
viii 
 

Table of contents 

 

Content 

Page 

no. 

Certificate iii 

Declaration by the candidate & Certificate by the supervisor iv 

Copyright transfer certificate v 

Acknowledgement vi-vii 

Table of contents viii-xii 

List of figures xiii-xvii 

List of Tables xviii 

List of abbreviations/symbols xix-xx 

Preface xxi-xxv 

Chapter 1: Introduction 1-33 

1.1 Introduction 1 

1.2 Brief overview of Cancer Disease  1 

1.3 Common Bio-imaging Techniques adopted for cancer diagnosis 4 

1.4 Multimodal imaging involving use of Optical and MR Imaging 5 

1.5 Brief description regarding effective treatment of cancerous cells 6 

1.6 Importance of Photothermal Therapy in Cancer Treatment 9 

1.7 Requirement of Multifunctional Nanomaterial (MFN) 12 

1.8 Copper oxide/hydroxide based biomineral for MFN synthesis 15 

1.9 Upconverting phosphors (UCP) exhibiting Multifunctionality 16 

1.10 Constituents of Upconverting Phosphors 

1.10.1    Sensitizer 

18-21 

20 



ix 
 

1.10.2    Activator 

 1.10.3    Host Lattice     

20 

20 

1.11  Mechanism of Upconversion Process 21 

1.12 

1.13  

Effectiveness of MFN depending  on Size, Shape & Functionality 

Problem Statement Defined 

26 

32 

 Chapter 2: Literature Review 35-69 

2.1 Literatures related to Tribasic copper chloride  (Atacamite) 35 

2.2 Exciting properties of Copper oxide Nanomaterials 41 

2.3 Multifunctional Copper oxide/hydroxide based Biominerals 44 

2.4 Photo-Physical applications Tm3+ doped Upconverting phosphors  48 

2.5 Summary of Entire Literature Review & Research Gap 57 

2.6 Use of M.oleifera in the synthesis of Multifunctional 

Nanomaterial 

64 

2.7 Biomineralization: A Possible Mechanism for MFN synthesis 66 

2.8 Major Objectives of the Current Research 69 

Chapter 3: Development of Luminescent Atacamite Nanoclusters             

for Bioimaging and Photothermal Applications 

 

71-103 

3.1  Introduction 71 

3.2 Experimental 

3.2.1 Synthesis and Silica Encapsulation of Atacamite Nanocluster 

3.2.2 Characterization 

3.2.3 Quantum Yield Measurement 

3.2.4 MTT Assay 

3.2.5 Fluorescence Imaging of Drosophila Salivary Gland Tissue  

3.2.6 Viability of MG-63 Cells and Photothermal Efficacy    

73-77 

73 

74 

74 

75 

76 

76 



x 
 

3.3 Characterization & Property Evaluation 

3.3.1    Characterization of Atacamite Nanoclusters 

3.3.2    Optical Properties of Atacamite Nanoclusters 

3.3.3    Atacamite Nanoclusters Band Gap Analysis 

3.3.4    Design of Fluorescent Atacamite Nanoclusters  

3.3.5    ESI-MS Analyses 

3.3.6    Proposed Reaction Mechanism 

3.3.7    Silica Encapsulation of FANC (SEFANC) 

           3.3.7.1  Characterization of SEFANC 

           3.3.7.2  Optical Properties of SEFANC   

3.3.8     Light Absorption Property 

78-93 

78 

82 

83 

84 

85 

86 

87-93 

87 

91 

92 

3.4 Biological Applications of SEFANC 

3.4.1 MTT Assay and Cellular Imaging 

3.4.2 Drosophila Salivary Gland Tissues Imaging 

3.4.3 Photothermal Heat Generation and Thermal Stability 

3.4.4 In Vitro Photothermal Studies 

3.4.5 Viability of MG-63 Cells and Photothermal Analyses 

94-100 

94 

95 

96 

97 

99 

3.5 Magnetic behavior of Atacamite nanoclusters 100-102 

3.6 Conclusion 102 

Chapter 4: Copper oxide nanoparticle: Multiple functionalities in 

photothermal therapy and electrochemical energy storage 

 

105-139 

4.1 Introduction 105 

4.2 Experimental 

4.2.1    Synthesis of CONP from M.oleifera Extract 

4.2.2    Characterizations 

107-112 

107 

108 



xi 
 

4.2.3    Photogenertaed heat study upon NIR exposure  

4.2.4    In Vitro photothermal study 

4.2.5    Electrochemical Analysis 

108 

109 

111 

4.3 Result & Discussion 

4.3.1 Physicochemical Characterization of prepared nanoparticle 

4.3.2 Optical absorption property 

4.3.3 Photothermal heat generation 

4.3.4 Photothermal ablation of B16F10 cancer cell lines 

4.3.5 Viability of B16F10 cancer cells after photothermal 

treatment 4.3.6 Electrochemical performance of copper oxide 

nanoparticle  

112-138 

112 

119 

122 

123 

125 

128 

4.4 Conclusion 138 

Chapter 5: Green Route Synthesized NaYF4: Yb3+, Tm3+ 

Nanophosphors and its Photo-physical and Magnetic Characterization 

141-159 

5.1 Introduction 141 

5.2 Experimental 

5.2.1 Synthesis of Upconverting NaYF4:Yb3+, Tm3+ 

Nanophosphors 5.2.2 Characterizations  

5.2.3 Photothermal Heat Generation & Dissipation by UPCN_M on 

NIR Exposure 

143-145 

143 

144 

144 

5.3 Results and Discussion 145-158 

5.4 Conclusion 158 

Chapter 6: Lattice-Strain induced photophysical properties of NaYF4: 

Yb3+, Tm3+ Upconverting phosphors 

161-189 

6.1 Introduction 161 



xii 
 

6.2 Experimental 

6.2.1 Materials Required 

6.2.2 Hydrothermal Synthesis of UCP 

6.2.3     Characterization 

163-164 

163 

163 

164 

6.3     Result & Discussion 

6.  6.3.1    XRD Analysis  

6.3.2    Effect of lattice strain on crystallographic property  

6.3.3    SEM Analysis and Particle size distribution 

6. 6.3.4    Photoluminescence spectra 

165-188 

165 

168 

175 

186 

6.4 5  Conclusion 188 

Chapter 7: Summary of Research & Scope of Future Work                          191 -196   

References                                                                                                            198-231  

Appendix                                                                                                              234-240 

List of Publications                                                                                               241         

 

 

 

 

 

 

 

 



xiii 
 

List of figures 

Figure no. Figure caption Page no. 

Figure 1.1 The growth process of a tumor from a healthy cell. 2 

Figure 1.2 Schematic showing tumor micro-environment. 3 

Figure 1.3 Different zones of temperature are responsible for causing 

various physiological changes during tumor treatment by 

photothermal therapy.  

10 

Figure 1.4 Schematic showing in Vitro Hyperthermic activity in a mouse 

model for treatment of tumor. 

12 

Figure 1.5 Jablonski Energy Diagram explaining the fluorescence 

Mechanism. ###ES: excited state, ##GS: ground state, #T: 

Triplet state. 

15 

Figure 1.6 Interesting characters of Upconverting phosphors (UCPs).  17 

Figure 1.7 Schematic showing constituents of Upconverting phosphors.  19 

Figure 1.8 Two popular Upconversion mechanisms are (a) Excited-state 

absorption (b) Energy transfer Upconversion. ### ES1: first 

excited state, ## ES2: second excited state, #GS: ground state, 

*hν: energy of the photon. 

22 

Figure 1.9 The Co-operative mechanism involved in the Upconversion 

process. 

23 

Figure 1.10 Photon avalanche mechanism associated with Upconversion 

process. 

24 

Figure 1.11 Upconversion luminescence mechanism mediated by energy 

migration and triplet-triplet annihilation.  

25 

Figure 1.12 Schematic representation of multifunctional attributes of 

semiconducting and Upconverting nanostructure. 

26 

Figure 1.13 Schematic representation of fluorescent metal nanoclusters 

protected by Nucleotides, Proteins/peptides, biomolecules, 

polymers/dendrimers, etc. 

28 

Figure 1.14 Fluorescence mechanism in transition metal nanoclusters. 29 

Figure 2.1 Energy level diagram representing luminescence phenomena in 

Tm3+ doped Upconverting phosphors. 

48 

Figure 3.1 (a) TEM images of monodispersed FANC. (b) Closure view 

image of single FANC, consisting of different sub clusters. (c) 

Size distribution histogram of nanoclusters in FANC represented 

(d) Sub-nanoclusters size distribution, constituting the 

nanoclusters. 

78 



xiv 
 

Figure 3.2 (a) XRD pattern of the FANC powder (b) Thermogravimetric 

and differential Scanning calorimetry spectra for FANC powder. 

(c) FTIR spectra of FANC. 

80 

Figure 3.3 XPS spectra of (a) C 1S electrons (b) Cu 2p electrons in FANC 

(c) Cl 2p electrons in FANC and (d) O 1s electrons (inset shows 

deconvoluted spectra).  

81 

Figure 3.4 (a) Excitation and emission spectra of FANC (b) Emission from 

FANC and control (c) Fluroscent lifetime decay curve of control 

and FANC (d) Effect of shelf life on emission property of FANC 

and SEFANC. 

84 

Figure 3.5 Probable reaction pathway for the formation of atacamite from 

plant phytochemicals.  

86 

Figure 3.6 (a) HR-TEM image showing complete encapsulation of FANC 

(dark core) within transparent silica layer. (b) XRD pattern of 

SEFANC. 

87 

Figure 3.7 XPS spectra of (a) Cu 2p electrons in SEFANC (c) Cl 2p 

electrons in FANC (c) Si 2p electrons (d) O 1s electrons. 

89 

Figure 3.8 Functional group analyses of SEFANC through FTIR 

spectroscopy. 

90 

Figure 3.9 (a) Emission spectra for FANC and SEFANC (inset showing 

colour chromaticity diagram) (b) Effect of shelf life on SEFANC 

and FANC emission property (c) Time trace of fluroscence 

emission maxima of SEFANC as compared to FANC (d) UV-

Visible light absorption property of FANC, SEFANC and silica 

encapsulated control extending upto NIR region.  

92 

Figure 3.10 Drosophila salivary gland tissue viability test on exposure to 

SEFANC. 

94 

Figure 3.11 Bright field and fluorescence images of Drosophila salivary 

gland tissues (A) bright field image of salivary gland tissue 

(negative control) (B) fluorescence images (negative control),(C) 

fluorescence intensity (negative control) (D) bright field image 

(SEFANC stained), (E) fluorescencent image (SEFANC stained) 

and (F) fluorescence intensity from the SEFANC stained tissues. 

95 

Figure 3.12 (a) NIR induced heat generation by DI water, FANC, pure silica 

nanoparticles (control) and SEFANC (b) Thermal stability of 

SEFANC upon NIR exposure at different heating cycles. Inset 

shows change in temperature for different concentrations of 

SEFANC. 

96 

Figure 3.13 (a) Bright field images  demonstrating the morphology of 

osteosarcoma MG-63 cells (elongated) after incubation with 

SEFANC (0.1 mg/mL)and (b) The drastic change in cell 

morphology (rounded) after combined treatment of NIR and 

98 



xv 
 

SEFANC (c) A closer view of SEFANC treated cells (positive 

control) revealing the intact morphology. (d) A closure view of 

cells, after combined treatment with SEFANC and NIR, suggests 

the cell destruction Schematic diagram of the moving bed 

biofilm reactor. 

Figure 3.14 (a) Viability of MG-63 cells upon exposure to (SEFANC) and 

(SEFANC + NIR) doses. Two-way ANOVA was performed by 

Tukey’s multiple comparison test for statistical differences (*p < 

0.05, ***p < 0.005, ***p < 0.0001, ns-non significant). (b) IC50 

analysis of MG-63 cells on exposure to (SEFANC) and 

(SEFANC+NIR). 

99 

Figure 3.15 (a) DC susceptibility measurement at 0.1 T (b) Inverse 

susceptibility diagram showing antiferromagnetic as well as 

paramagnetic behavior of atacamite (c) Isothermal 

magnetization curve at room temperature as well as 2K (d) arrot 

plot showing antiferromagnetic behavior of atacamite 

nanoclusters. 

102 

Figure 4.1 Process diagram showing synthesis of CONP from M.oleifera 

leaf extract. 

107 

Figure 4.2 (a) HR-XRD and (b) Raman spectra of CONP prepared from 

M.oleifera extract, (c) Corresponding FTIR spectra for surface 

functionality, (d) FE-SEM image showing morphology.   

113 

Figure 4.3 (a) & (b) Morphology of CONP. Inset of Fig. 3a showing the size 

distribution analysis.  TEM images of monodispersed FANC. (c) 

SAED pattern of prepared nanoparticle. (d) HR-TEM analysis 

revealed the interplaner spacing of copper oxide nanoparticle. 

116 

Figure 4.4 XPS spectra of CONP from M.oleifera extract (a) Survey spectra 

(b) C 1S electrons (c) Cu 2p electrons (d) O 1s electrons. 

117 

Figure 4.5 Possible reaction mechanism for formation of CuO from 

M.oleifera leaf extract. 

119 

Figure 4.6 (a) UV-Visible absorbance spectra of CONP. Inset showing 

optical band gap values. (b) Temperature rise of aqueous 

suspension of copper oxide nanoparticle upon NIR irradiation. 

Inset showing temperature difference and heat generation 

stability. 

121 

Figure 4.7 Bright field images demonstrating the morphology change 

process of B16F10 melanoma cancer cells with or without 

treatment of CONP drug and NIR radiation. (a) Bright field 

image of fully growth cancer cell lines without exposure of 

CONP drug and NIR laser (negative control) (d) Control cell 

lines with exposure of NIR radiation (positive control) (b) cancer 

cell lines incubated with 0.1 mg/mL concentration of CONP (e) 

Cell lines after combined treatment of 0.01 mg/mL of CONP + 

NIR radiation (c) cancer cells on only exposure to 0.05 mg/mL 

125 



xvi 
 

of CONP (f) altered morphology of B16F10 cells by combined 

treatment of CONP (0.05 mg/mL) + 975 nm laser light. 

Figure 4.8 (a) MTT analysis of B16F10 cancer cells upon exposure to 

different concentration of CONP and (CONP + NIR) dosage. 

Two-way ANOVA was performed by Tukey’s multiple 

comparison test for statistical differences (*p < 0.05, ***p < 

0.005, ****p < 0.0001, ns-non significant). (b) IC50 analysis of 

B16F10 cells on exposure to different concentration of CONP 

under dark and NIR irradiated condition. 

127 

Figure 4.9 (a) CV analysis of CONP electrode in 1M KOH electrolyte at 

diiferent scan rates. (b) Variation cathodic current with scan rate 

(c) Cyclic voltammetry analysis performed at open circuit 

potential for ECSA estimation. (d) Rate performance of CONP 

electrode. 

 

130 

Figure 4.10 (a) GCD curve of CONP electrode in 1M KOH electrolyte. (b) 

Specific capacity retention over different cycles of operation (c) 

Nyquist plot and equivalent circuit diagram (inset)   (d) Bode plot 

corresponding to CONP electrode. 

133 

Figure 5.1 Powder x-ray diffraction pattern of UPCN_M and UPCN_EDTA 

synthesized at 2h, 5h and 15h. (Magnified crystallographic image 

provided in supplimentary file (Appendix C1). 

146 

Figure 5.2 Quantification of transition of hexagonal phase with respect to 

cubic phase. 

148 

Figure 5.3 GC-MS of M.oleifera leaf extract showing presence various 

organic molecules and their abundance. 

149 

Figure 5.4 TEM images of UPCN synthesized at (a) 2h (b) 5h and (c) 15h. 

For the same samples SAED acquired for UPCN_M synthesized 

at (d) 2h (e) 5h and (f) 15h. 

150 

 

Figure 5.5 FTIR spectroscopy of UPCN synthesized from M. oleifera. 151 

Figure 5.6 (a) Comparative emission analysis of UPCN synthesized from 

M. oleifera (Main figure) and EDTA assisted aqueous medium 

(inset) for different time interval (b) CIE diagram indicating 

colour coordinates for Upconverted emission at different time 

duration. 

153 

Figure 5.7 (a) Absorption spectra of UPCN as compared to deionized water 

and M. oleifera leaf extract. (b) Heating and cooling profile of 

UPCN prepared from M.oleifera in powder and in suspension 

form upon NIR Excitation. 

155 

Figure 5.8 Magnetic property measurement study of Upconverting 

nanoparticles synthesized using M.oleifera. Field dependent 

magnetization curve of UPCN_M measured at 2K (a) and 300 K 

157 



xvii 
 

(b). Inset image in both the figures showing magnified image at 

lower applied field. 

Figure 6.1 XRD analysis of UCP by different combination of chelating 

agent and substrate. (a)UCP_EDTA@ITO, (b) 

UCP_EDTA@FTO, (c) UCP_EDTA@PG, (d) 

UCP_DTPA@ITO, (e) UCP_DTPA@FTO, (f) 

UCP_DTPA@PG, (g) UCP_EGTA@ITO, (h) 

UCP_EGTA@FTO, (i) UCP_EGTA@PG. 

166 

Figure 6.2 Williamson-Hall analysis of UCP. (a)UCP_EDTA@ITO, (b) 

UCP_EDTA@FTO, (c) UCP_EDTA@PG, (d) 

UCP_DTPA@ITO, (e) UCP_DTPA@FTO, (f) 

UCP_DTPA@PG, (g) UCP_EGTA@ITO, (h) 

UCP_EGTA@FTO, (i) UCP_EGTA@PG. 

172 

Figure 6.3 Scanning electron micrographs of UCP.  (a)UCP_EDTA@ITO, 

(b) UCP_EDTA@FTO, (c) UCP_EDTA@PG, (d) 

UCP_DTPA@ITO, (e) UCP_DTPA@FTO, (f) 

UCP_DTPA@PG, (g) UCP_EGTA@ITO, (h) 

UCP_EGTA@FTO, (i) UCP_EGTA@PG. 

177 

Figure 6.4 Low angle peak shift in UCP synthesized using (a) EDTA, (b) 

DTPA, (c) EGTA chelating ligand in association with various 

substrates. Upconversion luminescence intensity from UCP 

synthesized using (d) EDTA, (e) DTPA, and (f) EGTA chelating 

agent. 

185 

 

 

 

 

 

 



xviii 
 

List of Tables 
 

Table no. Table caption Page no. 

   

Table 2.1 Brief description of atacamite and its other similar 

polymorphs synthesized in laboratory scale by various group 

of researchers. 

 

39-40 

 

 

Table 2.2 Cytotoxicity effect of Copper oxide nanomaterials to cancer 

cell lines. 

 

43 

Table 2.3 Reported literatures related to multifunctional applications of 

copper metal-based semiconducting nanomaterials. 

 

45-47 

Table 2.4 Literatures based on multifunctional Tm3+ doped 

Upconverting phosphors. 

 

56 

Table 2.5 Common phytochemicals present in M.oleifera leaf extract. 
#Gallic acid equivalent, @Quercetin equivalent, $Tannin acid         

equivalent. 

65-66 

Table 4.1 Comparative study of diiferent electrochemical device 

paramteres derived from GCD curve of CONP electrode. 

135 

Table 4.2 Values corresponding to series of resistive, capacitive and 

constant phase elements. 

137 

Table 6.1 The nomenclature adopted for several described UCP in the 

current experiment. 

164 

Table 6.2 Degree of crystallinity, lattice strain and associated crystallite 

size of synthesized UCP. 

170 

Table 6.3 Particle size distribution of UCP synthesized. 179 

 

 

 

 

 

 



xix 
 

List of Abbreviations and Symbols 

 

Abbreviation Nomenclature 

 

MFN 

GSA 

ETU 

UCP 

 

Multifunctional nanomaterial 

Ground state absorption 

Energy transfer Upconversion 

Upconverting phosphors 

UPCN 

FANC 

SEFANC 

Upconverting nanophosphors 

Fluoroscence Atacamite Nanoclusters 

Silica-encapsulated fluorescence Atacamite nanoclusters  

B.F. Bright Field 

V.B. Valence band 

C.B.  

SPR 

ESI-MS 

CONP 

W.H. 

CIE 

MTT 

MPMS 

MRI 

GC-MS 

EDLC 

CV 

EIS 

ECSA 

GCD 

 

 

 

Conduction band 

Surface plasmon resonance 

Electrospray Ionization Mass Spectrometry 

Copper oxide nanoparticle 

Williamson-Hall 

International commission on Illumination 

(3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) 

Magnetic Properties Measurement System 

Magnetic Resonance Imaging 

Gas Chromatography Mass Spectrometry 

Electrostatic double layer Capacitance 

Cyclic Voltammetry 

Electrochemical Impedance Spectroscopy 

Electrochemical Active Surface Area 

Galvanic Charge-Discharge 

 

 



xx 
 

Symbols Nomenclature 

 

cps 

a.u. 

ns 

oC 

 

Counts per second 

Arbitary Unit 

Nano seconds 

Degree centigrade 

IC50 

η 

ICP 

Half Maximum Inhibition Concentration 

Photothermal conversion efficiency 

Cathodic peak current density  

W/cm2 Watt per centimetre square 

CS Specific capacitance 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


