427 nm both in presence and absence of Ag NPs. The resulting fluorescencecan be fitted to exponential curve in order to derive the decay time constants,which can be used to calculate the lifetime of the fluorophore. It is evident from
Figure 2.6 that ZnS Q-dots follow a multi exponential decay, characteristic ofsemiconductor Q-dots.45 The decay was analyzed using bi-exponential kinetics asgiven in equation 2.5

( ) exp( )i i
i

I t t    (2.5)where, i and i are the pre-exponential factors and excited-statefluorescence lifetimes associated with the i-th component, respectively. Thelifetimes (1 and 2) and pre-exponential factors (1 and 2) of ZnS Q-dotsemission at different Ag NPs concentration, is summarized in Table 2.1. For the
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bi-exponential decay the average lifetime <  > was determined from the followingequation 2.628
2
ii

i i i

 
  

  (2.6)ZnS nanocrystals show an average lifetime of 47.05 ns in the absence of AgNPs, which decrease with increase in Ag NP concentration due to the availabilityof more number of acceptors. The decrease in average lifetime of the ZnS Q-dotsconfirms the involvement of an additional mode of quenching, other thanCoulombic interaction, possibly through energy transfer process between the ZnSQ-dot – Ag NP pair. Moreover, this explains the positive deviation observed in theStern-Volmer plot.
Table 2.1: Fluorescence life time data obtained using the biexponential model for the ZnSQ-dots in absence and presence of Ag NPs.
Ag NPs/ZnS Q-

dots
1 1 (ns)  2 2 (ns) <  > (ns) χ2

0 117 7.55 73.5 55.6 47.05 1.081.66×10-5 129 6.60 66.8 52.45 43.65 1.073.32×10-5 106.2 6.37 48.4 44.42 35.31 1.094.98×10-5 205.3 4.67 53.8 42.89 31.68 1.14
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2.5. ConclusionIn summary, water dispersible chitosan stabilized ZnS Q-dots of ca. 3 nm wereprepared in an environment friendly method. The interaction of ZnS Q-dots withcitrate capped Ag NPs resulted in the fluorescence quenching of the Q-dots inconcentration dependent manner. The corresponding Stern-Volmer plot for thepresent fluorophore-quencher pair indicated mixed nature of quenching with ahigh Ksv value (9 × 109 M-1) which demonstrates the efficient quenching of ZnS Q-dots by Ag NPs. The Coulombic interaction between the positively charged ZnS Q-dots and negatively charged Ag NPs led to the formation of electrostatic complexthat contribute to the static mechanism of the quenching process. Furthermore,the involvement of energy transfer process due to excellent spectral overlapbetween ZnS Q-dots emission and surface plasmon resonance (SPR) band of AgNPs was confirmed by the time resolved fluorescence measurements. The Ro valuecalculated for the present donor-acceptor pair was found to be 18.4 nm which wasgreater than the generally observed Förster distance. The implication of thepresent findings may lead to the development of long range FRET – or NSET –based methods for studying biological multicomponent system.
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Functional Chitosan
Nanocarriers for Potential
Applications in Gene Therapy*
This chapter illustrates the synthesis of functional chitosan nanocarriers
having ZnS Q-dots as imaging and folic acid as targeting modalities
respectively and pCD-UPRT as therapeutic agent. It also presents the
potential theranostic applicability of the nanocarriers.

* Much of this work has appeared in print. It is reproduced with permission from Materials
Letters, 2012, 68, 261264. Copyright © 2012, Elsevier.
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Chapter 3
Functional Chitosan Nanocarriers for Potential

Applications in Gene Therapy

3.1. Introduction

Gene therapy is a promising tool, involving transfer of a therapeutic gene intospecific cells for the treatment of certain forms of cancers and viral infections. Thechallenge remains in the development of suitable carrier, namely viral and non-viral vectors; the former exhibit higher transfection efficiency and rapidtranscription, but with the evident drawbacks of non-specific targeting, elicitingimmune responses and cytotoxicity, however, the latter bear an advantage ofsuperior safety.1Chitosan, a biocompatible polysaccharide has emerged as one of the suitablenon-viral vectors for gene therapy.2 Chitosan nanoparticles has been reported todeliver DNA, where targeting was achieved either by FA conjugation or using cellpenetrating peptides,2, 3 still there is lack of functionalities, to track the deliveryprocess. Though, organic fluorophore has been used to tag polymeric particles, theintrinsic drawback of photobleaching has limited its use in cell labeling. In thisrespect, semiconductor quantum dots have emerged as an excellent fluorophoredue to their outstanding optical properties and resistance to photobleaching.4Fluorescent chitosan nanoparticles, incorporating Cadmium (Cd) based quantumdots, has been reported,5, 6 but the inherent toxicity of Cd2+ ions impedes clinicalapplications. Therefore, there is a requisite for the functional nanocarriers whichwill be nontoxic, targeted and traceable. The development of such nanocarrierswill have tremendous applicability for theranostics.
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3.2. Outline of the Research Work

1) Functional chitosan nanocarriers having folic acid and ZnS Q-dots astargeting and imaging modules are synthesized and characterised.2) The nanocarriers were spherical in shape with size of ~75 nm andfluorescence maxima at 440 nm.3) Cell viability assay showed that the nanocarriers were non-cytotoxicagainst U87 MG and HT 29 cells.4) Presence of ZnS Q-dots within the nanocarriers helped in tracking theuptake process.5) Gel retardation and DNAse protection assay showed efficient binding ofpDNA containing suicide genes to the nanocarriers and stability againstdegradation respectively.
3.3. Experimental Section

3.3.1. Materials

Chitosan (low MW, >75 % deacetylated), Folic acid, Pluronic F-127, Sodiumtripolyphosphate (TPP), 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) were purchased from Sigma-Aldrich, USA. N-(3-dimethyaminopropyl)-N’-ethyl carbodiimide hydrochloride (EDC), zinc acetatedihydrate, sodium sulfide, was obtained from Merck, India. Milli-Q ultra-purewater (>18 MΩ cm, Millipore) was used in all experiments.
3.3.2. Synthesis of ZnS Q-dots stabilized by FA-chitosan

Conjugation of FA to chitosan was carried out following previously reportedmethod.8 The synthesis of FA-chitosan stabilized ZnS Q-dots was done using aninorganic wet-chemical synthesis method as mentioned in chapter 2 withmodifications. Briefly, zinc acetate (2 mM) was added to 0.05 % (w/v) FA-chitosansolution under constant stirring and heated at 80 °C for 15 min. After coolingdown to room temperature, 2 mM of freshly prepared sodium sulfide was addeddropwise in an ice bath with continuous stirring which resulted in the formation
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of ZnS Q-dots. The as prepared colloidal solution of ZnS Q-dots, was ultrasonicatedto remove the dissolved gases, if any, and preserved at room temperature in dark.
3.3.3. Synthesis of chitosan nanocarriers

Method of ionic gelation was adapted to synthesize the chitosan nanocarriers.10FA-chitosan stabilized ZnS Q-dots (5 mL) were taken and to it pluronic F127 (0.05mg mL-1) was added and stirred. Drop-wise addition of TPP (0.14 mg mL-1), undervigorous stirring at pH 4.5 resulted in the appearance of faint milky solutionindicating the formation of chitosan nanoparticle. Schematic for the synthesis ofthe nanocarriers is shown in Figure 3.1. Next, the prepared solution wascentrifuged at 15000 rpm and the pellet obtained was washed several times andfinally dissolved in water to form a colloidal solution of the nanocarriers.

Figure 3.1. Schematic showing the synthesis of the chitosan nanocarriers.
3.3.4. Cell viability assay and Cellular uptake of the nanocarriers

HT 29 (human colon adenocarcinoma) and U87 MG (Human glioblastomaastrocytoma) cell lines were maintained in the DMEM medium supplemented with10 % FBS, 50 U mL-1 penicillin and 50 mg mL-1 streptomycin in a humidifiedatmosphere containing 5 % CO2 at 37 °C. For the cell viability assay, cells wereseeded (104 cells/well) into a 96-well microplates and grown overnight. Aftertreating with varying concentrations (0-30 g mL-1) of the nanocarriers for 24 h,
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XTT based cell proliferation assay was carried out according to the manufacturer’sprotocol to determine the percentage of viable cells. For cellular uptake study, HT29 cells were seeded in 35 mm cell culture plates and grown for 48 h. It was thenincubated with the nanocarriers for 24 h and finally observed under fluorescencemicroscope (Nikon eclipse Ti) after washing with phosphate buffered saline (PBS;0.01 M, pH 7.4).
3.3.5. Binding of pCD-UPRT to chitosan nanocarriers and DNAse protection assay

pCD-UPRT (0.2 g) was incubated with varying concentration (0 - 0.6 g) ofchitosan nanocarriers for 1 h and then electrophoresed in 0.8 % agarose gel at 5 Vcm-1 and finally visualized in gel documentation system. Protection of complexedpDNA against DNAse degradation was studied after incubating the nanocarriers inpresence and absence of 10 U mL-1 DNAse I (Promega, USA) for 15 min at 37 °C,according to manufacturer’s protocol.
3.3.6. Transfection analysis of HT 29 cell line using chitosan nanocarriers

HT 29 cells were seeded in 6-well cell culture plates and transfected with pCD-UPRT loaded chitosan nanocarriers in serum free media for 12 h. Culture mediawas then removed and the cells were treated with 10 mM of the prodrug 5-FC inDMEM media for 48 h. Cells treated with 20 M of 5-FU for 48 h was taken as apositive control. After removing the culture media and washing with PBS, the cellswere briefly stained with Acridine Orange/Ethidium Bromide (AO/EB) (10 mgmL-1 AO and 10 mg mL-1 EB in PBS), in order to detect apoptotic or necrotic nuclei.Finally, the cells were visualized under a fluorescence microscope (Nikon eclipseTi) for AO and EB stain with blue and green filter respectively.
3.3.7. Instrumentation
UV-Vis and fluorescence spectra were recorded with Perkin Elmer Lambda 25 andPerkin Elmer LS 55 instrument respectively. Fourier Transform Infrared (FTIR)spectroscopy was done using a Perkin Elmer Spectrum One instrument.
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Transmission Electron Microscopy was performed in JEOL 2100 UHR-TEMinstrument. 5 L of sample was drop-cast on carbon-coated copper grids andsubsequently air-dried before TEM analysis. X-ray diffraction (XRD) pattern wererecorded with Brucker D8 Advanced X-ray diffraction measurement system, withCu K source ( =1.54 Å). Atomic Force microscopy was done using PicoScan™2500 (Molecular imaging corporation, USA) in a non-contact mode. Zeta potentialand solvated particle size was measured using Delsa™ Nano C (Beckman Coulter)at 25 °C using water as diluent having refractive index of 1.33 and viscosity of0.8878 cp. Zeta potentials were determined by measuring the electrophoreticmobility of charged particles under an applied electric field. The above instrumentused a zeta potential module equipped with a 35 mW two laser diode (658 nm)where the scattered light was detected at a 90o angle. Smoluchowski equation wasused to calculate the zeta potential values from the measured velocities.
3.4. Results and Discussion

3.4.1. Functionalization of chitosan with folic acid (FA)

The biofunctionalization of chitosan with folic acid was confirmed by UV-Visspectroscopy (Figure. 3.2a). Figure 3.2a showed the absorption spectra ofchitosan, FA and FA-chitosan. The characteristic peak in the 280 nm and 370 nmrange arising from the ππ* transition of the pterin ring of FA11 was clearlyobserved in the FA-chitosan. Since, there was no typical absorption feature ofchitosan; the above result confirmed the conjugation process. FTIR spectra ofchitosan, FA and FA-chitosan were shown in Figure 3.2b. The peakscorresponding to FA was not revealed in the IR spectra of FA- chitosan, whichcould either due to the broad absorption of chitosan or low modification.
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Figure 3.2. (a) UV-Vis spectra and (b) FTIR spectra of folic acid (FA), chitosan and FA-chitosan.
3.4.2. Synthesis and characterization of ZnS Q-dots using FA-chitosan as stabilizer

The FA-chitosan was then used for the synthesis of ZnS Q-dots. The UV-Vis andfluorescence spectra of the prepared ZnS Q-dots have been shown in Figure 3.3a.Absorbance edge at around 300 nm, considerable blue shifting from the 340 nmpeak of bulk ZnS was observed,9 indicating the role of quantum confinementeffect. An emission maximum at around 440 nm was detected when the Q-dotswere excited at wavelength of 315 nm. The crystallinity of the prepared ZnS Q-dots was demonstrated by the XRD pattern (Figure 3.4a) showing characteristicpeaks at 28°, 47°, and 56° corresponding to the {111}, {220} and {311} latticeplanes of bulk ZnS, respectively.9
3.4.3. Synthesis and characterization of ZnS Q-dots embedded chitosan nanocarrier

Next, functional chitosan nanocarriers were prepared from the FA-chitosanstabilised ZnS Q-dots by the method of ionic gelation using the polyanion, TPP. Asdepicted by the TEM (Figure 3.3b) and AFM image (Figure 3.3d, e, f), the ZnS Q-dots embedded FA-chitosan nanocarriers were nearly monodisperse andspherical in shape.
TH-1159_10615303



3.4. Results and Discussion

57

Figure 3.3. (a) UV-Vis and Fluorescence spectra of ZnS Q-dots, (b) TEM image of ZnS Q-dots embedded chitosan nanocarriers with inset showing the HRTEM of the Q-dots, (c)Particle size distribution, (d-e) AFM image, (f) corresponding 3D view of the nanocarriers.

Figure 3.4. (a) XRD pattern of the ZnS Q-dots. (b) Particle size distribution of chitosannanocarriers determined by photon correlation spectroscopy.
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The TEM image clearly shows the presence of ZnS Q-dots as dark spots embeddedwithin the nanocarriers. The lattice resolved planes of ZnS and size of ~3 nm wasseen from the high resolution TEM (HRTEM) of ZnS Q-dots (Figure 3.3b, inset).From the particle size distribution (Figure 3.3c) obtained from the TEM image,the average sizes of the nanocarriers were determined to be 75 ± 13 nm. The 3Dsurface view (Figure 3.3f) of the nanocarriers is shown in Figure 3.3 e depictingheight less than 3 nm. The solvated size of the nanocarriers was determined usingphoton correlation spectroscopy (Figure 3.4b) which yielded a diameter of 134.1nm for the chitosan nanocarriers (polydispersity index, 0.254). The solvated sizewas greater than those obtained from TEM/AFM measurement due to the swollenstate of the nanocarriers in aqueous environment. The smaller size of thenanocarriers and the use of poloxomer, pluronic F 127 in the synthesis processwould minimize the interaction of the nanocarriers with the plasma proteins,reducing opsonisation, and could thereby increase the circulation time of thenanocarriers.12 Zeta potential of the nanocarriers at 25 °C in water was measuredto be +24.65 mV, which was sufficient to render stability to the nanocarriersagainst aggregation.
3.4.4. Cytotoxicity evaluation and cellular uptake of the prepared nanocarrier

To evaluate the cytotoxicity of the prepared nanocarriers, we have performed theXTT assay. Notably, for both the cell lines tested, more than 95 % of the cells wereviable (Figure 3.5a) after 24 h of treatment even at the highest concentration ofnanocarriers used, thereby confirming its biocompatibility. Next, the cellularuptake of the nanocarriers was studied in HT 29 cells by using fluorescencemicroscopy. The representative phase contrast and fluorescence micrographs ofthe cells after 24 h of incubation with the functional nanocarriers, is shown in
Figures 3.5b and 3.5c respectively. The uptake of the nanocarriers was confirmedfrom the blue fluorescence observed (Figure 3.5c) which was ascribed to thequantum dots present within the nanocarriers. Though the fluorescence intensityobserved (Figure 3.5c) was low, but, in comparison to the control cells (Figure

3.5e) where no fluorescence was detected, indicated that the fluorescenceobtained was indeed due to the cellular internalization of the nanocarriers.
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Figure 3.5. (a) XTT assay of FA-chitosan nanocarriers at different concentrations againstU87 MG and HT 29 cells. Data are presented as the average ± SD. (b, d) Phase contrastimage and (c, e) Fluorescence micrographs of nanocarriers treated and non-treated HT 29cells, respectively. Scale bar: 50 m
3.4.5. Binding of pCD-UPRT to chitosan nanocarriers and DNAse protection assay

The gel retardation assay (Figure 3.6a) visibly showed that the amount of pDNAin the lanes reduced (lane 2 to lane 7) with increasing concentration of thenanocarriers indicating efficient binding. The bands observed in the wells of lane 2to lane 7 indicated the complexation of pDNA with the nanocarriers whichretarded the movement of the pDNA. Saturation of the nanocarriers with pDNAwas observed (Lane 7) for the maximum concentration of nanocarriers (the ratioof nanocarriers/pDNA was 3 g/g) used. Lane 1 and lane 8 represented thecontrols containing naked pDNA and the nanocarriers, respectively. Further, tocheck the stability of the pDNA during in vitro conditions, we carried out DNAseprotection assay which showed (Figure 3.6b) that binding of pDNA with thechitosan nanocarriers protected the pDNA from degradation (well 4) as comparedto naked DNA (lane 2), where no band was seen indicating complete degradationby DNAse. Lane 1 containing only the pDNA and lane 3 containing the pDNAcomplexed chitosan nanocarriers served as the experimental controls.
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Figure 3.6. (a) Gel retardation assay of pCD-UPRT (0.2 g) incubated with varyingconcentration (0.1, 0.2, 0.3, 0.4, 0.5, 0.6 g) of nanocarriers (Lanes 2-7). Lanes 1 and 8correspond to naked pCD-UPRT and nanocarrier control, respectively. (b) DNAseprotection assay, Lane 1 and 3 are non-treated pDNA and nanocarriers controlsrespectively, Lane 2 and 4 represents the samples of Lane 1 and 3 after DNAse treatment.
The zeta potential of the chitosan nanocariers after binding with pDNA wasmeasured to be +23.76 mV. Since, the nanocarriers were already synthesizedusing the polyanion TPP, the zeta potential of the nanocarriers after binding withpDNA was not much affected.
3.4.6. Transfection analysis of HT 29 cell line using chitosan nanocarriers

The transfecting ability of the chitosan nanocarriers were demonstrated by theinduction of cell death in HT 29 cell lines after addition of the prodrug, 5-FC, asrevealed from AO/EB staining. The fluorescence microscopic images obtainedwith blue and green filters post AO/EB dual staining was merged and is shown in
Figure 3.7. Transient expression of the suicide genes to CD-UPRT enzymesconverts the added prodrug 5-FC to 5-FU and other toxic metabolites, which leads
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to cell death.7 Figure 3.7a and 3.7b shows that the untreated and unloadedchitosan nanoarriers treated cells stained green due to the uptake of AO dye andboth have well organized chromatin structures indicating normal morphology. Onthe other hand, in case of pCD-UPRT complexed chitosan nanocarriers treatedcells, nuclear uptake of EB was observed as indicated by the orange-red stain ofthe dye (Figure 3.7c) which corroborated compromised cell membrane and celldeath. Cells treated with the drug 5-FU showed extensive cell death and served aspositive control (Figure 3.7d).

Figure 3.7. Merged fluorescence micrographs of AO/EB dual staining of (a) untreated, (b)unloaded chitosan nanocarriers, (c) pCD-UPRT loaded chitosan nanocarriers treated HT29 cells, with subsequent treatment with 5-FC for 48 h and (d) 5-FU treated HT 29 cellsafter 48 h of treatment. Scale bar: 100 m
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3.5. Conclusion

In summary, we demonstrated a facile method for preparation of functionalchitosan nanocarriers containing folic acid and ZnS Q-dots as targeting andimaging modalities, respectively. The prepared nanocarriers showed no toxicityagainst the cell lines tested, enabling it to be used for gene delivery. The cellularuptake of the nanocarriers was also demonstrated by fluorescence microscopy.Gel retardation and DNAse protection assay showed efficient binding and stabilityof pDNA containing the genes for CD-UPRT with the nanocarriers. The functionaleffect of the nanocarriers in transfecting HT 29 cells can further be explored as apotential non-viral system for gene therapy. Thus, the synthesized multifunctionalnanocarriers can suitably be used for theranostic applications.
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Chapter 4

Quantum Dot Impregnated-Chitosan Film for

Heavy Metal Ion Sensing and Removal

4.1. IntroductionRecently, synthesis of semiconductor nanocrystals (NCs), otherwise known asquantum dots (Q-dots) following a chemical transformation approach has gainedpace due to the exquisiteness of the process in altering one NC to another, which isotherwise challenging to prepare independently.1-12 The method not only enablesus to create nanostructures of diverse compositions, but also helps in engineeringmulticomponent novel nanomaterials/nanostructures having unprecedentedshapes and crystal structures.4-12 In this regard, chemical transformation can beconsidered as an important toolkit for synthetic chemists having four differentcategories of solid state chemical transformations viz. alloying, replacementreaction, cation exchange reaction and anion exchange reaction13-14 However, thecation exchange reaction has its uniqueness due to its ability to preserve theoriginal structure/morphology of the starting material.1, 3, 13-14
A great deal of research has been carried out by Alivisatos and co-workerson the cation exchange mediated transformation of cadmium (Cd) based NCs.1, 3-5,15 It has been shown that cadmium chalcogenide nanostructures can be convertedto other metal (Ag, Cu, Pb) chalcogenides simply by adding an excess of the metalion present in an organic solvent.1, 3 The ionic nature of the elements present ininorganic semiconductor has been shown to be responsible for the cationexchange process, where the anions serve to preserve the structural frameworkand the cations remain relatively mobile in the crystal lattice.1 The propensity ofcation exchange reaction depends on the thermodynamic driving force; whichdecides the direction of reaction and the ability to overcome the activation barrier
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for the diffusion of atoms and ions.13-14, 16 In this regard, the solvation of cationsand the relative solubility difference between the reactant and the product, act asdetermining factors for the thermodynamic favourability of the reaction.14, 16Higher solubility product constant of a reactant than that of the ionic solid productin the reaction medium facilitates the forward reaction of ion exchange.14 Once theabove condition is met, the activation barrier remains the limiting factor for thetransformation process.In case of bulk solids, the transformation process is slow because of highactivation energies, which impede the movement of atoms and ions in the solidand thus requires extreme reaction conditions.1, 13-14 However, NCs andnanostructures have large surface to volume ratio which enables statisticalaveraging of the kinetics, leading to homogeneity and molecule like reactionbehaviour.1, 14, 16 The factors governing the thermodynamic barriers inNCs/nanostructures include the ionicity of the cation-anion interaction, frame ofthe anion sublattice and the structural differences in the phases of the reactantand the product.13-16
The structural changes, if any, in the transformed product could stem fromthe change in volume and lattice parameters during the reaction.14, 16 Wark et al.have shown that the large fractional volume change (based on bulk latticeparameters) of the reaction can also lead to void formation and fragmentationdepending on the degree of lattice stress developed during the transformation.16Further, reports by Jeong et al. suggest that even changes in the fractional volumeof the NCs during the transformation reaction preserves the original morphologyof the NCs.14
Till date, most of the cation exchange based chemical transformationreactions have been reported for Cd based NCs.13 Only a few reports are availableon the cation exchange in ZnS nano/microstructures.17-19 Dloczik and Könenkamphave shown the transformation of columnar ZnO to ZnS and then converting theZnS columns to other metal chalcogenide columns by immersing the tubularstructures/films into aqueous solution of the respective metal ions.17 Thecomplete conversion took several hours and it required elevated temperatures.
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Similarly, Yu et al. have shown the conversion of ZnS colloidal spheres to CuS/ZnSnanocomposite hollow spheres by ion exchange method and studied itsphotocatalytic activity.20 Recently, Pala et al. showed that aerogels/xerogelscontaining ZnS nanoparticle could be used to remediate Pb2+ and Hg2+ pollutedwater. The method was able to reduce the heavy metal ion concentration below 15ppb.19 However, the reactant and the product particles did not exhibit theproperty of quantum confinement due to larger sizes and the transformationreaction was demonstrated in either alcohol or alcohol mixed with water organicsolvents. The method for preparing the aerogels as well as the technique used forthe removal of the contaminated metal ions was cumbersome as large volume ofsolution needed to be centrifuged to obtain the remediated water. Further, theability to distinguish between metal ions was not available. Fast and efficientexchange of ions in aqueous medium leading to characteristic Q-dot coloration areuseful for sensing and remediation of heavy metal ions, as bulk of the pollutantsare present in the aquatic environment.
4.2. Outline of the Research Work1) We report the fabrication of a composite film consisting of ZnS Q-dots andchitosan, a biopolymer. The film has been demonstrated to be capable ofsensing and removal of heavy metal ions such as Hg2+, Pb2+ and Ag+ fromwater.2) The film works on the principle of chemical transformation of ZnS Q-dotsinto product Q-dots, based on cation exchange reaction in aqueous solution.For example, the biopolymer chitosan stabilized ZnS Q-dots weresynthesized and transformed to HgS, Ag2S and PbS Q-dots in aqueousmedium.3) The transformation into product crystals was accompanied by display ofcharacteristic color corresponding to particular product Q-dot. Thus onecould easily identify the presence and removal of a heavy metal ion fromwater.4) The transformation reaction was validated by detailed characterization ofthe cation exchanged Q-dots using absorption and fluorescence
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spectroscopy, transmission electron microscopy, X-ray diffraction andatomic absorption techniques.5) The time of transformation depended on the nature of the product crystals(Q-dots). It was fast in the presence of Hg2+ or Ag+ (typically <1 s) andslower in the presence of Pb2+ (in minutes).6) Interestingly, the morphology of the reactant Q-dots was maintained in thetransformed products with differential volume changes due to thealteration in the crystal lattice parameters (depending on the product Q-dots).7) Overall, the film could detect individual ions or dominant ions in a mixtureof ions by simple display of change in colors.8) The biofriendly polymer film and the Q-dots have been chosen to be idealcandidates for demonstration of quick and easy sensing and removal ofheavy metal ions in water.
4.3. Experimental Section
4.3.1. MaterialsZinc acetate dihydrate [Zn(CH3COO)2.2H2O], mercuric chloride (HgCl2), mercuricnitrate (HgNO3.2H2O), lead nitrate [Pb(NO3)2], sodium sulphide (Na2S) and aceticacid (glacial, 99-100%) were purchased from Merck Pvt. Ltd. (India). Silver nitrate(AgNO3) and chitosan were purchased from Sigma-Aldrich chemical Pvt. Ltd.(USA). All chemicals were of AR grade and used as received without any furtherpurification. MilliQ ultra-pure water (>18 MΩ cm) was used for all experiments.
4.3.2. Synthesis of ZnS Q-dotsZnS Q-dots were prepared following a method reported previously by our group21-22 and mentioned in chapter 2 with slight modification. Briefly, 21 mgZn(CH3COO)2.2H2O was added to 9 mL of 0.5 mg mL-1 chitosan solution (dissolvedin 0.1 % acetic acid) and it was heated at 80 °C for 15 min with continuousstirring. Next, the solution was allowed to cool down to room temperature andthen 10 mM Na2S solution was added dropwise to the above solution (kept in an

TH-1159_10615303



4.3. Experimental Section

71

ice bath) under vigorous stirring in an ice bath. This resulted in the formation ofmilky colloidal suspension indicating the formation of ZnS Q-dots. The resultingcolloidal dispersion was centrifuged at 20000 rpm for 15 min and the pellet thusobtained was washed with water for 3 times to remove unreacted ions, if any.Finally, it was suspended in 0.1 % acetic acid solution using a sonication bath toobtain a colloidal dispersion of ZnS Q-dots. The synthesized ZnS Q-dots werecharacterized using transmission electron microscopy (TEM), UV-vis andfluorescence spectroscopy and X-ray diffraction (XRD) measurements. For UV-visand fluorescence spectroscopy quartz cuvettes of 1 cm path length were used.
4.3.3. Cation exchange reaction for the transformation of ZnS Q-dotsThe chemical transformations of the ZnS Q-dots were performed by adding anaqueous solution of the desired metal ion to the ZnS Q-dot dispersions at roomtemperature and pH 5.56.0. For the conversion of ZnS Q-dots to HgS, Ag2S andPbS Q-dots, a desired amount of the dispersion of ZnS Q-dots was taken in a vialand 5 times excess of Zn2+ ions in ZnS Q-dots of the respective heavy metal ion(Hg2+, Ag+ and Pb2+) was added to the solution, which resulted in the formation ofdifferent coloured solution depending upon the metal ions used. The addition ofHg2+ and Ag+ ions resulted in the immediate appearance of bright yellow andbrown colour solution indicating the cation exchange mediated transformation ofZnS Q-dots. On the other hand, the addition of Pb2+ resulted in the formation ofbrown coloured solution several minutes after addition; the solution turned darkbrown after about 6 h, indicating the transformation of ZnS Q-dots to PbS Q-dots.After the completion of the reaction, the Q-dots were centrifuged and the pelletwas suspended in 0.1 % acetic acid solution after washing with MilliQ water forthree times to remove the unreacted heavy metal ions and the released Zn2+ ionsin the transformation process. The recovered Q-dots were characterized by TEM,UV-visible spectroscopy and XRD. The elemental compositions of the Q-dots weredetermined from the energy dispersive X-ray spectroscopy (EDS).
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Figure 4.1. Schematic diagram depicting the cation exchange mediated chemicaltransformation of ZnS Q-dots to HgS, Ag2S and PbS Q-dots.
4.3.4. Fabrication of ZnS impregnated Chitosan film5 mg mL-1 chitosan solution was prepared in 0.5 % acetic acid and it was filteredto remove insoluble impurities, if any. 5:1 (v/v) chitosan solution and (chitosan-stablized) ZnS Q-dots were taken in a conical flask and mixed well using bothstirring and sonication. The mixture solution was then poured in a polypropyleneplate (1.5 cm height) and kept in an incubator at 37 0C. After ~48 h the film wasseparated from the plate and it was removed with the help of forceps. Theprepared film was characterized using scanning electron microscopy (SEM), UV-visible spectroscopy and EDS.
4.3.5. Using the fabricated film for heavy metal removalThe ZnS Q-dots impregnated chitosan film was cut into 2 × 2 sq. cm small piecesand was used as a dipstick for the removal of heavy metal ion from solution. Twodifferent concentrations of each of the heavy metal ion solution of 20 mL volumeat neutral pH were taken in a tube and the film was completely immersed into it.The film was left immersed at room temperature for 1 h in case of Hg2+ and Ag+,whereas, it was dipped for 2 h in case of Pb2+ ions. Manual swirling of the solutionwas done at each 10 min interval. The initial and final concentration of the metalions along with the Zn2+ ion released in the solution was determined using atomic
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absorption spectroscopy (AAS). The entire experiment was performed intriplicates and the data is presented as mean ± SD of three independent readings.
4.3.6. InstrumentationTEM and selected area electron diffraction (SAED) analyses were performed usingJOEL 2100 UHR-TEM instrument operating at an accelerating voltage of 200 kV.Sample for TEM was prepared by placing a 5 L dropcast onto a 300 mesh carboncoated copper grid with subsequent air drying. UV-vis and fluorescencespectroscopy were carried out with Perkin Elmer LS 25 and Perkin Elmer LS 55spectrophotometers respectively. XRD was recorded with a Brucker D8 AdvancedX-ray diffraction measurement system, with Cu K source ( = 1.54 Å). SEM wascarried out using a LEO 1430VP SEM, after coating the sample with gold film usingPolaron sputter coater. Elemental analysis using EDX spectroscopy was performedwith Oxford INCA X-sight equipment attached to the LEO 1430VP SEM. Theelemental concentrations of the metal ions in the medium were determined usingVarian Inc. AA240 AAS.
4.4. Results and Discussion
4.4.1. Characterization and transformation of ZnS Q-dotsAs mentioned in the Experimental Section, ZnS Q-dots were synthesized inaqueous medium using chitosan as the stabilizing agent. The stabilized Q-dotswere dispersed in water medium for characterizations and transformation. TheUV-vis spectrum of the dispersion is shown in Figure 4.2a, which consists of anexcitonic edge at 304 nm. The band gap was calculated from the Tauc plot (Figure

4A.1 a, Appendix) which resulted in a value of 4.09 eV. The band gap increasedconsiderably, in comparison to bulk band gap (3.60 eV) of ZnS semiconductor andthereby indicating the role of quantum confinement.21, 23 Figure 4.2b representthe emission spectrum of the dispersion. At an excitation wavelength of 315 nmthe dispersion displayed an emission spectrum with maximum at 438 nm. TEMmeasurements of the dispersion indicated the presence of NCs with average sizeof 3.6 ± 0.8 nm (Figure 4.2c). XRD measurements supported the formation of ZnS
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Figure 4.2. (a) Absorbance spectrum, (b) Fluorescence spectrum, (c) TEM image and (d)XRD pattern of ZnS Q-dots

Figure 4.3. FTIR spectrum of chitosan stabilized ZnS Q-dots.
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NCs (Figure 4.2d). FTIR measurements indicated the presence of chitosan(Figure 4.3). Thus the dispersion consisted of ZnS Q-dots along with chitosan.The dispersion was colorless in nature. However, when an excess of theheavy metal ions, Hg2+, Ag+ or Pb2+, was added to the aqueous dispersion of the Q-dots, change in the coloration of the medium could be observed at various times(Figure 4.4a, inset).  For example, after addition of Hg2+ or Ag+ ions, aninstantaneous (in <1 s) appearance of colour could be observed. Addition of Hg2+led to formation of bright yellow color, indicating the formation of HgS; whereasthe presence of Ag+ ions resulted in brown coloration, possibly due to formation ofAg2S. This instantaneous nature of cation exchange mediated transformation of Q-dots has been previously reported by Son et al. in Cd based NCs. 1 Interestingly,addition of Pb2+ ions did not result in an instantaneous colour change, however,the brown colour development indicating the formation of PbS Q-dots, occurred inthe time scale of minutes. It took typically about 1530 min for the appearance ofbrown colour, depending upon the concentration of the ions used.Further, the normalized absorption spectra of the heavy metal ion treatedsamples are shown in Figure 4.4a. Treatment of Hg2+ ions led to an absorptionedge at 500 nm, whereas, treatments of Ag+ or Pb2+ resulted in a broad absorptionspectrum in the UV-vis region (especially up to 650 nm). The absorption spectralfeatures of all the transformed products matched with corresponding Q-dots.24-29In all cases, the absorption feature of ZnS Q-dots was not observable, indicatingpossible complete transformation of the Q-dots in the reaction.The direct band gaps of the converted Q-dots were also determined usingTauc plot30-31 (Figure 4A.1, Appendix) and the results are summarized in Table

4.1, along with the bulk band gap of the respective compound. The band gaps of allthe Q-dots were higher in comparison to the band gaps of the bulk compound,clearly indicating the role of quantum confinement.23-29, 31-32 The determined bandgaps of the transformed Q-dots were similar to those respective Q-dots reportedearlier; which were synthesized separately following organo-metallic or wetchemical synthetic approaches.23-29, 31-32 The emission of the ZnS Q-dots was
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Figure 4.4. (a) Normalized UV-vis-NIR spectra of ZnS Q-dots and that of ZnS+Hg2+,ZnS+Ag+ and ZnS+Pb2+, with inset showing the appearance (photographs) of the colloidaldispersions in visible light. (b) Fluorescence spectra of ZnS Q-dots and that of ZnS+Hg2+,ZnS+Ag+ and ZnS+Pb2+ solution.
nearly quenched (Figure 4.4 b) after the addition of either of the cations. Thequenching of fluorescence of Q-dots after undergoing a cation exchange reactionhas previously been reported for Cd based Q-dots.1 Thus the absorption andfluorescence spectroscopic measurements indicated transformations of ZnS Q-dots in the presence of ions in the medium to corresponding product Q-dots.
Table 4.1. Band gap of the semiconductor bulk material studied in the present case alongwith the calculated band gap of the respective materials at its quantum size using theTauc plot.

Quantum
dots

Bulk band
gap21, 23-29, 31

(direct)

(eV)

Determined
band gap from
Tauc plot (eV)

ZnS 3.60 4.09HgS 0 2.48Ag2S 1.00 2.16PbS 0.41 1.86
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Figure 4.5. a) XRD patterns of (i) ZnS Q-dots, and the transformed (ii) HgS Q-dots, (iii)Ag2S Q-dots and (iv) PbS Q-dots. The lines under the spectra represent the JCPDS patternfor each material. b) EDX spectra of the (i) reactant ZnS Q-dots and the transformed (ii)HgS Q-dots, (iii) Ag2S Q-dots and (iv) PbS Q-dots. The inset shows the atomic percentageof the elements present in the respective Q-dots.
Figure 4.5a shows the XRD diffraction patterns and the EDS analyses of thereactant and the cation-treated products respectively. All the peaks were indexedwith the JCPDS pattern of the respective compound shown in stick pattern alongwith the XRD pattern. Figure 4.5a (i) corresponds to the XRD pattern of as-prepared ZnS Q-dots. As is clear from the figure and the stick pattern the peaks at28.5°, 47.5° and 56.4° correspond to the {111}, {220} and {311} planes of ZnS inthe cubic phase of sphalerite crystal. Addition of either of Hg2+, Ag+ or Pb2+ led tonearly complete disappearance of the peaks corresponding to ZnS crystal. Inaddition, new peaks appeared corresponding to crystals of HgS, Ag2S and PbSrespectively. For example, as shown in Figure 4.5a (ii), the peak at 26.3°
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corresponds to {111} plane of HgS (in cubic phase of metacinnabar). Similarly,shown in Figures 4.5a (iii) and 4.5a (iv) are the XRD patterns of the samplestreated with Ag+ and Pb2+ ions and the peaks appear corresponding to latticeplanes of Ag2S (in monoclinic phase of acanthite) and PbS (in cubic phase ofgalena) respectively. Thus, XRD measurements supported the transformation ofZnS Q-dots into HgS, Ag2S and PbS crystals upon treatment with Hg2+, Ag+ and Pb2+ions respectively. EDS results, shown in Figure 4.5b, further supported thetransformation of ZnS into the above crystals following treatments withcorresponding parent ions. It may be mentioned here that although quantitativemeasurement of ion concentration in a sample is not possible based on EDSmeasurements, their relative abundance could be at least indicative. Thus, asshown in the Figure 4.5b, the ratio of Pb and S to have been 1:1, Ag and S to havebeen 2:1 and Pb and S to have been 1:1 in the corresponding crystal could beconcluded from the results. The complete conversion cannot be established fromthese results as minute quantity of amorphous ZnS particles could remainunreacted; even then the results indicated nearly complete transformation of theZnS Q-dots. The minor peak corresponding to Zn atom in case of Figure 4.5b (iii)can possibly be due to the adsorption of the released Zn2+ ions or some non-transformed Q-dots. Overall, EDS results supported the transformation of ZnS intoproduct crystals as in the case of XRD measurements.Further, morphological analyses of the as-synthesized Q-dots and those ofthe products were carried out using TEM. Figures 4.6 a, b, c and d show the TEMimages of as-synthesized (ZnS) Q-dots along with the products of Hg2+, Ag+ andPb2+ treated samples. As is clear from the figures spherical nanoparticles (NPs)were present in all samples. The particle size distributions were obtained from theTEM images and are shown in Figure 4.6 (i-l). The average particle size andstandard deviation were calculated directly from the individual sizes, which alsoare in good agreement with the results of Gaussian fit to the histogram. Also, thesize distributions for all the samples were narrow. The sizes of the as synthesizedZnS, and those of samples treated with Hg2+, Ag+ and Pb2+ were calculated to be 3.6± 0.8, 3.9 ± 0.9, 7.3 ± 1.9 and 3.9 ± 0.9 nm respectively. High resolution TEM
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Figure 4.6. (a-d) TEM images of the reactant ZnS Q-dots and the transformed HgS, Ag2Sand PbS Q-dots respectively. (e-h) HRTEM images of ZnS, HgS, Ag2S and PbS Q-dotsrespectively with inset showing the SAED pattern. (i-l) The particle size distribution of theZnS, HgS, Ag2S and PbS Q-dots respectively along with the Gaussian fit to the respectivehistogram.
(HRTEM) of the samples (Figure 4.6 e-h) and the SAED pattern (Figure 4.6 e-h,
inset) showed clear lattice fringes and crystallinity of all them. The resultsconfirmed the formation of HgS, Ag2S and PbS NCs as results of reactions betweenZnS Q-dots and Hg2+, Ag+ and Pb2+ respectively. Lattice spacing corresponding toindividual NCs is identified in the figures.Further, a careful analysis of the average sizes and the distributions ofparticle sizes therein indicated systematic change in the sizes of the particles uponchemical transformation. Additionally, retention of sphericity for all thetransformation indicated preservation of morphology of the crystals during theprocess. Previous reports suggest that the morphology of NCs is often maintainedafter the transformation reaction,1, 6-12 which was also observed in the cases
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herein. This signifies that during a cation exchange reaction the structural frame ofthe anionic sub-lattice is preserved with only minor alterations of the anion latticepositions.  Therefore, the transformation reaction proceeded by the diffusion ofthe cations through the anionic sub-lattice. It has been reported that the exchangereaction could initiate and propagate at particular regions of the reactantnanostructure.16 The rationale behind this was proposed to be due to thedifference in the polarity in the facets of NCs as well as the difference in theaccessibility (or for that matter inaccessibility) of the reactant cation to thedifferent regions of the NCs due to selective passivation.16 However, in the presentcase, the XRD, EDS and TEM results suggested that the transformation reactionwas complete and non-selective; as we did not observe any partially exchanged Q-dot neither we had the evidence of a faceted reaction.The increase in size of the Q-dots with respect to the reactant ZnS Q-dotscould be explained on the basis of the change in the lattice parameters whileencompassing the transformation reaction. The crystal structure, latticeparameters of the reactant and product Q-dots, and the fractional volume changeduring the cation exchange process, based on the unit cell volume of the bulkmaterial are summarized in Table 4.2.As the crystal structure of the ZnS Q-dots and that of HgS and PbS Q-dotswere all in the same cubic zinc blende phase, only small fractional change involume could be observed, which was commensurate with the unit celldimensions of the respective materials. The calculations validated the minorincrease in dimensions of the ZnS Q-dots when transformed into HgS and PbS Q-dots, as were observed in the TEM images. Whereas, the transformation of ZnS toAg2S Q-dots resulting in significant volume increase, as seen from the TEMmicrographs (Figure 4.6c), can be attributed to the change in the cubic crystallinephase of ZnS to monoclinic phase of Ag2S Q-dots. Approximately, two fold increasein the fractional volume change takes place based on the unit cell latticeparameters, thereby, attesting the major size increase in case of Ag2S Q-dots.  It isinteresting to note that in spite of significant volume increase in the Ag2S Q-dots;there was no void formation or fragmentation of the resulting Q-dots,
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Table 4.2. Structure, lattice parameters and the fractional volume change for the reactantand the transformed Q-dots in the present study.
Q-dots

Crystal

Structure
Lattice Parameters

Unit cell
volume

(Å)3

ΔV/V

ZnS
Sphalerite(cubic) a = b= c = 5.406 Å

900 157.99 reactant
HgS Metacinnabar(cubic) a = b= c = 5.8537 Å

900 200.58 0.27
Ag2S Acanthite(Monoclinic) a = 9.52, b = 6.93,c = 8.29 Å, 900,

123.870 454.11 1.87
PbS

Galena(cubic) a = b= c = 5.9340 Å
900 208.95 0.32

demonstrating that the transformation reaction required only minor structuralchange irrespective of prominence of the increase in volume.The cation exchange transformation reaction majorly depends on thesolubility product constant (Ksp) of the reactant and the product, whichdetermines the thermodynamic favourability of the reaction. The solubilityproduct of an ionic solid is the equilibrium constant between its solvated and thesolid state. The solubility product constant of the different materials investigatedin the present study along with the Gibbs free energy change (ΔG0) for theirdissolution into ions and the reduction potential of cations are summarized in
Table 4.3. The free energy change of solvation depends upon the solubilityproduct according to equation 4.1.

0 ln spG RT K   (4.1)
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Table 4.3. Solubility product data, free energy change of solution of the metal sulfides andthe reduction potential of the cations studied in the present case at 250C.
Quantum

dots

Solubility
Product

constant14,

Ksp

Ksp ratio
ΔG0

(Dissolution
into ions)

Reduction
Potential

(E0) of
cation19

(Mn+/M) (V)

Difference
in reduction

Potential
(ΔE0)

ZnS 3.00 × 10-25 reactant 1.40 × 105 -0.763 -
HgS 6.00 × 10-53 5.00 × 1027 2.98 × 105 +0.854 +1.617
Ag2S 3.00 × 10-50 1.00 × 1025 2.83 × 105 +0.79 +1.55
PbS 1.00 × 10-28 3.00 × 103 1.60 × 105 -0.125 +0.638
The positive value of the free energy change indicates that the dissolutionof the metal chalcogenides into respective ions is nonspontaneous, whereas, thereverse reaction is favourable. As it can be seen from Table 4.3 that the solubilityproduct constant of HgS, Ag2S and PbS are less; and the free energy is morepositive than that of ZnS. The higher value of Ksp ratio which denotes theequilibrium constant for the cation exchange reaction; signifies that the exchangereaction goes to completion. Further, the rate of reaction has been ascribed to thedifference in the reduction potential of Zn2+ and the incoming metal ions.19 Thushigher difference between the reactant and the product metal cation reductionpotential leads to faster exchange reaction.19 For example, larger positivereduction potential of Hg2+ in comparison to that of Pb2+ leads to faster reduction.Thus, ZnS Q-dots could spontaneously get converted into the other Q-dots in theorder of HgS > Ag2S > PbS.  It is worth mentioning that the above transformationdo not occur instantly in case of bulk materials due to large kinetic barrier,whereas, the nano counterpart of the respective materials can cross the kineticbarrier instantaneously depending on K*sp, the solubility product constant of theNC, which has been defined as,

*
,log log 2 / [3log( )]sp sp bulk mK K A RT  (4.2)
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where, Ksp, γ and Am are the solubility product, the surface tension andmolar surface area of the solute respectively.13-14 It is noteworthy to mention thatwhen a mixture of Hg2+, Ag+ and Pb2+ ions in the same ratio were used, HgS wasformed favourably over others. Thus magnitude of solubility product of theproduct NC plays the key role in deciding how facile the transformation would be.In order to probe the efficacy of using the Q-dots (ZnS) for sensing andremoval of heavy metal ions tests were carried out in the presence of varyingconcentrations of Hg2+ ions in water. For this the ZnS Q-dots (0.43 M) weredispersed in water as the UV absorbance of the dispersion showed a clear andmeasureable edge. The UV-vis absorption spectra of the dispersion at varyingconcentration of Hg2+ are shown in Figure 4.7. It was observed from the spectrathat for 1 – 10 ppm of Hg2+ the absorbance edge corresponding to the ZnS Q-dotswere prominent (although diminishing systematically) with slight appearance of abackground beyond 350 nm. At 25 ppm, it was noticed that the edgecorresponding to ZnS Q-dots completely vanished and that of HgS Q-dots startedappearing indicating conversion of ZnS to HgS Q-dots. The colour of the solution

Figure 4.7. Absorption spectra of ZnS Q-dots when treated with varying concentration ofHg2+ ions. The right panel images represent the appearance of the samples under visiblelight illumination, at the concentrations mentioned in the legend (ppm).
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also turned to light yellow - the characteristic feature of HgS Q-dots in the presentcase, which enabled the visible identification of the formation of HgS Q-dots. Anarray of such transformation of color in the presence of 9 different cells ofdispersion is shown in Figure 4.7 (right panel images). As is clear from the figure,the change of color is apparent when the concentration of Hg2+ was 25 ppm orhigher.Further, at a concentration of 50 ppm Hg2+, prominent absorbance edgecorresponding to HgS Q-dots along with intense yellow colour of the solution wasdetected and beyond this concentration no change; either in the peak position orin the colour of the solution indicating the saturation point, where all the ZnS Q-dots present were possibly converted to HgS Q-dots. The result signifies that atthis particular concentration of ZnS Q-dots, i.e. 25 ppm of Hg2+, the same ions canbe visually detected due to the development of yellow coloration. Thustransformation of Q-dots by ion-exchange reaction could be used for visualdetection as well as arresting of heavy metal ions.We also investigated the possibility of sensing and removal of otherdivalent and trivalent metal ions using ZnS Q-dots in liquid medium and theresults are shown in Figure 4A.2 (Appendix). Addition of divalent cations likeCd2+, Mg2+, Mn2+, Sr2+ did not show any immediate colour formation in contrast tothe heavy metal ions mentioned above. On the other hand, addition of Cu2+showed brown colour development. The presence of Fe2+ and Fe3+ ions showed afaint brown colour, which was the intrinsic colour of the salts when dissolved inwater. Amongst the tested trivalent ions, Au3+ (being present as AuCl4-) showeddark brown colour formation possibly due to its conversion into sulphide,whereas, Al3+ did not show any visible colour development. The formation ofcolour for the particular metal ions can again be accounted for based on thesolubility product constant of the metal sulphide and the reduction potential of themetal ion. None of the ions exhibited prominent coloration as in case of Hg2+,making the process distinct and possibly selective. Hence, the lowest solubilityproduct of the HgS and higher reduction potential of Hg2+ ions make the processcompetent for Hg2+ ion detection and removal. It may be mentioned here that thelimit of detection of the current sensor was not to the ppb level, as in case of
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reported DNA aptamer, antibody or organic ligand based sensors;33 however, thesimple chemistry, along with the use of cheaper biopolymer having the filmforming capability and visual colour formation, subsiding the need ofsophisticated instrumentation, empowers it to be useful for sensing and removalof the selective heavy metal ions from contaminated water.
4.4.2. Fabrication of ZnS Q-dots impregnated chitosan film and heavy metal ion
removalIn order to exploit the ability of the ZnS Q-dots to undergo a cation exchange basedchemical transformation reaction, we fabricated chitosan films impregnated withZnS Q-dots and used it as a simple dipstick tool for sensing and removal of heavymetal ions from contaminated water. Chitosan (poly(1,4--D-glucopyranosamine)) is a biocompatible and biodegradable polymer obtainedfrom the deacetylation of chitin (poly-(1,4--N-acetyl-D-glucosamine)) found inthe shells of crustaceans, which is the second most abundant polysaccharide innature.34-35 Chitosan also has the excellent property of forming films withsufficient mechanical properties.36 The scheme for the fabrication of the chitosanfilm is shown in Figure 4.8 and further details are available in the ExperimentalSection. The SEM image of the fabricated film is shown in Figure 4.9. The filmshowed smooth morphology with a thickness of ~35 m as measured from SEMand phase contrast micrographs (Figure 4A.3, Appendix).

Figure. 4.8. Schematic demonstrating the fabrication of ZnS Q-dots impregnated chitosanfilm along with the appearance of the drop cast of different metal ions onto the fabricatedfilm under visible and UV light.
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Figure 4.9. SEM images of the chitosan film (a) showing smooth morphology and (b) thevertical section showing the thickness of ~35 m.
The presence of ZnS within the film was confirmed by EDS and UV-visiblespectroscopic analysis (Figure 4A.4, Appendix). Also, shown in Figure 4.8 are thecolor changes following addition of water containing heavy metal ions (Hg2+, Ag+and Pb2+). The visual appearance of the ZnS Q-dots-chitosan film with the dropcast of different heavy metal ion in visual light and under UV illumination is shownin Figure 4.8. The Hg2+ ions led to the characteristic yellow colour, whereas, Ag+and Pb2+ resulted in dark and light brown coloration, similar to those observed insolution. When the film was observed under UV light, the bright blue fluorescenceof the ZnS Q-dots was completely quenched. The drop cast of Pb2+ which was onlyfaintly visible, can easily be identified under the UV illumination. Although thephotographs shown here were based on drop cast, which was used for easydemonstration of different colours due to different metals, a single film could alsobe used for removal of single metal or multiple metals by dipping the same in themedium (as described later). The rationale behind the film fabrication was that,that it can suitably be used as a simple dipstick method for the removal of heavymetal ions (Hg2+, Ag+ and Pb2+) from aqueous solution. The film can simply bedipped into the contaminated water/sample for a certain period of time and latercan be removed easily, enabling the exchange of less toxic Zn2+ ions from the filmwith that of a toxic heavy metal ion from the solution. We have also fabricatedchitosan film devoid of the ZnS Q-dots and checked its role for the detection of themetal ions. The drop cast of the different metal ions onto these unloaded films didnot show the development of any colour either in visible light or under UV
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Figure 4.10. Matrix created by the drop cast of different metal ions of varyingconcentrations as well as mixtures under (a) visible and (b) UV light. A1-A6, B1-B6 andC1-C6 represent the drop cast Hg2+, Ag+ and Pb2+ at 5, 10, 25, 50, 100, 500 ppmrespectively. D1 and D2 show the drop cast of mixture of Hg2+: Ag+ and Hg2+: Pb2+ in 1:1ratio, D3 and D4 are the drop cast of Ag+: Pb2+ and Hg2+: Ag+ in 1:1 and 1:2 ratio in theorder. D5 and D6 represent the mixtures of Hg2+: Ag+: Pb2+ in 1:1:1 and 1:2:1 ratiosrespectively.
illumination (Figure 4A.5, Appendix). This demonstrated that only the Q-dotsimpregnated within the films were responsible for the detection of the metal ions.

Figure 4.10 shows the arrays of drop cast of varying concentrations ofdifferent metal ions onto the chitosan film under visible and UV light. ColumnsAC represent the appearance of the drop cast of Hg2+, Ag+ and Pb2+ in increasingconcentration along the rows 16 (5 500 ppm). Hg2+ and Ag+ ions wereidentified in the visible illumination in the 50500 ppm concentration range dueto the development of yellow and brown color respectively, whereas no visualcolor was identified at lower concentrations.  When observed under UV light,spots of  Hg2+ and Ag+ even at the concentration of 5 ppm and 25 ppm respectivelywas observed. Pb2+ ions, which did not formed any visual coloration under whitelight at the range of concentration being tested, were easily identified under UVillumination even at the lowest concentration of 5 ppm. When mixtures of thedifferent metal ions were used for the drop cast, then the formation of color wasbased on the solubility product constant. The mixtures containing the Hg2+ ionsled to the development of yellow color, deserting the effect of other metal ions
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Table 4.4. Initial and final concentrations of the heavy metal ions (Hg2+, Ag+ and Pb2+),amount of Zn2+ released and the percentage removal of the respective metal ions usingZnS Q-dot impregnated chitosan films.
Heavy
Metal

ion

Initial
concentration

(Ci)
(ppm)

Final
concentration

(Cf)
(ppm)

Amount
removed

(Ci-Cf)
(ppm)

Amount
of Zn2+

released
(ppm)

%
Removal
(Ci-Cf)/ Ci

×100

Hg2+
9.17 ± 0.25 5.23 ± 0.11 3.93 ± 0.37 4.85 ± 0.72 42.9019.77 ± 1.17 8.67 ± 1.21 11.1 ± 2.37 8.6 ± 0.25 56.16

Ag+
8.18 ± 0.44 3.68 ± 0.29 4.5 ± 0.73 1.87 ± 0.29 55.0317.78 ± 1.19 6.54 ± 0.34 11.24 ± 1.54 4.96 ± 0.34 63.22

Pb2+
8.01 ± 0.19 4.67 ± 0.23 3.34 ± 0.42 2.55 ± 0.38 41.6820.68 ± 0.42 15.53 ± 0.1 5.15 ± 0.53 4.15 ± 0.69 24.89

(D1-D2 and D4-D6). Similarly, the mixture of Ag+ and Pb2+ caused the appearanceof brown coloration (D3), characteristic of Ag+ ions in the present case.As a proof of principle to determine the heavy metal ion removal capacityof the fabricated film, we dipped a 2 × 2 sq. cm film in two differentconcentrations; each of which consisted of either of Hg2+, Ag+ and Pb2+ aqueoussolution. The initial and final concentrations of the respective metal ions weredetermined using AAS and the results are summarized in Table 4.4. In order toaccredit that the removal mechanism involved cation exchange reaction, theconcentration of Zn2+ in each of the sample was also monitored. Additionally, theAAS data was also corrected by subtracting the amount of Zn2+ released, if any, bydiffusion or other means from the film to the solution, in order to demonstrate thesole role of cation exchange reaction in the transformation process. It wasobserved from the AAS data that about 50% of the Hg2+ ions were removed fromthe solution within 1 h duration, whereas, more than 60% of Ag+ ions wereremoved within the same time period. The amount of Zn2+ ions released werealmost similar to those of Hg2+ and Pb2+ removed and was nearly half the amountin case of Ag+; maintaining the stoichiometric ratio. In case of Pb2+ ions, nearly
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40% of the ions were removed in 2 h duration from the initial concentration of ~8ppm, whereas, removal was only 24 % in case of 20 ppm initial concentration ofPb2+ ion. The difference in the transformation could be correlated with thedifference in reduction potential between the Zn2+ cation and the contaminantmetal cation. The more is the difference between the reactant and the incomingmetal cation, the faster is the transformation.13 The above results suggest that thepresent system could be used as a suitable method for the efficient removal ofHg2+ and Ag+ cations, whereas, it can also be used to remove Pb2+ ions but inextended period of time.Since chitosan is a known for adsorbing metal ions,37 blank adsorptionexperiment using chitosan film in absence of the ZnS Q-dots was performed.Interestingly, it was observed that only negligible amount, if any, of the heavymetal ions were removed from their aqueous solution via adsorption onto the filmsurface (Table 4.5), under conditions as used for Q-dot impregnated films. Thus,removal of the metal ions from the aqueous solution was mainly based on thecation exchange mediated chemical transformation of the ZnS Q-dot impregnatedwithin the chitosan film.
Table 4.5. Initial and final concentrations of the heavy metal ions (Hg2+, Ag+ and Pb2+) andthe amount of ions adsorbed using chitosan films in absence of the ZnS Q-dots. The minordifference in the concentrations of Hg2+ could be considered as experimental error.

Heavy
Metal ion

Initial
concentration

(Ci)

(ppm)

Final
concentration

(Cf)

(ppm)

Amount
adsorbed

(Ci-Cf)

(ppm)

Hg2+
5.45 ± 1.6 6.65 ± 0.21 -17.4 ± 2.7 15.5 ± 0.14 1.9

Ag+
9.3 ± 0.63 8.65 ± 0.4 0.6523.34 ± 0.4 19.7 ± 0.8 3.64

Pb2+
7.6 ± 0.24 6.87 ± 0.25 0.7317.3 ± 0.3 17.1 ± 0.08 0.2
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4.5. ConclusionWe have demonstrated the cation exchange mediated chemical transformation ofZnS Q-dots in an aqueous solution. The ZnS Q-dots synthesized using thebiopolymer chitosan as the stabilizing agent underwent a cation exchangereaction leading to the formation of stable colloidal HgS, Ag2S and PbS Q-dots,which are sometimes difficult to synthesize in the aqueous phase. Thetransformed products retained the morphology of the reactant Q-dots and showedquantum confinement effect. The transformation reaction was based on thedifference in the solubility product constant of the reactant and the productmaterials enabling the conversion of a material having higher Ksp to that of havinga lower Ksp The transformed HgS and PbS Q-dots showed minor volume change,whereas, Ag2S showed significant volume expansion which was explained on thebasis of difference in lattice parameters of the reactant and the product Q-dots.The ZnS Q-dots impregnated chitosan film showed the ability to visually detectand remove the heavy metal ions from aqueous solution. The removal capacity ofthe fabricated film was demonstrated using AAS and the findings suggests itspotential applicability in environmental remediation.  The present system couldbe used in designing of a heavy metal ion removal filtration system utilizing thefilm forming property of chitosan along with the excellent capability of the ZnS Q-dots to undergo cation exchange reaction. The transformed Q-dots could haveimportant applications in the optoelectronic fields due to its simple synthesis inaqueous medium. Further, our fabricated chitosan films impregnated with the ZnSQ-dots enabled us to use it for a simple dipstick method for the removal of heavymetal ions from contaminated water.
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One Step Synthesis of Carbon
dots by Microwave Mediated
Caramelization of
Poly(ethylene glycol)*
This chapter illustrates a rapid, simple and one step method for the synthesis
of carbon dots using poly(ethylene glycol), both, as precursor and passivating
agent. The C-dots possessed low cytotoxicity and were able to enter cells
making them suitable candidate for bioimaging and biolabeling applications.

Chapter 5

* Much of this work has appeared in print in Chemical Communications, 2012, 48, 407409. Itis reproduced with permission from The Royal Society of Chemistry, Copyright © 2012.
TH-1159_10615303



95

Chapter 5
One Step Synthesis of Carbon dots by Microwave

Mediated Caramelization of Poly(ethylene glycol)

5.1. IntroductionRecently, carbon dots (C-dots) have emerged as a promising fluorophore owing toits extraordinary photoluminescent properties and biocompatibility.1 In strikingcontrast to semiconductor quantum dots (Q-dots), which are generally made up ofheavy metals and thus cytotoxic towards mammalian cells, C-dots have theadvantage of chemical inertness and greatly reduced cytotoxicity.1, 2 C-dotspossess stable photoluminescence that is free from photobleaching and excitationdependent emission spectra, which make them the appropriate candidate forfuture ‘nanolight’ with potential applications in bioimaging, biolabeling anddevelopment of optoelectronic devices.1 However, the phenomenon of C-dotassociated photoluminescence is yet to be understood completely. Reports suggestthat the reason behind the photoluminescence might be the presence of surfaceenergy–trapping sites on the C-dots and their radiative recombination.1, 3 Theemission from C-dots is very low for unpassivated surface; but the passivation ofthe C-dots with polymers or other organic molecules can increase the quantumyield (QY) by several folds.3In the last few years, the focus has been on the development of variousmethods for synthesizing these ‘nanolights’. Top down approaches, involvingchemical oxidation of arc-discharge 4 and candle soot5 using nitric acid, laserablation3 and electrochemical oxidation of graphite,2 are currently being used asstate-of-the-art methods to synthesize C-dots. However, these processes involvecomplex and extreme synthesis conditions, are time and energy consuming, andneed expensive starting materials or apparatus. On the other hand, in the bottom
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up approach, microwave pyrolysis of different carbohydrates either in presence orin absence of any surface passivating agent and dehydration of carbohydrateswith subsequent surface passivation have been reported to produce C-dots withsufficient QY.6, 7 For example, Wang et al. have reported the synthesis of C-dotsfrom glycerol, glycols and other saccharides, and showed that the presence of aninorganic ion was required to obtain C-dots with photoluminescence.7 On theother hand, Zhu et. al. have demonstrated that irradiation of glucose in presence ofPEG with microwave resulted in the formation of monodispersed C-dots.6Although the authors claimed that PEG acted only as the passivizing agent, it wasnot clear from their study whether the source of carbon in C-dots was glucose,PEG or both. Also, the toxicity of the C-dots synthesized in these studies was nottested against mammalian cells. Surprisingly, there are no reports, to the best ofour knowledge, demonstrating a polymer to be used as a source of carbon forpreparing C-dots in spite of the well–established biocompatibility of severalpolymers.
5.2. Outline of the Research Work1) We report in this chapter a new one-step method of synthesis of carbondots (C-dots) using poly (ethylene glycol), PEG as the source of carbon aswell as the stabilizer (passivizing agent) of the C-dots.2) This is for the first time that a polymer has been used as the source ofcarbon for the C-dots. In addition, the polymer is biocompatible and ispopular for biomedical application. This would make the applicationappealing.3) The method for the generation of C-dots is simple as it involves microwaveheating of an aqueous solution of PEG for a few minutes.4) The generated C-dots, with average sizes of 4.5 ± 0.9 nm, have beencharacterized by UV-visible and fluorescence spectroscopy, time-resolvedfluorescence spectroscopy, transmission electron microscopy and X-raydiffraction. The properties of the C-dots were commensurate with those ofsmall particles sizes.
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5) Poly acrylamide gel electrophoresis results indicated possible separation ofsmaller particles with narrower size distribution (of sizes 1.4 ± 0.4 nm)from the rest.6) The generated C-dots were found to be non-cytotoxic to mammalian cellsthus making their applications appealing.7) Further, the C-dots were found to be efficient in labeling mammalian cells.8) Their high photostability and photoluminescence and (along with) non-cytotoxicity make them suitable candidates for applications inbiodiagnostics and drug delivery (to act as a probe also).
5.3. Experimental Section
5.3.1. Synthesis of C-dotsPEG 200 (Merck, India Pvt. Ltd.) and ultrapure MilliQ water (>18 MΩ cm) weremixed in 3:1 ratio (v/v) in a glass vial yielding a transparent solution. The solutionwas then heated in 900 W domestic microwave oven (Onida) for varying timeperiod, which resulted in the formation of C-dots, indicated by the development ofgolden yellow color.
5.3.2 Characterization of C-dotsTransmission electron microscopy (TEM) measurements were performed in JEOL2100 UHR-TEM instrument at a maximum accelerating voltage of 200 kV. 5 L ofsample was drop-cast on carbon-coated copper grids and subsequently air-driedbefore TEM analysis. UV-Vis and fluorescence spectra were recorded with a PerkinElmer Lambda 25 and a Perkin Elmer LS 55 instruments respectively. Time-resolved fluorescence intensity decay of the C-dots was recorded using a Life SpecII spectrofluorimeter (Edinburgh Instrument). The sample was excited by 375 nmlaser, and the decay was measured in a time scale of 0. 024410 ns/channel. Thedecay curves were analyzed by FAST software, provided by Edinburgh Instrumentalong with the fluorescence instrument. The generated curve for intensity decaywas fitted in the function given in equation 5.1
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where, i is the initial intensity of the decay component i, having a life time of

i. The average lifetimes of C-dots were calculated using the following equation 5.2
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X-ray diffraction (XRD) patterns were recorded with a Brucker D8 Advanced X-raydiffraction measurement system, with Cu K source ( =1.54 Å).
5.3.3. Electrophoretic separation of C-dotsThe prepared C-dots were loaded to a 20 % poly(acrylamide) gel containing SDSas the denaturing agent and electrophoretic separation was carried out at 200 V atproper cooling conditions in a vertical gel electrophoresis unit (Hoefer®). Afterelectrophoresis, the gel was visualized by illumination using a UV trans-illuminator ( = 312 nm).
5.3.4. Cell Culture and viability assayHT 29 cells (human colon adenocarcinoma) was procured from National Centerfor Cell Sciences (NCCS), Pune, India and were cultured in Dulbecco’s modifiedEagle’s medium supplemented with penicillin (50 units mL-1), streptomycin (50mg mL-1), and 10 % (v/v) fetal bovine serum. Cells were maintained in 5 % CO2humidified incubator at 37 oC.For the cell viability assay, cells were seeded (104 cells/well) into a 96-wellmicroplate and grown overnight. After treating with varying concentrations of theC-dots  for 24 h, 2,3-Bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) (Sigma-Aldrich, USA) based cell proliferation assay wascarried out according to the manufacturer’s protocol to determine the percentage
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of viable cells based on the mitochondrial activity of the cells. The percentage cellviability of the nontreated cells (control) was taken as 100 %. All measurementswere collected in triplicate and the values are expressed as mean ± standarddeviation (SD).For cellular labelling study, HT 29 cells were seeded in 35 mm cell cultureplate and grown for 48 h. It was then incubated with the C-dots in DMEM mediumfor 24 h. Then, the medium was removed and the cells were washed with PBS for 3times. Finally, 1 mL of PBS was added to the plate and the cells were observedunder epifluorescence microscope (Nikon eclipse Ti).
5.3.5. Quantum Yield (Q.Y.) determination of C-dotsQuantum yield was measured according to established procedure1 by usingquinine sulfate in 0.10 M H2SO4 solution as the standard. The absorbance wasmeasured on a Perkin Elmer LS 55 Spectrophotometer. Absolute values arecalculated according to the following equation 5.3

(5.3)
where, Q is the quantum yield, m is the slope of the plot of integratedfluorescence intensity vs absorbance and n is the refractive index (taken here as1.33, the refractive index of distilled water). The subscript R refers to thereference fluorophore, quinine sulphate solution. In order to minimize re-absorption effects, absorbance in the 10 mm quartz cuvette was kept below 0.15at the excitation wavelength of 375 nm.

5.4. Results and Discussion
5.4.1. Synthesis and Characterization of C-dotsThe synthesis of C-dots is based on a rapid one-step method through microwave–mediated caramelization of aqueous PEG 200 solution. Irradiation of the aqueous
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Figure5.1. (a) TEM image and (b) corresponding particle size distribution of as preparedC-dots. (c) Absorbance and emission spectra of the C-dots; (inset) appearance of C-dots in(1) white and (2) UV light. (d and e) Excitation dependent emission spectra and (f)Fluorescence decay profile (ex = 375 nm and em = 475 nm) of C-dots.
PEG solution by microwave in a 900 W domestic microwave oven for 10 minresulted in the formation of golden-yellow colored solution indicating theformation of C-dots. Transmission electron microscopic (TEM) images of C-dots(Figure 5.1a) demonstrated well dispersed and spherical NPs. However, the highresolution TEM (HRTEM) image of the C-dots did not reveal any clear latticefringes, indicating amorphous nature of the C-dots. This was further supported bycorresponding selected area electron diffraction (SAED) pattern (Figure 5.1a,

inset). The average size of the C-dots was determined to be 4.5 ± 0.9 nm from theparticle size distribution, as shown in Figure 5.1b. Experiments with higher than600 Da molecular weight polymers did not yield any discernable C-dots.
Figure 5.1c presents the absorption and emission spectra of the asprepared C-dots. The absorption spectrum shows an edge at around 325 nm and a
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Table 5.1. Fluorescence Life-time data obtained using the bi-exponential model for theC-dots
Value SD χ2

1 (ns) 3.77×10-9 5.73×10-11 1.01 2 (ns) 1.11×10-8 1.22×10-10
1 713.2 8.09
 2 317.3 8.80

sharp narrow peak at 245 nm which is ascribed to the π–π* transition ofnanocarbon.10 When these C-dots were excited at excitation edge of 325 nm, anemission peak at 445 nm was observed (Figure 5.1c). It should be mentionedhere that the PEG solution itself is non-emissive in the visible region, confirmingthe bright fluorescence to be originating from the synthesized C-dots.Interestingly, with increase in the excitation wavelength from 350 nm to 500 nm,the emission from C-dots gradually shifted to higher wavelength accompaniedwith decreased fluorescence intensity (Figures 5.1d and 5.1e). Thisbathochromic shift of emission from C-dots has also been reported previously.1, 3, 6-7 The exact mechanism behind the generation of fluorescence from C-dots is stillan enigma. However, the quantum confinement of the passivized surface energytraps is thought to be responsible for the strong fluorescence exhibited by the C-dots.3
Figure 5.1f represents the fluorescence decay profile of C-dots whichshows double exponential decay kinetics (Table 5.1). The average life time <>was calculated to be 7.94 ns, using equation 5.2, which corroborates with earlierreports.1, 6 The short lifetime of the fluorescence of these C-dots is also indicativeof the radiative recombination of the excitons giving rise to fluorescence.6 The QYof the present C-dots, at an excitation wavelength of 375 nm, was determined tobe 1.6 % using quinine sulphate (QY = 54 %) as standard (Figure 5.2). It is worthnoting that, though QY of the present C-dots was lower than those prepared bypyrolysis of ethylene diamine-tetraacetic acid (EDTA) salts10 and organo-silanefunctionalized C-dots,12 however, it was significantly similar to those produced bynitric acid oxidation of soot 5 and microwave assisted synthesis methods.6, 7
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Figure 5.2. Integrated fuorescence intensity versus absorbance plot of C-dots and quininesulphate.
Electron spin resonance (ESR) studies with the as-synthesized C-dotsdiscounted the possibility of formation of radical species in the dots (Figure 5A.1,

Appendix). The X–ray diffraction (XRD) pattern of C-dots showed a wide peak at4.1 Å (Figure 5.3a) similar to that observed previously by Bourlinos et al.12
Figure 5.3b shows the Raman spectrum of the C-dots showing an intense peak at~1400 cm-1 and two shoulders. The spectrum was deconvoluted and it presentedthree different peaks at 1230, 1396 and 1515 cm-1 (Figure 5.3c). The peak at1396 cm-1 corresponds to the D-band of carbon, while that at 1515 cm-1 to the G-band of graphitic carbon. The intense D-band indicated the presence of disorderedcarbon. A hump seen at ~1230 cm-1 could possibly due to hexagonal diamond orsp3-rich phase.

Figure 5.3. (a) XRD pattern of the synthesized C-dots, (b) Raman spectrum of the C-dotsand (c) its deconvoluted spectra.
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Figure 5.4. (a) Digital images showing the effect of microwave irradiation on aqueousPEG leading to the formation of C-dots. Top Panel: illuminated with white light, Bottom
Panel: with UV light (302 nm). TEM images of C-dots formed after (b) 30 min and (c) 45min of microwave irradiation.

The effect of microwave irradiation on the synthesis of C-dots was alsostudied. Figure 5.4a (top panel) shows the appearance of the aqueous PEGsolution observed under white light after heating in a microwave oven at steps of2 min. The caramel color started to develop only after 8 min of irradiation, and itwas clearly visible in the sample irradiated for 10 min. Further heating of thesample led to dark brown coloration. The appearance of the same samples underUV light (Figure 5.4a, bottom panel) showed the bright blue emission startingfrom the sample heated for 6 min. In case of the sample heated for 14 min,emission was not prominent, which could either due to the increase inconcentration of the dots or because of the formation of larger sized particles oragglomerates. The morphological analysis of the samples prepared after 30 minand 40 min interval, using TEM clearly showed the presence of larger sized andagglomerated particles (Figure 5.4b). Therefore, TEM results corroborated theformation of larger sized C-dots when the samples were subjected to longermicrowave irradiation time.
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Figure 5.5. (a) Effect of pH on the fluorescence intensity of C-dots. All the values areaverage of three independent readings with ± standard deviation (SD) as error bars. (b)The effect of photoirradiation time on the fluorescence intensity of C-dots and the organicfluorophore Rhodamine 101.
The effect of pH on the fluorescence property of C-dots were alsoinvestigated (Figure 5.5a). The integrated fluorescence intensity did not changesignificantly in the pH range 3  8, indicating the potential application of thepresent C-dots in a wide range of pH. Further studies on the photostability (Figure

5.5b) revealed that the fluorescence of the present C-dots remained almostconstant under continuous irradiation with a fluorescence–decrease (F/F0) rate ofonly 0.06% per minute. In comparison, the fluorescence of one of the mostcommonly used organic fluorophore, rhodamine 101, decreased at a rate of 0.59%per minute with photoirradiation time. The excellent resistance to photobleachingexhibited by the present C-dots could lead to remarkable bio–labelling andbioimaging applications where the conventional organic fluorophores suffer frompoor photostability.
5.4.2. Electrophoretic separation of C-dotsIn an attempt to resolve the C-dots based on their size, denaturingpoly(acrylamide) gel electrophoresis (PAGE) of as prepared C-dots was carriedout. When the gel was viewed in white light, no band was observed (Figure 5.6a).
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Figure 5.6. Separation of C-dots in poly(acrylamide) gel illuminated by (a) white and (b)UV light; (c) UV-vis spectra of the C-dots obtained from the excised fluorescent band ofPAGE. (d) TEM image and (e) particle size distribution of the separated C-dots.
However, UV–illumination revealed the presence of a sharp well-separated bluefluorescent band and a smear below the well (Figure 5.6b). In order to examinethe nature of the particles present in the band, the fluorescent band was carefullyexcised from the gel and eluted using MilliQ ultrapure water. Absorptionspectroscopy of the eluate (Figure 5.6c) revealed similar feature as that of as–prepared C-dots sample at sub 300 nm, confirming the presence of C-dots in theband. TEM analysis (Figure 5.6d) demonstrated the presence of C-dots withaverage size of 1.4 ± 0.4 nm in the eluate. In other words, we were successful inseparating smaller C-dots (~1.4 nm) from the as prepared sample by PAGE. Theblue fluorescent smear below the well of the gel also indicated the presence oflarger C-dots.  The extent of smear appeared on gel increased with the microwaveirradiation time, indicating the formation of larger particles.
5.4.3. Cell viability assay and cell labelingIn addition to the stable and tunable fluorescence, low cytotoxicity is anindispensable parameter for future applications of C-dots especially in live celllabeling. In-vitro toxicity of the C-dots prepared in the present study wasexamined by XTT based cell viability assay. It is important to mention here thatthe concentration of initial PEG solution used for preparing C-dots was consideredas the concentration of C-dots as it was difficult to quantify the amount of C-dotspresent in as–prepared sample. Varying concentrations of C-dots were incubated
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Figure 5.7. Viability (%) of HT 29 cells after 24-h treatment with C-dots as calculatedfrom XTT assay.
with human colon adenocarcinoma HT 29 cells cultured in DMEM media instandard cell culture conditions. After 24 h of incubation, viability of the cells wasdetermined and the results are shown in Figure 5.7c. More than 90 % cells wereviable when incubated with 51 mM or lesser C-dots. Moreover, the cell viabilitywas more than 80% even at C-dot concentration as high as 85 mM. The resultsclearly indicated low toxicity of the C-dots. The excellent biocompatibilitydemonstrated by the present C-dots could be attributed to PEG, the startingmaterial for synthesizing C-dots, and the chemical inertness of C-dots which doesnot allow the release of any toxic species, unlike the conventional semiconductorQ-dots.2The advantages of reduced cytotoxicity and enhanced photo-stability of thepresent C-dots can easily be exploited in successful imaging as well as labelingapplications both in-vitro and in-vivo. As a ‘proof–of–concept’, we incubated HT 29cells with as prepared C-dots for overnight and then, after repeated washing withphosphate buffer saline (PBS, pH 7.4), observed the cells under fluorescencemicroscope. HT 29 cells, incubated with C-dots, showed bright blue and greenfluorescence under UV and blue light excitation (Figure 5.8, top panel) whereasno visible fluorescence was detected in ‘control’ cells (i.e. without C-dotincubation) (Figure 5.8, bottom panel). This clearly demonstrates the potential ofthe presently synthesized C-dots to label live cells.
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Figure 5.8. (a) Phase contrast and epifluorescence image of cell lines treated with C-dotsunder (b) UV excitation and (c) blue excitation. (d) Phase contrast and epifluorescencemicroscopic image of Untreated HT 29 cell under (e) UV excitation and (f) blue excitationrespectively. Scale bar: 200 m
5.5. ConclusionIn summary, we have developed a simple one step microwave mediated synthesisof C-dots using PEG, a biocompatible polymer, as a sole source of carbon andpassivizing agent. The resulting C-dots were well–dispersed and showedexcitation tunable luminescence, high photostability and suitability for their use invarying pH conditions. Low cytotoxicity of these C-dots and the ability of PEG to beconjugated with other biomolecules make the prepared C-dots a potentialcandidate for biological and biomedical applications.
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Nanoparticles using Carbon
dots*
This chapter presents a simple, room temperature based method for the
synthesis of gold nanoparticles, employing C-dots as catalyst. The influence of
varying concentration of the Au precursor and C-dots was studied which
demonstrated the formation of Au NPs of different sizes and morphologies.
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Chapter 6

Synthesizing Gold Nanoparticles using Carbon dots

6.1. IntroductionSince the serendipitous discovery of carbon dots (C-dots) by Screivens et al. whileelectrophoresing the sample of SWCNT,1 enormous research has been carried outon the synthesis and isolation of these amazing nanodots.2-3 C-dots have thefascinating properties of excitation tunable emission, excellent water solubility,are non-cytotoxic and photostable and the surface functionalities offer ease ofbioconjugation which make them a suitable candidate for biological applications.2-5 From the time of its discovery, several applications of these nanodots haveappeared. C-dots have been employed for bioimaging,2-6 gene delivery,7 inoptoelectronic devices,8-10 in sensing and analytical applications,11-15 and inphotocatalysis.3, 16-17 Though the semiconductor quantum dots (Q-dots) havesuperior optoelectronic properties, but its toxicity due to the presence of heavymetal ions18-21 and the involvement of extreme reaction conditions22-24 impedes itsapplicability. In this regard, the benign nature of the C-dots and simple andinexpensive method of synthesis proffer them a protagonist role in variousapplications.2-3
Recently, Kang et al. reported the photocatalytic applications of the C-dotsin conjunction with semiconductor materials.3 They designed TiO2/C-dots andSiO2/C-dots photocatalytic system and harnessed the entire visible spectrum ofthe sunlight for degrading organic dyes.25 They demonstrated that electrons canshuttle along the C-dots which accounts for the efficient photocatalysis. On similarline, they demonstrated the superior photocatalytic activity of an array of C-dotsbased composite such as C-dots/ZnO, C-dots/Fe2O3, C-dots/Ag3PO4, C-dots/Ag/Ag3PO4 etc.26-28 Mitra et al. and Qin et al. demonstrated the use of C-dots
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for the reduction of metal ions to form metal nanoparticles (NPs).29-30 Mitra et al.showed that matrix of C-dots can reduce AuCl4- to Au NPs in presence of PEG, onlyafter irradiating the reaction mix with microwave. The produced Au NPs werepolydisperse with 2040 nm in size. Report by Qin et al. illustrated that irradiatingan ethanolic mixture of Au precursor and carbon nitride dots with a high pressuremercury vapor lamp ( = 254 nm) for 1 h, results in the formation of Au NPs. Inthe methodology demonstrated by both the groups, irradiation of the metalprecursor was a requisite for the formation of Au NPs.The development of newer methods for the synthesis of Au NPs has beenone of the fascinating areas of research in the field of nanotechnology.31-34 Thereason behind this trend is its biocompatibility, easy surface modification, andmost importantly its unique size and shape tunable LSPR spectra.31-34 Au NPsrepresent an ideal class of nanomaterial used for chemical and biological sensingwith tremendous applications in nanomedicine.35-39 Au NPs can readily adsorband cause agglomeration of proteins which can be used as delivery vehicle.40-42Immuno-Au NPs prepared from conjugating antibodies to the Au NP surface canbe used as a probe for antigens on cell surface and could also be used for theselective delivery of therapeutic agents.43-44
6.2. Outline of the Research Work1) We report the room temperature synthesis of Au NPs using C-dots ascatalyst in poly(ethylene glycol) (PEG).2) The synthesis methodology does not require any irradiation of the reactionmixture for the reduction of the metal precursor and it yields smaller sizedparticles of ~ 15 nm, mostly octahedron in shape.3) The effect of varying concentration of the Au precursor and C-dots on thesynthesis methodology was studied which demonstrated the variation inparticle size and shape with change in either of the precursor or catalystconcentration.4) Time resolved absorbance study for the synthesis of Au NPs showed thesigmoidal behavior for the autocatalytic growth having the lagging phase ofinduction period.
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5) The stability of the prepared Au NPs were also determined which showedthat at optimum concentration of the precursor and C-dots, the particleswere stable and did not settle down for several days.
6.3. Experimental Section
6.3.1. MaterialsPoly(ethylene glycol) 200 was purchased from Merck India Pvt. Ltd. HAuCl4 werepurchased from Sigma Aldrich USA. All chemicals employed were of AR grade andwere used as received without further purification. Milli Q ultra-pure water (>18MΩ cm) Millipore were used in all experiments.
6.3.2. InstrumentsUV-Vis spectra were recorded with Perkin Elmer Lambda 25 instrument.Transmission Electron Microscopy was performed in JEOL 2100 UHR-TEMinstrument. 5 μL of sample was drop-cast on carbon-coated copper grids andsubsequently air-dried before TEM analysis. Agarose gel electrophoresis wascarried out in Bangalore Genei horizontal electrophoretic system. XRD analysiswas done employing Brucker D8 Advanced X-ray diffraction measurement system, withCu K source ( = 1.54 Å).
6.3.3. Synthesis of Carbon dotsC-dots were prepared using method reported in chapter 5. Briefly, 3:1 ratio ofPEG:water was taken in a 15 mL glass vial and it was heated in a domesticmicrowave for 10 min. This resulted in the appearance of golden yellow colorsolution, in otherwise colorless solution, indicating the formation of C-dots. The C-dots were purified by dialysing the as prepared solution using a 1 KDa dialysismembrane, against Milli Q water for 48 h. The dialysed sample was then dried inan oven at 50 °C and was weighed to determine the concentration of C-dots. Thiswas used as a reference sample to plot the standard curve in order to determinethe concentration of the C-dots in the as prepared sample using absorbancespectroscopy.
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6.3.4. Synthesis of Au NPs2 mL of the as prepared sample (9.28 mg mL-1 C-dots) were taken in a 15 mL glassvial and to it 50 L of HAuCl4 solution (125 M) was added and mixed well.Immediately the volume was made up to 4 mL using ultrapure Milli Q water andwas kept for stirring in dark at room temperature. After few minutes, the color ofthe solution turned wine red indicating the formation of Au NPs. To study theeffect of varying concentration of the gold precursor solution, the desired amountof the HAuCl4 solution was added and the volume was made up to 4 mL andidentical methodology, as used for the 50 L sample was followed for thesynthesis of Au NPs. The synthesized Au NPs were characterized using absorbancespectroscopy and Transmission Electron Microscopy (TEM).
6.3.5. Effect of varying concentration of C-dotsIn order to study the effect of using varying concentration of C-dots on Au NPsynthesis, different amount of C-dots were taken in a glass vial and the volumewas made to 2 mL using PEG 200. To this 50 L of the HAuCl4 solution (125 M)was added, followed with a volume make up till 4 mL and stirring in darkcondition. The synthesized Au NPs were analyzed using UV-visible spectroscopyand TEM study.
6.3.6. Agarose gel ElectrophoresisAgarose gel electrophoresis was carried out to demonstrate the size variation ofAu NPs resulting from the synthesis procedure involving varying concentration ofthe Au precursor. 0.5 % agarose gel was prepared by dissolving agarose powder in1 × Tris Borate EDTA (TBE) buffer and melting agarose powder in microwaveleading to the formation of clear solution. The solution was then poured into thegel casting tray and comb was placed at the middle of the gel and left at roomtemperature until the gel was formed. The casted gel was then place in the geltank containing 1 × TBE buffer. Samples were loaded into the gel wells and wereallowed to run at 5 Vcm-1 for 45 min. Gel pictographs were taken using a digitalcamera.
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6.4. Results and Discussion
6.4.1. Synthesis and characterization of Au NPs using C-dots

Figure 6.1 a and b shows the TEM image of the Au NPs synthesized using 125 Mof gold precursor and 2 mL of as prepared C-dots having concentration of 9.28 mgmL-1 in PEG. It can be seen from the electron micrographs that majority of theparticles were of octahedron shape. The selected area electron diffraction pattern(Figure 6.1c) revealed the crystallinity of the synthesized Au NPs which wereindexed to the various lattice planes of the Au crystal. The high resolution TEM(HRTEM) of the Au NP (Figure 6.1d) and its corresponding Inverse Fast FourierTransform (IFFT) image (Figure 6.1e) exposed the clear lattice fringes of 0.23 nmmatching well with the expected d-spacing of the {111} plane of bulk goldcrystal.45-46 The particle size distribution, obtained from the TEM images of the AuNPs is shown in Figure 6.1f, form which the average size was calculated to be 15 ±3.3 nm.
Figure 6.2 shows the XRD pattern of the synthesized Au NPs showingpeaks at 38.3o, 44.1o and 64.7o corresponding to the {111}, {200} and {220} planesof the pure crystalline face-centered cubic (fcc) Au.34, 47 The intensity ratio of thediffraction peaks of {200} and {111} planes was calculated to be 0.21, which waslower than the bulk value of 0.53.47 The lower value of the ratio suggested theabundance of the {111} planes in the Au nanoparticles.
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Figure 6.1. (a-b) TEM images of Au NPs synthesized using 125 M of Au precursor, (c)corresponding SAED pattern of the Au NPs. (d) HRTEM and (e) corresponding IFFT imageof Au NPs. (f) Particle sized distribution of the prepared Au NPs.

Figure 6.2. XRD pattern of the synthesized Au NPs.
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6.4.2. Effect of varying concentration of Au precursor on Au NP synthesisThe effect of varying concentration of the gold precursor on the synthesis of theAu NPs was also studied. Figure 6.3a shows the UV visible spectra of the Au NPssynthesized at different [HAuCl4] concentrations. At 125 M concentration of theAu precursor, the localized surface plasmon resonance (LSPR) peak was observedat 545.2 ± 4.4 nm. The peak was observed at higher wavelength than that reportedfor spherical Au NPs of the corresponding sizes.48 The rationale behind the shiftcould be attributed to the presence of octahedral Au NPs.34 It is well establishedthat the LSPR peak position and surface polarization of charges for simplegeometrical shapes in case of metallic nanoparticles depends both on shapesymmetry and corner sharpness. In case of octahedron particles, the surfacecharge tends to accumulate at the sharp corners leading to enhanced chargeseparation arising from the polarization of electron density relative to the latticeof positive ions. This enhanced charge separation reduces the restoring force forelectron oscillation causing the resonance to occur at lower frequency, whichmanifests as a bathochromic shift in the extinction spectra of the particle.34Additionally, the presence of PEG, which slightly increases the refractive index ofthe medium could also be a reason behind the shift of the LSPR peak.49 Theextinction spectra of the Au NPs at varying concentrations 62.5, 250, 375, 500, 625and 700 M shows shift in the LSPR peak position. For 62.5375 Mconcentration of the Au precursor, the peak was narrow and the intensityincreased in the order, whereas, for 50000 M of Au Precursor the LSPR peakwas broader and the peak intensity was also reduced. Figure 6.3b shows thevariation in the LSPR peak for different concentration of the Au precursor. It isclear from Figure 6.3b that the LSPR peak shift was minimal till 250 M of theprecursor concentration, whereas, there was a dramatic increase in the LSPR peakwavelength for 375700 M concentration of Au precursor. The LSPR peakposition for different samples at varying concentration of Au precursor is shownin Table 6.1.
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Figure 6.3. (a) Extinction spectra of the synthesized Au NPs using different concentrationof the Au precursor. (b) The LSPR peak wavelength from figure 6.3a plotted as a functionof the Au precursor concentration.
Table 6.1. Concentration of Au precursor used for different samples, the precursor:C-dotsratio, the corresponding mean size of the synthesized particles with its LSPR peakwavelength and the induction time required for the evolution of the LSPR peak.
Sample [HAuCl4]

(M)
[C-dots]

(mg mL-1)
[C-dots] /
[HAuCl4]

(mg mL-1M-1)

LSPR Peak
(nm)

Size
(nm)

~Induction
Time
(min)1 62.5 9.28 0.158 545.2 ± 4.4 14 ± 2.3 1.72 125 9.28 0.074 540.0 ± 3.9 15 ± 3.3 1.83 250 9.28 0.037 540.2 ± 2.6 28 ± 6.0 34 375 9.28 0.025 552.5 ± 5.4 41.5 ± 11 5.55 500 9.28 0.018 580.7 ± 18.6 74 ± 15 10.56 625 9.28 0.015 628.3 ± 19.6  7 700 9.28 0.013 659 ± 11.5  
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Figure 6.4. (a) Scatter plot of the LSPR peak and the extinction as a function of the Auprecursor concentration. (b) Digital images of the Au NP colloidal solutions prepared withdifferent Au precursor concentrations. (c) Digital image of the agarose gel after the AuNPs from the different samples were electrophoresed.
Figure 6.4a shows the scatter plot for LSPR peak position and the intensityof extinction for the different concentration of Au precursor used in the presentcase. It shows clear spread of the variation in the LSPR peak with change in theprecursor concentration. Till 250 M precursor concentration, the LSPR peakpositions were clustered in a narrow region with systematic increase in theamount of extinction for increasing Au precursor concentration. For 375 Mconcentration there was substantial peak shift but the increase in the extinctionwas not in proportion as in case for the lower concentrations. The reason behind
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this could be attributed to the increase in the particle size instead of theproportionate increase in the concentration of the particle. On similar lines, for the500700 M concentrations, there was decrease in extinction accompanied bypeak broadening and substantial shift in the LSPR peak position. Figure 6.4bshows the appearance of the Au NP colloidal solution under visible light. Samples13 evidently displayed the characteristic wine red color of the smaller Au NPcolloids. Samples 4 and 5 showed dark purple and brown colorationdemonstrating the formation of larger particles and possibly of differentmorphologies. On the other hand, the samples 6 and 7 showed faint greycoloration indicting the formation of larger sized particles and aggregates of AuNPs. To resolve the particles based on the sizes, all the seven samples wereelectrophoresed in a 0.5 % agarose gel (Figure 6.4c). On the application of electricfield, samples 13 migrated the maximum distances in contrast to samples 4 and 5manifesting the presence of comparatively smaller sized particles. Faint bandobserved lagging behind in the lanes 13 could be due to the presence of fewlarger particles. Samples 6 and 7 did not show any visible band in thecorresponding lanes; however, particles were seen to be stuck in the wells andpossibly could not migrate from the wells due to larger sizes.The TEM images, SAED pattern and the particle size distribution of the AuNPs synthesized using varying concentration of Au Precursor is shown in Figure

6.5 and Figure 6.6. For the 62.5 and 250 M concentration of the precursor, theparticles were mostly octahedron with few triangular plates in case of the later.The average size of the particles calculated from the particle size distributionobtained from the transmission electron micrographs were 14 ± 2.3 and 28 ± 6nm. However, in case of 375 and 500 M concentration of the precursor molecule,TEM images showed the presence of decahedron particles along with triangularplates and with few octahedron particles. The average sizes of the particles werecalculated to be 41.5 ± 11 nm and 74 ± 15 nm respectively. The reason behind theformation of polyhedral particles with plates could be attributed to the lesseramount of C-dots available for the increased concentration of the Au precursor.This decrease in the ratio of C-dots to the Au precursor (Table 6.1) could drop the
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Figure 6.5. (a-d) TEM images (low magnification), (e-h) magnified TEM images, (i-l)SAED pattern and (m-p) the particle sized distribution of the Au NPs synthesized using62.5, 250, 375 and 500 M Au precursor respectively.
rate of reduction, which may result in the formation of multiply twined nuclei ornucleus with stacking faults, leading to the formation of decahedron particles andtriangular plates.34 For further increased concentration of the Au precursor, largerclumps of particles with no proper geometry were observed (Figure 6.6). TheSAED pattern of all the Au NP synthesized at varying concentration of theprecursor molecule showed the crystalline nature of the particles (Figure 6.5 iland Figure 6.6 cd).
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Figure 6.6. (a-b) TEM image and (c-d) SAED pattern of the Au NPs synthesized with 625and 750 M Au precursor concentration.
6.4.3. Time resolved study of the formation of Au NPsThe formation of Au NPs for different concentration of the Au precursor wasmonitored using absorption spectroscopy. Figure 6.7 shows the time dependentextinction spectra for the formation of Au NPs, recorded at an interval of 3 min fora total period of 90 min for each of the samples. As can be seen from Figure 6.7a,the LSPR peak corresponding to the formation of Au NPs using 62.5 M Auprecursor, appeared at 6 min, which increased sharply at the next 3 min intervaland attained saturation within the time span of 90 min. In case of the precursorconcentration of 125 M, a minor but distinct feature of the LSPR peak of the AuNPs was observed in the 6 min time span. The LSPR peak substantially increasedat the 9 min interval and it gradually kept increasing for few cycles demonstratingthe increase in the concentration of the particles and finally saturated within 90min. It is to be noted here that the LSPR signature peaks of the Au NPs in case of250, 375 and 500 M concentration of Au precursor, appeared only at 9, 12 and 15min. The reason behind the delay in the appearance of the LSPR peak could beattributed to the decrease in the C-dots to [HAuCl4] concentration ratio whichleads to increase in the induction time for the formation of gold nuclei.
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Figure 6.7. Evolution of extinction spectra during the synthesis reaction at varyingconcentration of the Au precursor as mentioned in the figure.
It is worth noting that the LSPR peak positions for 375 and 500 M precursorconcentration were shifted to higher wavelength compare to that for lowerprecursor concentration, demonstrating the formation of larger particles. Thegrowth of particles with time can easily be identified by the shift in the peakposition with respect to time for samples 3, 4 and 5 (Figure 6.7ce). Samples 6and 7 corresponding to the Au precursor concentration of 625 and 700 Mshowed the appearance of broad peak, only after several minutes of inductiontime demonstrating the formation of large sized particles without any typicalgeometry.Additionally, we have also monitored the temporal evolution of theplasmon band for different concentration of the Au precursor by recording thechange in the extinction at a fixed wavelength of 535 nm at every 3 s interval(Figure 6.8). It is noteworthy that the change in the absorbance with time cannotbe directly correlated with the amount of NPs formed, as during the formation ofAu NPs, the size of particles changes and causes variation in the extinctioncoefficient of the particles.50
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Figure 6.8. (a) Temporal evolution of the extinction spectrum recorded at an interval of 3s for 125 M Au precursor concentration. The curve is divided into three distinct regionsand marked with different colors for easy identification. (b) Comparative account of thetime dependent extinction spectra for the synthesis of Au NPs using differentconcentration of the Au precursor.
Therefore, the change in the extinction value with time is not solelyresponsible for the increase in the concentration of the particles. However, suchchanges can be used for comparing the global kinetic behavior of reaction.50 Thecurve obtained for the change in extinction with respect to time was typicallysigmoidal in shape, demonstrating the well-known autocatalytic growth of Au NPsas demonstrated by the Finke and Watzky model.51-55 The curve can be dividedinto three regions as shown in the Figure 6.8a. Region I (marked with red color)which appears as a lagging phase represents the formation of Au (I) ions by theelectron transfer process to the metal precursor (Au (III)) from the reducing agentand subsequent formation of the Au nuclei. The region II (marked with green
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color) shows faster change in the extinction value with time, demonstrating theautocatalytic growth of the Au nucleus into seeds and NPs.51, 55 Once theconcentration of atoms drops below the minimum saturation level, no furthernucleation takes place, however, the atoms generated by the ongoing precursorreduction will lead to the growth of the nanocrystals to larger sizes until a level ofequilibrium is achieved,34 as seen from the region III of the curve (marked withorange color). In the present case, PEG acts as reductant and it is known to be aweak reducing agent,29, 56 therefore, the rate of formation of Au (I) ions, or in otherwords the induction time are expected to be slow which leads to the evolution ofAu nuclei. Nevertheless, the presence of C-dots, which is reported to be an electronmediator,25, 57 accelerates the electron transfer process. It is worth mentioningthat with decrease in the concentration of the Au precursor, the induction timereduces (Table 6.1), which could be due to the increase in the ratio of C-dots to Auprecursor. As C-dots is known to shuttle electrons,25 increase in the C-dots/[HAuCl4] ratio enhances the rate of reduction and hence reduces theinduction time. The induction time required for the formation of Au NPs atdifferent Au precursor concentration is also summarized in Table 6.1.
6.4.4. Effect of varying concentration of C-dots on Au NP synthesisThe influence of varying concentration of C-dots on the synthesis of Au NPs wasalso studied. The Au precursor concentration was fixed to 125 M while theamount of C-dots was varied from 0 – 9.28 mg mL-1. Figure 6.9a shows theextinction spectra of the Au NPs synthesized at different C-dots concentrations.When C-dots were not used in the reaction medium, no sharp feature of theplasmon band of Au NPs was observed. A broad background extending till the NIRregion was noticed which could be attributed to the formation of larger sizedagglomerates and featureless particles. At the lowest concentration of C-dots (2.32mg mL-1) used, the extinction spectra showed a broad band in the 550750 nmregion. With further increase in the concentration of C-dots till 4.64 mg mL-1 thesignatures of the LSPR band of Au NPs started to appear and the plasmon bandwidth also decreased. At 6.96 mg mL-1 and 9.28 mg mL-1 concentration of the C-
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Figure 6.9. (a) Extinction spectra of the Au NPs synthesized with varying concentrationof C-dots. (b) Digital images of the Au NP colloidal solution prepared with differentamounts of C-dots. (c) Temporal evolution of the extinction of the Au NPs for differentconcentration of C-dots, taken at an interval of 3 s.
dots, well defined sharp LSPR peak emerging from monodisperse Au NPs wereobserved. Figure 6.9b shows the appearance of the colloidal solution of Au NPformed at different concentration of C-dots, under visible light. It can be clearlyseen from the figure that the wine red color, the characteristic feature of smallsized Au NPs are obtained only in case of the samples containing higher amount ofC-dots. Figure 6.9c shows the time dependent change in the extinction of thereaction medium for the synthesis of Au NPs at four different concentrations of theC-dots. The spectra follow the similar sigmoidal pattern as observed for varyingconcentration of the Au precursor, demonstrating the autocatalytic nature ofgrowth of Au NPs as discussed above. The induction time was more for the lowest
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Figure 6.10. TEM mages of the Au NP synthesized using (a) 0, (b) 2.32, (c) 4.64, (d), 6.96and (e) 9.28 mg mL-1 of C-dots, (f-j) the corresponding SAED pattern of the prepared AuNPs.
concentration of C-dots, which gradually reduced with the increase in the C-dotsconcentration leading to increase in the C-dots/Au precursor ratio. The inductiontime was almost similar for two highest concentrations of C-dots tested in thepresent case. The curve for the 2.32 mg mL-1 C-dots saturated at lower extinctionvalue for the same Au precursor concentration because of the formation lessnumber of nuclei leading to the formation of larger particles, which thereby,resulted in broad LSPR band with diminished intensity. With increasing C-dotsconcentration the saturation point for the extinction also increased and it wasalmost similar for the final two concentrations of the C-dots. This result suggestedthat 6.96 mg mL-1 and 9.28 mg mL-1 C-dots resulted in the formation of nearlysame amount of the Au nuclei whose growth into Au NPs resulted in similarconcentration of the particles, which was reflected from the time based extinctionspectra of the Au NPs.

Figure 6.10 shows the TEM images and SAED pattern of the Au NPssynthesized using different concentration of the C-dots and fixed concentration ofAu precursor. In absence of C-dots and at the lowest concentration the Au NPswere of larger sizes and irregular shapes (Figure 6.10a and b). At 4.64 mg mL-1concentration of C-dots the Au NPs formed were mostly of two differentmorphologies, either decahedron or triangular plates (Figure 6.10c). At 6.96 mg
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mL-1 of C-dots, the particles formed were much smaller than that obtained withthe previous concentrations but were larger as compared to those obtained using9.28 mg mL-1 of C-dots. Additionally, for these concentrations, the particles were ofregular shapes, mostly with octahedron morphology. The SAED pattern of all thesamples demonstrated the presence of crystalline Au particles.As mentioned earlier, PEG is known to be a mild reducing agent;29-56therefore, it was able to reduce the Au precursor in the present situation.However, at room temperature, it takes long hours for the reduction of the Auprecursor and mostly clumps of larger sized particles were formed (Figure

6.10a). Whereas, the addition of C-dots to the reaction medium drasticallyreduces the induction time to only few minutes depending on the C-dots-Auprecursor ratio. Further, the particles formed were of regular shapes and ofsmaller sizes. This indicates that C-dots possibly acts as a catalyst by reducing theinduction time for the Au NP formation which subsequently results in theformation of large number of nuclei leading to the formation of smaller sized AuNPs. Previous report suggests that C-dots have the capability of shuttlingelectrons.25, 29, 57 Therefore, in the present case, C-dots could act as a mediator inthe transfer of electron from PEG to the Au precursor, leading to the formation ofAu NPs. It is noteworthy that since the reaction was carried out under darkconditions, the possibility of C-dots acting as a photocatalyst can be ruled out. Theformation of Au NPs under similar conditions, but in visible light, does not showedany difference in the kind of Au NPs formed which also proved that C-dots acts asa catalyst but not as photocatalyst in the present case.
6.4.5. Stability of the synthesized Au NPsIn order to use metallic NPs for biological applications, the stability of the colloidsremains a major concern. We have performed the stability test for the synthesizedAu NPs for 15 days using UV-Vis spectroscopy. Figure 6.11 shows the normalizedextinction vs time plot of Au NPs synthesized with different concentration of theAu precursor. For 62.5 and 125 M Au precursor concentration, no major changein the peak position was observed even till 15 days indicating the stability of the
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Figure 6.11. Normalized extinction vs time plot at the LSPR peak wavelength for Au NPssynthesized using different concentration of Au precursor.
particles. For 500, 625 and 700 M precursor concentrations the particles wereunstable and it settled down very fast, within 2 days for 625 and 700 and in 4 daysof synthesis for 500 M HAuCl4. For 250 and 375 M concentrations, the particleswere stable for 2 and 1 week respectively, after which they started to settle down.
6.5. ConclusionWe developed a simple room temperature based methodology for the synthesis ofAu NPs using C-dots in PEG. In contrast to previous reports our procedure isindependent of ultraviolet or microwave irradiation. The synthesized particleswere well separated with mean size of 15 ± 3.3 nm. The influence of varyingconcentration of the Au precursor and the C-dots catalyst resulted in theformation of different sized particles with diverse morphologies. Time resolvedextinction spectroscopy unveiled the sigmoidal pattern of particle growth with adistinct lagging phase and were according to the Finke and Watzky model. Thesynthesized Au NPs were stable for several days for the lower concentrations ofthe Au precursor used. Overall, the applicability of C-dots to act as a catalyst in thesynthesis of Au NPs without the involvement of photo or microwave irradiationwas demonstrated which may further the research in the catalytic property of C-dots.
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Chapter 7
Conclusion and Future Outlook

7.1. Summary of the present work

Considering the advancement of science and technology in the last few decades,nanotechnology has emerged as one of the most exciting technologies and isexpected to continuously provide many benefits for the years to come. One of themost important gifts of nanotechnology to life sciences is the fluorescentnanomaterials, which has revolutionized the bioimaging and bioanlyticalapplications, due to their unique properties.
In the present thesis, methodology for the synthesis of nontoxic fluorescentnanomaterials and their potential in therapeutics and diagnostics aredemonstrated. In this regard, ZnS Q-dots and C-dots were synthesized and wereshown to be used for cell labeling applications. Multifunctional chitosannanocarriers containing Q-dots and folic acid as imaging and targeting agentsrespectively, were designed and used for the delivery of suicide genes to cancercells. The effect of silver nanoparticles on the fluorescence property of ZnS Q-dotswas studied and its possible application in Förster Resonance EnergyTransfer/Nanometal Surface Energy Transfer (FRET/NSET) based techniques wasdemonstrated. Chitosan film impregnated with Q-dots was fabricated and wasused for sensing and removal of heavy metal ions from water. The newerfluorophore C-dots were synthesized using a novel approach and were employedfor bioimaging application. The synthesized C-dots were also demonstrated to beused as catalyst in synthesizing Au NPs at ambient temperature.
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Initially, water dispersible zinc sulfide quantum dots (ZnS Q-dots) with anaverage diameter of 2.9 nm was synthesized in an environment friendly methodusing the biodegradable polymer chitosan as stabilizing agent. These nanocrystalsdisplayed characteristic absorption and emission spectra having an absorbanceedge at ~300 nm and emission maxima (emission) at 427 nm. Citrate-capped silvernanoparticles (Ag NPs) of ca. 37 nm diameter were prepared by modified
Turkevich process. The fluorescence of ZnS Q-dots was significantly quenched inpresence of Ag NPs in a concentration dependent manner with Ksv value of 9×109M-1. The quenching mechanism was analyzed using Stern-Volmer plot whichindicated mixed nature of quenching. Static mechanism was evident from theformation of electrostatic complex between positively charged ZnS Q-dots andnegatively charged Ag NPs as confirmed by absorbance study. Due to excellentoverlap between ZnS Q-dots emission and surface plasmon resonance (SPR) bandof Ag NPs, the role of energy transfer process as an additional quenchingmechanism was investigated by time resolved fluorescence measurements. Timecorrelated single photon counting (TCSPC) study demonstrated decrease inaverage lifetime of ZnS Q-dots fluorescence in presence of Ag NPs. Thecorresponding Förster distance for the present Q-dot – NP pair was calculated tobe 18.4 nm. The implication of the present findings may lead to the developmentof long range FRET – or NSET – based methods for studying biologicalmulticomponent system.

Next, I have designed multifunctional chitosan nanocarriers with targetingand imaging modalities having theranostic applications. Folic acid (FA) wasconjugated to chitosan and then it was used to synthesize zinc sulfide quantumdots (ZnS Q-dots). The ZnS Q-dots embedded FA-chitosan was further convertedto chitosan nanocarriers using ionic gelation. The integrated FA acts as targeting,and the assembled Q-dots within the nanocarriers as imaging functionalities,respectively. The nanocarriers were almost spherical with sizes of ~75 nm withimplanted Q-dots of about 3 nm. Cell viability assay corroborated the nontoxicproperty of the nanocarriers. Fluorescence of Q-dots enabled imaging of cellularuptake of the nanocarriers. The suicide genes encoding for E. coli cytosinedeaminase-uracil phosphoribosyltransferase (pCD-UPRT) was able to complex
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with the nanocarriers as demonstrated by gel retardation assay. DNAse protectionassay proved the stability of the nanocarrierDNA complex. The synthesizednanocarriers can thus, serve as a potential non-viral vector for gene therapywhere the FA can be used to target cancer cells specifically and the Q-dots fortracking the process of delivery.
In addition, ZnS Q-dots impregnated chitosan film was fabricated and itsapplicability in environmental remediation by sensing and removal of heavy metalions from contaminated water was demonstrated. The biopolymer chitosanstabilized ZnS Q-dots were synthesized and were converted to HgS, Ag2S and PbSQ-dots through cation exchange reaction. The transformed Q-dots showedcharacteristic colour development; Hg2+ being exceptionally identified due to thevisible bright yellow colour formation in contrast to that of brown colouration forother metal ions. The transformation was driven by the difference in the solubilityproduct of the reactant and the product Q-dots. The cation exchanged Q-dotspreserved the morphology of the reactant Q-dots and displayed volume increasebased on bulk crystal lattice parameters. Next, we fabricated ZnS Q-dotsimpregnated chitosan film which showed its capability in the removal of heavymetal ions from contaminated water as demonstrated by atomic absorptionspectroscopy (AAS). The present system could suitably be used as a simpledipstick method of elimination of heavy metal contamination in water.
Further, I have demonstrated a rapid, simple and one pot microwavemediated method for synthesizing C-dots using a single biocompatible polymerpoly(ethylene glycol) (PEG) for the first time as a precursor and passivating agent.Irradiation of aqueous PEG 200 solution in a domestic microwave oven for 10 minresulted in the formation of C-dots. The synthesized C-dots were well separatedwith size of ~4.5 nm and were amenable to separation by electrophoresis. The C-dots possess low cytotoxicity as revealed by cell viability assay and were able toenter mammalian cells without any further functionalization. Additionally, C-dotsshowed excellent photostability in contrast to the organic fluorophore Rhodamine101 and served as an effective candidate for biolabeling and bioimagingapplications overcoming the photobleaching property of organic fluorophore.
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Finally, the applicability of C-dots to act as a catalyst for the synthesis ofgold nanoparticles (Au NPs) at room temperature was demonstrated. The as-prepared C-dots, in presence of poly (ethylene glycol) displayed its catalytic role inthe rapid reduction of Au3+ ions. The reaction was carried out in dark to show thatC-dots act as a catalyst without any involvement of photoreduction mechanism.The synthesized Au NPs were mostly octahedron and were about 15 nm in size.The usage of varying concentration of the metal precursor led to size tuneableformation of Au NPs. The growth and stability of the Au NPs were demonstratedusing absorption spectroscopy and were observed to follow the Finke and Watzkymodel. Thus, the role of C-dots in synthesis of Au NPs was illustrated.
7.2. Future Outlook
 Different biopolymers, such as alginate and poly(lactic acid) could be usedfor the easy synthesis of C-dots and can be demonstrated for gene/proteindelivery applications.
 The effect of various heavy metal ions on the photophysical properties of C-dots could be investigated.
 The functional groups available on the surface of C-dots could be exploitedfor conjugation of therapeutic enzymes and the effect of conjugation on theactivity of the enzyme could be elucidated.
 The applicability of C-dots in synthesis of other metal nanoparticles ofcore/shell type or alloy nanoparticles can be performed.
 Method for the reversible cation exchange in ZnS Q-dots could be studied toanalyze the reusability of the ZnS Q-dot impregnated chitosan film forheavy metal ion sensing and removal.
 A water filtration system based on the chemical transformation ability ofthe ZnS Q-dots and the antibacterial and metal ion adsorbing property ofchitosan could be designed.
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Appendix

A1: Chapter 4

Calculation of band gap of Q-dotsThe band gap energies of the different Q dots were derived from the Tauc plotusing the following equation 4A.1
1/( ) ( )n

gh C h E     (4A.1)
Where, C is a constant,  is absorption coefficient, Eg is the average band gap of thematerial, h is the Planck’s constant,  is the frequency and n depends on the type oftransition. For n = ½, Eg in equation (4A.1) is direct allowed band gap. Theabsorption coefficient  is calculated using equation 4A.2.

0

1 1ln logtI A e
t I t


 

      
 

(4A.2)
Where, t is the path length, which is 1 cm in the present case, It and I0 aretransmitted and incident light, A is the absorbance. The average band gap wasestimated from the intercept of linear portion of the (h)2 vs. h plots on h axisas shown in Figure 4A.1.
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Figure 4A.1. Tauc Plot of (a) ZnS Q-dots, (b) HgS Q-dots, (c) Ag2S Q-dots and (d) PbS Q-dots

Figure 4A.2. Digital image represents the appearance of the colloidal ZnS Q-dots undervisible light illumination, in presence of different metal ions as mentioned.
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Figure 4A.3. Phase contrast microscopy image of a vertical section of ZnS Q-dotsimpregnated chitosan film.

Figure 4A.4. (a) EDS spectrum of ZnS Q-dots impregnated chitosan film and (b) UV-visible spectrum of ZnS Q-dots impregnated chitosan film.
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Figure 4A.5. Photographs upon drop cast of different metal ions onto unloaded chitosanfilm under (a) visible and (b) UV light.
A2: Chapter 5

Figure 5A.1. Electron Spin Resonance spectrum of the C-dots
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