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(e) Zinc−tryptophan nanoassemblies on ROS production in HEK 

293 cells (n = 3). (f) MTT assay to evaluate the cytotoxicity of 

Zn−W in HEK-293 (human embryonic kidney) cells at different 

doses (10−100 μg/mL) for 24 h treatment (n = 3). Statistical analysis 

was done using one-way ANOVA, followed by the Tukey test, 

where p < 0.05. 
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Figure 15 In vivo wound healing investigation of Zn-W in the rat model (n=4). 

(a) Schematic representation of application of Zn-W on Wistar rat 

wound model, (b) Optical images of the wounds for the Untreated, 

Positive Control (Silver Nitrate Gel 0.2% W/W) and Zn-W treated 

groups (20 µg per rat) from day 0 to day 11. (c) The time dependent 

percentage wound closure curve for the treated and untreated 

groups. (d-f) The H&E-stained microscopic image of the rat skin 

wounds for the Untreated, Positive Control and Zn-W treated 

groups at day 12; Pictures were taken with a 20X magnification. (g) 

Quantification of epidermis layer thickness (in 20 µm) using ImageJ 

analysis. (h-j) Microscopic images for the collagen deposition and 

tissue histology of various groups. Aniline blue staining was used 

to assess the amount of collagen deposition during granulation 
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tissue formation. Statistical analysis was done using one-way 

ANOVA followed by the Tukey test, where p < 0.05. 

Figure 16 (a-i) 3D images showed higher 𝛼 − 𝑆𝑀𝐴 levels of fluorescence in 

the treated group Zn-W compared to the untreated group indicating 

more recruitment of myofibroblast. (j) Plot of fluorescence 

intensity.  
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Chapter 4 
Figure 1 (a) The crystal structures of oxidoreductase enzymes such as 

Laccases (LACs), Catalases (COD), and Peroxidases (POD) exhibit 

a common primary coordination sphere at their catalytic sites, 

facilitating biocatalytic reactions. (b) The adenine (A) structure 

demonstrates its ability to form hydrogen bonds (utilizing both 

Hoogsteen and Watson-Crick interactions), which supports 

supramolecular structures and metal coordination, similar to the 

primary coordination sphere of oxidoreductase enzymes. (c) A 

schematic representation of the DNA double helix structure 

illustrates the Watson-Crick hydrogen bonding interactions between 

nucleobases. (d) A schematic illustration shows the selective green 

synthesis methods (including both aqueous solvent evaporation and 

solvent-free mechanical co-grinding) used for creating A-Cu 2D 

crystalline Bionanozyme, highlighting its multienzyme mimicking 

biocatalytic properties and its diverse environmental and 

biomedical applications. 

159 

Figure 2 (a) UV-visible absorption spectra of CuCl2, nucleobases, and their 

mixtures in water. (b) Job plot showing the relationship between the 

fraction of A and absorbance at 691 nm. 

160 

Figure 3 High-resolution scanning electron microscopy (HR-SEM) images 

of A-Cu crystals, showing the aggregation of 2D sheets. 

161 

Figure 4 (a) Scanning Electron Microscopy (SEM) image highlighting the 

selected area for Energy Dispersive X-ray (EDX) analysis on the 

surface of A-Cu BioNanozyme. (b) EDX spectra illustrating the 

presence of key elements: Carbon (C), Nitrogen (N), Oxygen (O), 

and Copper (Cu). (c) Table summarizing the percentage 

composition of elements within the A-Cu BioNanozyme. (d-g) 

Elemental mapping images demonstrating the uniform distribution 

of Carbon (C), Nitrogen (N), Oxygen (O), and copper (Cu) along 

with a composite image representing the merged distribution of all 

elements on the A-Cu BioNanozyme’s surface. (h) Composite 

image revealing the integrated elemental distribution across the 

topography of A-Cu BioNanozyme. 

161 

Figure 5 Optical microscopy images of A-Cu 2D crystals, showing the 

uniform 2D morphology of A-Cu crystals on glass slide. 

162 

Figure 6 ORTEP diagram of the A-Cu crystal structure. 163 

Figure 7 (a-c) Single-crystal X-ray diffraction (SCXRD) structural analysis 

of A-Cu crystals: the primary A-Cu coordination complex structure 
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showing Cu-Cu distance of 3.055Å (a) and the infinite 2D layered 

A-Cu complex organization along the crystallographic b-axis (b) 

and c-axis (c). (d) PXRD data demonstrated the formation of the 

complex on mixing A and Cu2+, new peaks are observed in case of 

complexation against the individual components of the system. (c) 

Matched PXRD spectra of A-Cu crystals and simulated spectra 

displayed the retained crystal structure on grinding the A-Cu 

crystals for catalysis purposes.  

Figure 8 (a)Comparison of powder X-ray diffraction (PXRD) patterns of A-

Cu synthesized by two methods: crystals grown from solvent 

evaporation and those formed by solvent-free grinding. (b) 

Comparison of Fourier-transform infrared (FT-IR) A-Cu spectra 

synthesized via solvent evaporation and solvent-free grinding. 

165 

Figure 9 Mass spectra for A-Cu BioNanozymes synthesized by grinding 

method, m/z-333.3 show the presence of 1:2 copper adenine 

fragment while m/z-370.3 is the peak with chlorine atom 

respectively 

166 

Figure 10 XPS analysis of A-Cu BioNanozyme which shows the presence of 

elements including C, N, O (in two different states), and Cu (in two 

different spin states). The table shows the percentage of present 

elements. 

166 

Figure 11 Selected area X-ray photoelectron spectroscopy (XPS) spectra of 

A-Cu. 

167 

Figure 12 (a) The schematic illustration of the LAC-mimicking catalytic 

characteristics of the A-Cu Bionanozyme used for the detection and 

removal of phenol from water. (b) The UV–vis absorption spectra 

of the substrates (DP+AP) are presented both in the presence and 

absence of A-Cu (in PBS buffer at pH 7.4). The inset includes 

corresponding photographs of the reaction vials. (c) Relative 

catalytic activity is shown in control experiments, with data from 

three independent tests (n = 3). Inset: corresponding photographs of 

the reaction wells. (d) Effect of pH on the laccase-like biocatalytic 

activity of A-Cu BioNanozyme, maximum activity was observed at 

acidic pH-9. (e) Optical microscopy snapshots at different intervals 

(0 min, 30 min) taken from the in-situ reaction monitoring of DP 

and AP catalyzed by A-Cu crystals), displaying the solution color 

change going from colorless (at 0 min) to red (after 30 min). 

168 

Figure 13 UV-vis kinetic studies at 512 nm in (1) With filtrate, (2) In the 

presence of A-Cu BioNanozyme. 

169 

Figure 14 (a)Catalysts A-Cu concentration-dependent kinetics with fixed 

optimum concentration of AP (0.5 mM) and DP (0.6 mM). (b) 

Optimization of AP with fixed optimum concentration of A-Cu (0.1 

mg/ml) and DP (0.6 mM). (c) Increment of absorbance at 512 nm 

with increasing the concentration of DP (0.02-0.6 mM) with fixed 
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and optimum concentration of A-Cu (0.1 mg/ml). d) The initial 

reaction rate (V0) catalyzed by A-Cu (0.1 mg/mL) as a function of 

substrate concentration, with [DP] ranging from 0 to 0.6 mM and 

[AP] at 0.5 mM (n = 3 independent experiments), fitted using the 

Michaelis-Menten model. 

Figure 15 Laccase-like catalytic activity of crystalline and mechanochemical 

A-Cu BioNanozyme at 512 nm. 

170 

Figure 16 (a) Increase of the absorbance with increasing the concentration of 

2,4-DP (20 to 200 µM) with fixed 4-AP and A-Cu concentration. 

(b) A standard linear curve correlates absorbance at 512 nm with 

the concentration of DP. Inset: corresponding photographs of the 

reaction wells. (c) The comparison of relative catalytic conversion 

activity of the A-Cu Bionanozyme is shown for various toxic 

phenolic pollutants, listed from left to right: (1) 2,4-Dinitrophenol, 

(2) 4-Nitrophenol, (3) 2-Aminophenol, (4) 2,4,6-Trichlorophenol, 

(5) 2-Naphthol, (6) 2-Nitrophenol, and (7) 2,4-Dichlorophenol. 

Inset: corresponding photographs of the reaction wells. (d) The 

catalytic activity of A-Cu Bionanozyme in various real water 

samples, including tap water, river water, and seawater, highlights 

its potential applications in environmental monitoring and water 

treatment solutions. 

172 

Figure 17 (a) Storage stability of A-Cu BioNanozyme that shows retainment 

of laccase-like catalytic activity in 30 days. Results show the 

activity of A-Cu is almost 99 % after 30 days of storage in a PBS 

buffer of pH-7.4. (b) Recyclibity experiment which shows total nine 

cycles for laccase like activity of A-Cu BioNanozyme. 

174 

Figure 18  (a) Laccase-like catalytic activity of A-Cu BioNanozyme at 512 nm 

in the presence and absence of O2. (b) Selected area electron 

paramagnetic resonance (EPR) spectra of the A-Cu Bionanozyme 

depicted before and after the addition of DP. (c) Control 

experiments examine the in-situ production of H2O2 as a byproduct, 

utilizing the HRP and ABTS enzymatic assay. Inset: corresponding 

photographs of the reaction vials. 

175 

Figure 19 Proposed LAC-like catalytic mechanism of A-Cu BioNanozyme.80 176 

Figure 20 Schematic representation of the process to remove the 2,6-

Dimethoxy phenol (DMP) from water by using the laccase-like 

biocatalytic activity of A-Cu BioNanozyme, Mass spectral m/z 

peaks showing the process removal of phenols DMP from water in 

the form of product 3,3,5,5-tetramethoxy biphenyl-4,4-diol 

(TMBD). 

177 

Figure 21 Photographs of DMP-polluted water samples, after the addition of 

the A-Cu Bionanozyme and the filtrate water samples and their 
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corresponding m/z mass signals. Error bars in all graphs represent 

the standard deviations from three independent measurements 

Figure 22 High-resolution mass spectra of phenolic compound water sample, 

which contains phenol DMP as a pollutant. 

178 

Figure 23 Mass spectra of filtrate solution after removal of whole precipitated 

compound. Spectra clearly displayed the absence of peak 

corresponding to DMP (m/z-155, 130, 116). 

178 

Figure 24 Mass spectra of the collected precipitate compound, which clearly 

displayed the absence of a peak corresponding to DMP, which is the 

confirmation for the conversion of DMP to TMBD. 

179 

Figure 25 (a) Schematic illustration of CO-mimicking catalytic activity of the 

A-Cu Bionanozyme. (b) UV-visible absorption spectra of 3,5-

DTBC and in the presence of the A-Cu Bionanozyme are shown, 

accompanied by corresponding photographs of the reaction vials in 

the inset. (c) Relative catalytic activity is demonstrated through 

control experiments, with data collected from three independent 

trials (n = 3). Inset: corresponding photographs of the reaction 

wells. (d) pH-dependent relative catalytic activity of the A-Cu 

Bionanozyme. Inset: corresponding photographs of the reaction 

vials. 

180 

Figure 26 (a) Optimization of A-Cu amount to catalyse 3,5-DTBC (fixed 

concentration of 1 mM). (b) Substrate concentration-dependent 

time vs Abs@415nm plot indicates the increment trend with a rise 

in the concentration of 3,5-DTBC (mM). This plot clearly shows the 

saturation of reaction progress almost at 1 mM of 3,5-DTBC 

concentration.  
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Figure 27 The initial reaction rate (V0) catalyzed by A-Cu at a concentration 

of 0.1 mg/mL is plotted against substrate (3,5-DTBC) 

concentration, and the data are fitted using the Michaelis-Menten 

model. 

181 

Figure 28 Proposed CO-like catalytic mechanism of A-Cu BioNanozyme.80 182 

Figure 29 (a) Schematic representation for the oxidation of DA in presence of 

A-Cu to a colored product dopachrome (DC) (b) Detection of 

dopamine by using the Increment pattern of absorbance at 475 nm 

with increasing the concentration of dopamine. (c) A standard linear 

curve showing absorbance at 475 nm versus DA concentration 

183 

Figure 30 Optical microscopy snapshots captured at various intervals 

displaying the in-situ monitoring of 3,5-DTBC oxidation catalyzed 

by A-Cu crystals, highlighting the color change of the solution from 

colorless at 0 min to pale yellow after 15 min. 

183 
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Figure 1 POD-Mimicking activity of A-Cu bionanozyme, by catalysing the 

conversion of H2O2 into H2O. Colorimetric substrate TMB used to 

monitor this conversion visually and spectroscopically. 

202 

Figure 2 (a) Schematic illustration of the POD-mimicking catalytic 

characteristics of the A-Cu Bionanozyme for colorimetric detection 

of H2O2 and GSH. (b) UV-vis absorption spectra of the substrates 

(H2O2 + TMB) alone and in the presence of the A-Cu Bionanozyme. 

Inset: corresponding photographs of the reaction vials. (c) The 

relative catalytic activity is demonstrated through various control 

experiments. Inset: corresponding photographs of the reaction 

wells. (d) Optical microscopy snapshots at different intervals (0 

min, 15 min, and 30 min) taken from the in-situ reaction monitoring 

of TMB catalyzed by A-Cu crystals, displaying the solution color 

change going from colorless (at 0 min) to red (after 30 min). 

204 

Figure 3 (a) pH-dependent relative POD-mimicking catalytic activity of the 

A-Cu Bionanozyme. Inset: corresponding photographs of the 

reaction vials. (b) Comparison of the POD-like activity of A-Cu in 

acetate buffer and PBS buffer, notably A-Cu displayed more activity 

in PBS buffer as compared to acetate buffer. 

204 

Figure 4 (a) Kinetics studies for the optimization of A-Cu amount in mg/ml 

with fixed TMB (0.2 mM) and H2O2 (1 mM) concentration at pH-4 

at room temperature, 0.2 mg/ml amount of A-Cu shows the best 

enzyme-like increment pattern with maximum slope value. (b) 

Kinetics for the optimization of the concentration of substrate TMB, 

results show the best enzyme-like increment pattern at 0.2 mM 

concentration of TMB with fixed A-Cu and H2O2 concentrations. 

(c) Substrate-dependent kinetics with varying range of H2O2 

concentration (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0 mM) with 

fixed and optimum concentration of A-Cu and TMB. (d) The initial 

reaction rate (V0) catalyzed by the A-Cu Bionanozyme (0.2 mg/mL) 

is plotted against the concentration of H2O2 ([TMB] = 0.2 mM), and 

the data are fitted using the Michaelis-Menten model. 
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Figure 5  (a) ROS scavenging experiment clearly shows the diminishing 

band of oxTMB product with Parabenzoquinone (superoxide radical 

scavenger) and isopropanol (hydroxyl radical scavenger). (b) 

Electron Paramagnetic Resonance (EPR) spectra of selected 

reaction mixtures, including DMPO, DMPO+H2O2 and A-

Cu+DMPO+H2O2 in phosphate-buffered saline (PBS) at pH 4. (c) 

Schematic reaction showing the reaction between DMPO with OH 

radicals and the resultant product is EPR active in nature. (d) The 

proposed Fenton-like POD-mimicking catalytic mechanism of A-

Cu Bionanozyme and oxidation of TMB. 
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Figure 6  (a) This figure shows the increase in the absorbance band at 652 

nm (for oxTMB) with an increase in the concentration of H2O2 with 

fixed A-Cu (0.2 mg/ml) and TMB (0.2 mM) in the concentration 
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range of 10 to 140 M. (b) A standard linear curve showing 

absorbance at 652 nm in relation to H2O2 concentration, with 

corresponding photographs in the inset. 

Figure 7  (a) Schematics showing the reduction of oxTMB molecules into 

reduced colourless TMB molecules on the addition of GSH 

molecules. (b) UV-vis absorption spectra of the incremental 

addition of GSH to the A-Cu + H2O2 + TMB reaction mixture along 

with corresponding photographs of the reaction vials. (c) Standard 

linear curve showing absorbance at 652 nm against GSH 

concentration 
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Figure 8 Interference experiment: A/A ((A0 - A) / A) versus various 

analytes. From left to right: A1 = L-Arginine, A2 = L-Lysine, A3 = 

L-Aspartic Acid, A4 = L-Threonine, A5 = L-Tryptophan, B1 = L-

Valine, B2 = L-Alanine, B3 = L-Isoleucine, B4 = L-Serine, B5 = L-

Methionine, C1 = L-Glutathione (GSH), C2 = L-Histidine, C3 = L-

Phenylalanine, C4 = L-Tyrosine, C5 = L-Proline, D1 = L-

Asparagine, D2 = L-Glutamine, D3 = L-Glutamic Acid, D4 = L-

Cysteine, D5 = L-Cystine. Inset: corresponding photograph of the 

reaction well plate. 

211 

Figure 9 (a) MTT assay of A-Cu treated NIH3T3 cell lines showing 

cytocompatibility with varying doses. b, c) The elevated 

fluorescence intensity is shown by (b) KBCHR8 cells, and (c) HEK-

293T with H2O2. In contrast, A-Cu at concentrations 0.1 mg/mL and 

0.5 mg/mL showed a significant decrease in the fluorescence 

intensity with respect to untreated cells and cells treated with 

hydrogen peroxide, therefore showing efficiency in scavenging 

reactive oxygen species (ROS) and reducing oxidative damage. (d-

g) The microscopic pictures of the untreated and A-Cu treated chick 

embryo models at 0 and 6 hours are displayed in a–d. (h-j) These 

figures are quantified in terms of area, length, and junction using 

tools such as ImageJ and Angiotool (VA denotes ‘Vessel Area’ and 

NOJ denotes ‘Number of Junctions’). The three test results are 

displayed as mean±SD. There are no appreciable differences from 

embryos that were not treated (*p>0.05). 

212 

Figure 10 Fluorescence intensity measurement of DCFDA confocal. 213 

Figure 11 Fluorescence imaging of A-Cu scavenging reactive oxygen species 

in live cells and results from the Live/Dead assay. a) Treatment of 

HEK-293T cells with H2O2 resulted in elevated fluorescence, 

indicating increased levels of reactive oxygen species (ROS). 

Conversely, A-Cu at concentrations of 0.5 mg/mL and 0.1 mg/mL 

significantly reduced fluorescence compared to untreated cells and 

those treated with H2O2, demonstrating its efficacy in scavenging 

ROS and mitigating oxidative damage. b) The Live/Dead assay 
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illustrated that HEK-293T cells exposed to H2O2 had a reduced 

number of live cells (indicated in green) and an increased number 

of dead cells (indicated in red). In contrast, the presence of A-Cu at 

concentrations of 0.1 mg/mL and 0.5 mg/mL in conjunction with 

H2O2 led to a notable increase in cell viability, further highlighting 

its role in reducing oxidative stress. 
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Notations Abbreviations  
A Adenine 

%  Percentage 

<  Less than 

>  More than 

° Degree 

°C Degree Celsius 

© Copyright 

Å Angstrom 

C Cytosine 

cm Centimeter 

[  ] Concentration 

DNA Deoxyribonucleic acid 

equiv. Equivalent 

ESI Electrospray ionization 

F L-Phenylalanine 

FT-IR  Fourier Transform Infra-Red 

G Guanine 

g Gram; Gravitational force 

i.e. that is 

L. Literature  

m/z Mass to charge ratio 

mg Milligram 
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µm Micrometer 

µM Micromolar 

µL Microliliter 

nm Nanometer 

NaCl Sodium chloride 

NMP N-Methyl-2-pyrrolidone 

ox Oxidation 

pH Potential of hydrogen 
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RNA Ribonucleic acid 

T Thymine 

UV Ultraviolet 
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