
BIOLOGICAL AND ENVIRONMENTAL 
APPLICATIONS OF PHYTOGENIC ZnO 

NANOPARTICLES 
 
 
 
 
 
 

Thesis Submitted 
to the University of Calicut for the 

award of 
 

DOCTOR OF PHILOSOPHY IN CHEMISTRY 
 
 
 
 
 
 
 

ANUPAMA R PRASAD 
 
 
 
 
 
 

 
 

DEPARTMENT OF CHEMISTRY 
UNIVERSITY OF CALICUT 

KERALA- 673635 
OCTOBER 2020 







 

 

 

  



Acknowledgment 

 

I wish to express my sincere appreciation to my supervisor, Dr. Abraham Joseph, 

who has the substance of a genius: he convincingly guided and encouraged me to 

be professional and do the right thing even when the road got tough. I would like 

to pay my special regards to Dr. A.I. Yahya, Head of the department of 

Chemistry, University of Calicut and former HODs of the department for 

providing the basic facilities during my Ph.D programme. Sincere thanks to the 

faculty members of the department Dr. P. Raveendran, Dr. K. Muraleedharan, 

Dr. N.K. Renuka, Dr. M.T. Ramesan and Dr. Pradeepan Periyatt.  

I reverentially memorize late Professor M. Prabhakaran Nair, who hold my 

hands to the world of knowledge. To my former teachers: it is whole-heartedly 

appreciated that your great advice for my study proved monumental towards the 

success of my steps. I would like to recognize the support and assistance provided 

by our group members. It’s my pleasure to thank Dr. K. Ramya, Dr. K.K. 

Anupama, Dr. K.M. Shainy, Dr. Rugmini Ammal P, Dr. Parajila M, Dr. 

Mathew Kuruvilla, Dr. Sabeel M. Basheer, Shamsheera K.O, Julia Garvasis, Sr. 

Asha Thomas, Jaseela P.K, P. Sowmya and Linda Williams. Sincere thanks to 

the research scholars, M. Phil students and non-teaching staffs of the 

department. Thanks to Mr. Aijon Pappachan, Ms. Reshmi S, Mr. Nidheesh Roy, 

Ms. Induja Gupta, Ms. Anila Jineesh, Mr. Faisalmoossa Athikkavil, Dr. K.K. 

Elyas Dr. Sanjay Gopal, Dr. Sangeeth Kallatt, and Dr. Jithesh Kavil.  

I acknowledge the services provide by the Central Sophisticated Instrument 

Facility (CSIF) of University of Calicut, The Indian Nanoelectronics Users 

Program (INUP) of Indian Institute of Science- Bangalore (IISc), Central 

Leather Research Institute (CLRI) - Chennai, Central Sophisticated Instrument 



Facility (CSIF) of Cochin University, Athmic Biotech Solutions- Trivandrum, 

and Indira Gandhi Centre for Atomic Research (IGCAR) - Kalpakkam. I wish to 

express my deepest gratitude to the University of Calicut for the financial 

support provided.  

“Having somewhere to go is home. Having someone to love is family. And having 

both is a blessing.” My dear ones, your love, care, encouragement and support are 

most reminisced here. Devadevan, my dear little charm, love you so much. I am 

honestly grateful to the blessings of god almighty those I once enjoyed or those I 

enjoy now. 

         

Anupama 

 

 

 

 



Table of Contents 

 Page. 

No. 

Preface i-vi 

Chapter 1 Introduction and Literature Review  1-40 

1.1. Background 1 

1.2. Green synthesis of metal oxide nanoparticles  2 

1.3. Phyto mediated synthesis of metal oxide nanoparticles 4 

1.4.  Zinc Oxide nanoparticles 6 

1.5. Photodegradation of organic dyes 8 

1.6. Thermoluminescence/Thermally stimulated 

luminescence (TSL)  

10 

1.7. Antibacterial activity 12 

1.8. Antidiabetic activity 14 

1.9. Metal oxide- Serum albumin interaction  15 

1.10. Theoretical approaches in Nanoparticle-biomolecule 

interactions 

16 

1.11. Literature Review  17 

1.12. Present Investigation 28 

Reference 29 

Chapter 2 Materials and Methods 41-56 

2.1. Synthesis of ZnO nanoparticles using Citrus lemon 

extract 

41 

2.2. Synthesis of ZnO nanoparticles using Abelmoschus 

esculents mucilage 

41 

2.3. Synthesis of ZnO nanoparticles using Gliricidia sepium 

leaf extract 

42 

2.4. Characterization Techniques  43 

2.4.1. UV-Visible Spectroscopy 44 

2.4.2. FTIR spectroscopy 44 



2.4.3. XRD analysis 45 

2.4.4. XPS analysis 45 

2.4.5. FESEM analysis 46 

2.4.6. EDX analysis 46 

2.4.7. HRTEM analysis 47 

2.4.8. Selected area diffraction 47 

2.4.9. Zeta potential analyser 47 

2.4.10. Thermoluminescence measurement 48 

2.5. Alpha-amylase and Alpha-glucosidase inhibition 49 

2.6. ZnO-BSA binding studies 50 

2.6.1. Spectrofluorometer 50 

2.7. Invitro cytotoxicity determination by MTT assay 51 

2.7.1.  Cells seeding in 96 well plate 51 

2.7.2.  Preparation of compound stock 51 

2.7.3. Cytotoxicity Evaluation 52 

2.7.4. Cytotoxicity effect by MTT Method 52 

2.8. Preparation of molecular docking models 52 

2.9. Photodegradation of Organic dyes 54 

2.9.1. Effect of scavengers 55 

2.9.2. Recyclability of the photocatalyst 55 

2.10. Antibacterial activity of ZnO 56 

Chapter 3 Characterization of ZnO nanoparticles 

synthesized using Citrus lemon extract, 

Abelmoschus esculents mucilage and Gliricidia 

sepium leaf extract 

57-83 

3.1. XRD and SAED analysis 57 

3.2. FTIR spectra of ZnO nanoparticles 61 

3.3. FESEM and HRTEM analysis 66 

3.4. EDX and XPS profiles of ZnO nanoparticles 70 

3.5. UV-Vis DRS-Optical band gap of ZnO nanoparticles 77 

3.6. Surface charge of ZnO nanoparticles: Zeta potential 80 



3.7. Summary 81 

Reference 82 

Chapter 4 In-vitro alpha-amylase and alpha-glucosidase 

inhibition: antidiabetic activity of ZnO 

nanoparticles 

85-94 

4.1. In-vitro α-amylase Inhibition 86 

4.2. In-vitro α-glucosidase Inhibition 88 

4.3. Cytotoxicity of ZnO 90 

4.4. Summary 92 

Reference 94 

Chapter 5 ZnO-BSA interaction: in-vitro 

spectrofluorometric monitoring 

95-118 

5.1. ZnO (ZL)-BSA binding interactions 95 

5.2. ZnO (ZM)-BSA binding interactions 103 

5.3. ZnO (ZG)-BSA binding interactions 110 

5.4. Summary 117 

Reference 118 

Chapter 6 In-silico docking models of ZnO- biomolecule 

interactions 

119-130 

6.1. In-silico docking models of ZnO- α-amylase interaction 119 

6.2. In-silico docking models of ZnO- α-glucosidase 

interaction 

122 

6.3. In-silico docking models of ZnO- BSA interaction 125 

6.4.  Summary 128 

Reference 130 

Chapter 7  ZnO nanoparticles: selective photodegradation, 

antibacterial activity, and 

thermoluminescence emission characteristics 

131-147 

7.1. Photocatalytic degradation of Methylene blue and  

Rhodamine B 

131 

7.1.1. ZnO photocatalyst synthesized using Citrus 

lemon extract 

 

131 



7.1.2. ZnO photocatalyst synthesized using 

Abelmoschus esculents mucilage 

135 

7.1.3. ZnO photocatalyst synthesized using Gliricidia 

sepium leaf extract.  

138 

7.2. Antibacterial activity of Photocatalytic ZnO 

Nanoparticles 

142 

7.3. Thermoluminescence Emission 144 

7.4.  Summary 147 

Reference 148 

Conclusion and Future Outlook 151-154 

Publications and Presentations 155-161 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To, 

Hari, Jithu, Sudha, Prasad, and myself 

“Those who wished to happen and made it happen” 

  



 

 



Preface 

 

Nanoparticles have been integrated into health, food, feed, space, 

chemical, and cosmetics industries which calls for a green and benign 

approach to their synthesis. Nano science and technology is a wide and 

interdisciplinary area of science being fast developed in past few years. 

Nanomaterials are capable to addresses challenges in energy 

consumption, environmental pollution control and health remediation. 

Green chemistry has paved way for the development of eco-friendly 

approach for the synthesis of nanoparticles. Green synthesis of 

nanoparticles is an approach of developing nanoparticles using 

different biological components such as microorganisms, plants and 

other bio-regenerable materials. The natural strains and plant extract 

secrete some phytochemicals that act as both reducing agent and 

capping/stabilizing agents. Microorganisms have their intracellular 

enzymes capable of reducing metal ions which accounts for the 

feasible formation of nanoparticles.  Plant based nanosynthesis gained 

preference owing to the great biodiversity, safest implementation, cost 

effective and easy synthesis of nanoparticles in large scale. 

The green synthesis of metal oxide nanoparticles has the foremost 

choice of using plant extracts. Here the research instigates with an 

experiential selection of the plants from the widespread diversity. 

Leaves are extensively used for the synthesis amid different plant 

parts. In fact, they own the prime storage of active phytochemicals. 

Moreover, the choice become renewable, profuse and non-destructive 

to the source plant rather than using other plant parts. In the similar 



Preface 
 

 ii 

sense the consumption of fruits and crops are benign. The altered 

experimental conditions can influence the yield and characteristics of 

particular nanoparticles obtained. Nanocrystalline transition-metal 

oxides have received wide attention due to unique properties that are 

technologically sound and used in nanodevice fabrications. Among 

metal oxides, ZnO has gained special attention due to striking 

physicochemical properties.Zinc oxide is an inorganic semiconductor, 

crystalline, biocompatible, less toxic, inexpensive, easily producible 

and available material which is highly demanded in nanoscale 

dimensions owing to exclusive potentials in all science stadia.  Nano 

zinc oxide is a versatile material that has been functional in numerous 

areas. Green synthesized ZnO nanoparticles are nontoxic, biosafe and 

biocompatible. Further these nanoparticles are also used as drug 

carriers and in cosmetics and pharmaceutical industries. 

Being versatile and benign material, biogenic synthesis of ZnO 

nanoparticles, characterization and its environmental and biological 

applications is the matter of our present study.  Accounting the benefits 

and need to promote green synthesis routes, ZnO nanoparticles is 

prepared by using the plant extracts including the Citrus lemon extract, 

Abelmoschus esculents mucilage and Gliricidia sepium leaf extract. 

The thesis is literally presented in seven chapters. Chapter 1 describes 

the background of the study, introduction to the green synthesis of 

nanoparticles, phyto-mediated nanosynthesis and the properties and 

applications of ZnO nanoparticles. This chapter also comprised of a 

literature review on the phyto-mediated synthesis of nanoparticles, 
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photodegradation, antibacterial activity, thermoluminescence, Bovine 

Serum Albumin binding, antidiabetic activity and theoretical 

approaches in nanoparticle-biomolecule interactions. The materials, 

synthesis methods, details of characterization techniques and 

experimental procedures carried out for the application studies have 

been defined in Chapter 2.   

Chapter 3 contains the results of material characterization. The ZnO 

samples prepared using citrus lemon extract, Abelmoschus esculents 

mucilage and Gliricidia sepium leaf extract were characterized using 

field emission scanning electron microscopy (FESEM), high-resolution 

transmission electron microscopy (HRTEM), X-Ray diffraction (XRD) 

patterns, selected area diffraction patterns (SAED), fourier transform 

infrared (FTIR) spectra, diffuse reflectance spectra (DRS), energy 

dispersive X-ray spectroscopy (EDX), X-ray photoelectron 

spectroscopy (XPS) and zeta potential analysis.  

Diabetes mellitus is a multifunctional disease identified as one among 

the major death causing diseases world-wide and would be the prime 

cause of illness and decease in coming decades. The strategies of 

stimulation of insulin production (Type 1) and inhibition of 

carbohydrate hydrolysing enzymes(Type 2) like α-amylase, α-

glucosidase etc. are proven to be effective for controlling the blood 

glucose levels in the body. For Type 2 diabetic treatment, the inhibitors 

having mild amylase and strong glucosidase inhibition are preferred. 

ZnO nanoparticles have received wide attention for the biomedical 

applications. Moreover, zinc is the most common trace element in 



Preface 
 

 iv 

human body after iron, and present in the structure of more than 300 

enzymes as a cofactor. Zinc plays important role in various biological 

processes including glucose metabolism wherein improves the glucose 

conception by stimulating hepatic glycogenesis. Even though many of 

the inorganic materials especially those derived from green strategies 

have been investigated for the α-glucosidase and α-amylase inhibition, 

zinc-based inhibitors are being preferentially investigated. The in-vitro 

studies on the carbohydrate hydrolysing enzymes are beneficial to sort 

and exclude inactive candidates when a number of compounds are to 

be examined, thereby saving substantial time and money. Chapter 4 

covers the results of in-vitro α-glucosidase and α-amylase inhibition 

activity of the synthesized ZnO nanoparticles.  

When nanoparticles enter in to a biological system, its surface gets 

covered with protein layers which is called corona. Therefore, a proper 

understanding and control on its physiological behaviour is crucial in 

the field of nanomedicine and environmental protection.Metal oxide 

nanoparticles are assumed to have strong interaction with the electron 

rich proteins. In-vitro studies with some model proteins are in common 

practice to understand these types of interactions. The results of the 

interaction (spectrophotometric monitoring) of ZnO nanoparticles with 

Bovine Serum Albumin (BSA) is described in Chapter 5.  

The theoretical approaches using computational simulations can 

provide some complementary evidences for the binding of 

nanoparticles with the biomolecules, better understanding and 

visualization of the surface interactions. Computational modelling can 
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be a guide to design nanomaterials for the future biomedical 

experiments. Moreover, theoretical calculations can provide a near-

idea of these experimental results, rather than conducting numerous 

trials. Molecular docking is a bio-informatics modelling tool which 

provides the possible orientations of two or more molecules when they 

interact each other to form a stable adduct with minimum energy.  The 

docking models are capable of forecasting a three-dimensional view of 

any such complexes, the strength and type of interactions involved 

reliant on the binding characteristics of the ligand and target molecule. 

It can generate a set of probable complex structures that are ranked by 

total energy, and assembled via scoring function software. Chapter 6 

expounds the results of In-silico docking studies on the interaction of 

ZnO nanoparticles with BSA, α-glucosidase and α-amylase.  

Industrial waste water possesses non-biodegradable and organic dyes 

that are toxic to living organisms. Photodegradation is an important 

and superior eco-friendly technique for industrial impurities which are 

highly toxic and difficult to treat by common chemical pathways. 

Photocatalytic degradation of organic pollutants is highly sought, 

because dye contaminants from various industries enter into the 

aquatic ecosystem, which affects the aquatic flora and fauna. 

Semiconducting nano zinc oxide is a renowned photocatalyst. The 

degradation efficiency is related to the synthetic root, surface 

characteristics and dopant effects if any. The photodegradation of 

organic dyes (Methylene Blue and Rhodamine B) has been studied 

using ZnO nanoparticles under UV and direct sunlight and the results 
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have been presented in Chapter 7.  This chapter also encompasses the 

thermally stimulated luminescence (TL) emission of the synthesized 

ZnO nanoparticles. It is a phenomenon associated to the thermally 

stimulated light emission after a material sample is exposed to a beam 

of ionizing radiation or UV light. Both synthetic and natural TL-

phosphors were introduced for low and high dosage applications in 

diverse areas including industrial, environmental and domestic sectors. 

Thermoluminescence technique has been applied in the field of 

radiation dosimetry and found to be highly successful in dating ancient 

pottery samples. It is also used in the study of biological and 

biochemical systems, forensic and geosciences.  The thesis ends up 

with the future outlook.  
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“Green chemistry is replacing our industrial chemistry with natures’ recipe 
book. It’s not easy, because life uses only a subset of elements in the periodic 
table, and we use all of them, even the toxic ones” 

Janine Benyus 
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1.1. Background 

Materials are produced in nano dimensions to achieve novel characteristics 

and properties which is absent in its bulk form. The nanoparticles have high 

surface to volume ratio, small size, quantum confinement and their unique 

physicochemical properties which accounts for the enhanced potential. Nano 

science and technology is a wide and interdisciplinary area of science being 

explosively developed in past few years.Nanomaterials have been integrated 

into health, food, feed, space, chemical, and cosmetics industries which calls 

for a green and benign approach to their synthesis.They are capable to 

addresses challenges in energy consumption, environmental pollution control 

and health remediations. Nanoparticles are used widely in mechanics, 

chemical industries, optics, catalysis, optoelectronics, biomedical sciences, 

and energy science [1–5].  Nanocrystalline transition-metal oxides have 

received wide attention due to unique properties that are technologically 

sound and used in device fabrications.Different physical and chemical 

synthesis strategies have been reported for the development of nanomaterials 

and well-defined nanostructures. For industrial applications, it is necessary 

for the synthetic strategy to be simple and viable. Thus, for the past few 

decades enormous attention was received on green synthesis strategies which 

minimizes or completely avoids chemical by-products, employs less 

hazardous chemicals, environmentally benign solvents and renewable 

precursors [6-8].Researchers are focused on developing various metal oxides 

via more environment friendly (‘green’)synthesis routes. Green synthesis of 

nanoparticles is an approach of developing nanoparticles using different 

biological components such as microorganisms, plants and bio-regenerable 

materials [9]. The natural strains and plant extract secrete some 

phytochemicals that act as both reducing agent and capping/stabilizing 

agents. Microorganisms have their intracellular enzymes capable of reducing 
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metal ions which accounts for the feasible formation of nanoparticles.  Plant 

based nano synthesis gained preference owing to the great biodiversity, safest 

implementation, cost effectiveness and easy synthesis of nanoparticles in 

large scale.  

1.2. Green synthesis of metal oxide nanoparticles  

Over the past few decades, the term ‘green synthesis’ has received great 

attraction in materials science for synthesising inclusive nanomaterials in a 

sustainable and eco-benevolent route. The green strategies are viable and 

remediate the adverse effect of chemical synthesis by curtailing or 

completely eradicating the chemical by-products, applying less hazardous 

chemicals, environmentally benign solvents and renewable precursors. In a 

classical chemical synthesis, capping agents or stabilising agents are 

mandatory in order to control the particle size by passivating or preventing 

particle aggregation and thereby achieving particles of desired morphology 

with high degree of uniformity. Hetero atom functionalised long chain 

hydrocarbons (hexadecylamine, octadecylamine, oleic acid, linolinic acid, 

triphenylphosphene, 2-mercapto ethanol, etc), polymers (polyvinyl 

pyrrolidone, polyvinyl alcohol, etc), dendrimers and block co-polymers are 

some common capping agents used in nano synthesis [10]. A large number of 

biological materials, such as plant extracts, microorganisms, algae and 

biodegenerable materials (like amino acids, proteins and vitamins) have been 

adopted in scene of alternative green remedies, especially for the 

development of metal/metal oxide nanoparticles. The nanomaterials of such 

methodical origin are branded as ‘biogenic’ [9].  Fig.1 presents the general 

approaches of nanoparticle synthesis, their comprised classes and sub-classes 

of green synthesis. 
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Fig.1. Green synthesis routes for metal oxide nanoparticles. 

The biological materials itself or their specified components play the dual 

role of reducing agent and the stabilizer/capping agent. Some bacterial strains 

inherently possess the ability to reduce metal ions and their ease of 

manipulation made momentous contenders in metal/metal oxide nanoparticle 

synthesis [11, 12]. Lactobacillus casei, Prokaryotic bacteria, Enterobacter 

cloacae, Pseudomonasproteolytica, Bacillusindicus, Aeromonas sp. SH10 

PhaeocystisAntarctica, Bacillus amyloliquefaciens, Bacillus cecembensis, 

actinomycetes, Escherichia coli, Bacilluscereus, are some extensively 

employed bacterial strains for nano metal oxide synthesis. A competent 

fungus is able to produce bulk quantity of nanoparticle than of bacterial 

strains [13]. Also, the method exploiting fungi for the nano synthesis is 

highly efficient in producing monodispersed metallic nanoparticles with 

distinct morphology. The intracellular enzymes capable of reducing metal 
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ions accounts for the feasible formation [14]. Yeasts are another momentous 

biological candidate applied in nanoparticle synthesis. There is numerous 

successful yeast-assisted green synthesis reported for the production of 

diverse metallic nanoparticles. Silver, gold, zinc and titanium nanoparticles 

are immensely developed with the micro-organism assisted reduction. These 

are also extensively synthesized with the plant extracts which has an 

exclusive storage of reducing phytochemicals such as polyphenols, 

flavanones, terpenoids, amino acids, alkaloids and some aldehydes/ketones 

[15]. The phyto-mediated synthesis strategies are highly preferred owing to 

the great biodiversity and safest execution. In addition to the eco-safety, the 

overall energy conception, cost reduction and effortless production of 

nanomaterials in large scale are viable [9, 16].   

1.3. Phyto mediated synthesis of metal oxide nanoparticles 

The green synthesis of metal oxide nanoparticles has the foremost choice of 

using plants. A biogenic synthesis of nanoparticles using bacteria, fungi or 

other microorganisms has to deal with some issues that are related to cell 

culture preparation, incubation period and their further analysis which makes 

them tedious and time consuming. Several limitations in the microbes 

assisted synthesis can be resolved in the phytogenic green synthesis that is 

comparatively simple and fast. The plant mediated nano synthesis has 

become a current nanobiotechnology research which involves the mechanism 

of bio-assisted reduction, nucleation, particle growth and stabilization of 

nanoparticles [9, 16]. Here the research instigates with an experiential 

selection of the plants from the widespread diversity [16]. The secondary 

metabolites can synergistically reduce the precursor metal ion. However, 

different plant fragments (seed, root, leaf etc) have a typical phytochemical 

content with varying proportions and concentrations [17, 18]. This varying 
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profile is attributed to the function of the specific parts and biotic and abiotic 

stress on the plant [16]. Consequently, the green strategy utilizes the different 

plant parts since the nanoparticles derived could have variable characteristics 

and functions. 

 

Fig.2. Schematic representation of mechanism involved in plant-based ZnO 

nanoparticle synthesis and possible active phytochemicals.  

Leaves are extensively used for the synthesis amid different plant parts. In 

fact, they own the prime storage of active phytochemicals. Moreover, the 

choice become renewable, profuse and non-destructive to the source plant 

rather than using other plant parts [16]. In the similar sense the consumption 

of fruits and crops are benign. The altered experimental conditions can 

influence the yield and characteristics of particular nanoparticle obtained. 

The major constraints are the concentration of precursor metallic salt, 

concentration of plant extract, temperature, pH and reaction time [19]. 

Different plant parts or their extracts of leaf, stem, fruit, flowers, root etc are 

used in the synthesis procedures. The parts are either dried or grinded to form 

the powder or used directly to obtain extract. The plant, plant extracts or their 

products used in nanoparticle synthesis contain natural entities that can 

supplant the chemicals (surfactants or polymers) that act as reducing agent, 

capping agent or as stabilising agent. 
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Phyto synthesis are frequently practiced for the development of various metal 

oxide nanoparticles including ZnO, CuO, TiO2 etc.  In most of the recent 

reports, the phytogenic synthesis of nano ZnO is achieved by simply mixing 

the extract prepared from plants rich with phytochemicals and the zinc 

precursor solution. In a typical phyto- mediated synthesis, plant parts such as 

leaves, etc. are collected from different sources, thoroughly washed with tap 

water and distilled water to remove debris and other unwanted materials. The 

plant parts are chopped into small pieces or grinded to powder and boiled in 

different solvents (water, ethanol, etc.) and heated to prepare extract. 

Different concentration of zinc precursor and extract under different pH and 

temperatures can be applied for the preparation of nanoparticles.Commonly, 

the synthesised nanoparticles are annealed to intensify the crystalline nature. 

According to the tentative mechanisms suggested for the formation of ZnO 

nanoparticles via plant extracts, initially the phytochemicals coordinate 

(mainly through donor oxygens) with the Zn2+ leading to the formation of 

some Zn-phyto complex. The complex gets decomposed on calcination 

resulting ZnO nanoparticles.Fig.2 shows the list of major secondary 

metabolites believed to be the primary candidates causing metal reduction 

and the possible formation mechanism in general. 

1.4.  Zinc Oxide nanoparticles 

The group II-IV semiconductors have either cubic zinc blend or hexagonal 

wurtzite crystal structure. Each anion will be enclosed by four number of 

cations in an archetypal tetrahedral sp3 coordination and vice-versa. 

However, their band gap energies are higher beyond the values anticipated 

from the covalent bonding owing to the substantial ionic nature owned. Zinc 

oxide belongs to this class of II-IV semiconductors possessing a border line 

ionicity and exhibits three types of crystal structures wurtzite, zinc blend and 
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rock salt as schematically depicted in Fig.3. The wurtzite ZnO is the 

thermodynamically most stable crystalline symmetry under ambient 

conditions. A stable zinc blend structure is feasible only if the crystal grown 

on a cubic substratum and the rock salt symmetry requires high pressure 

conditions. The electronic band gap structure is allotted with 3d orbitals of 

zinc contributing the valance band and oxygen 2p orbitals to the conduction 

band [20]. 

 

Fig.3. Crystal structures of ZnO.  

Among metal oxides, ZnO has gained special attention due to its wide band 

gap (3.37 eV), non-toxicity, high photosensitivity, physico-chemical stability, 

and large exciton binding energy (60 meV). ZnO nanoparticles are used in 

catalysis, piezoelectric devices, pigments, chemical sensors and cosmetic 

materials, especially for ultraviolet (UV) protection [21-25]. Zinc oxide is an 

inorganic semiconductor, crystalline, biocompatible, less toxic, inexpensive, 

easily producible and available material which is highly demanded in 

nanoscale dimensions owing to exclusive potentials in all science stadia. 

Over the past few years zinc oxide-based nanomaterials are governing 

attention and extensively applied in diverse environmental and biological 

applications including water remediation, energy storage, gas sensors, 

cosmetics, nanomedicines, solar cells, photonic devices, biosensors, spin 
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electronics, catalyst, paints/coatings, optoelectronic devices, enzyme 

inhibition, microbial action, anti-inflammation, drug delivery and cancer 

therapy [26-42]. Moreover, the material has good photostability, thermal 

stability, broad adsorption range and wide band gap which made cost-

effective substitute for titania nanomaterials in photocatalysis [8, 43].ZnO 

nanoparticles have received wide attention for the biomedical applications 

including drug delivery, antimicrobial, biological sensing, bio labelling, 

larvicidal and antibacterial applications [44, 31]. Moreover, zinc is the most 

common trace element in human body after iron, and present in the structure 

of more than 300 enzymes as a cofactor. ZnO nanoparticles is an eco-

friendly, nontoxic, biocompatible, low cost, and naturally abundant 

documented as safe material by U.S. Food and Drug Administration [45–49].  

1.5. Photodegradation of organic dyes 

Non-biodegradable organic dyes are common colouring agents in textile, 

leather, cosmetics, paper, printing, plastic, rubber and pharmaceutical 

industries and their direct discharge to water sources or ecosystems create 

adverse effects. The rate of dye conception has been increased proportionally 

with the global population and during the last 30 years there is a similar 

growing production-conception statistics. Fig.4 portrays the world conception 

statistics of synthetic dyes.  For the industry environmental issues and 

toxicity concerns are enduring challenges. Major classes of industrial dyes 

are highly reactive and they are non-biodegradable, recalcitrant, stable 

oxidizing agents, thermo stable, toxic and mutagenic in nature [50-55]. 

Persistence of dyes even in small concentrations will inhibit the solar light 

penetration in to water which retards the photosynthetic action, stunt the biota 

growth thereby impart toxicity in aquatic life and makes the water source 

undesirable for usage [55-61]. Thus, serious attention and severe struggle 



Introduction 
 

 9 

should be paid to remove the dye pollutants from the contaminated media 

before its release in to natural streams. There are some common 

physicochemical methods employed for dye/impurity removal from aquatic 

systems including photodegradation, membrane separation, irradiation, 

ozonisation, chemical coagulation, electrochemical coagulation and 

biosorption [62, 63]. 

 

Fig.4. World consumption statistics of synthetic dyes. 

Photodegradation is an important and superior eco-friendly technique for 

industrial impurities which are highly toxic and difficult to treat by common 

chemical pathways [8].The process makes the catalytic oxidation of organic 

molecules present in aquatic systems by generating highly reactive hydroxyl 

radical. Semiconductor metal oxide nanoparticles such as ZnO, TiO2, ZrO2, 

MnO2, Fe2O3 and CuO are generally used for the photodegradation of dye 

pollutants in water matrices. ZnO has more quantum efficiency as it absorbs 

comparatively large portion of UV spectrum than other metal oxide 

nanostructures and is the most promising inorganic semiconductor 
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photocatalyst [64, 65]. The degradation efficiency is related to the synthetic 

root, surface characteristics and dopant effects if any [66]. According to the 

semiconductor photocatalysis, illumination of ZnO catalyst with appropriate 

UV-light having energy equal or more than the photo-threshold energy cause 

electronic excitations and consequent generation of electron-hole pairs. These 

e–h pairs later diffuse to the catalyst surface and combine with the molecular 

oxygen and hydroxide ions forming super strong oxidizing hydroxy and 

hydroperoxy radicals capable of organic dye degradation [8, 67, 68]. A 

schematic mechanism of photo dye degradation has been presented in Fig.5. 

 

Fig.5. Schematic mechanism of photodegradation of organic dyes.  

1.6. Thermoluminescence/Thermally stimulated luminescence (TSL)  

Thermally stimulated luminescence (TL/TSL) is one of the basic 

experimental techniques employed for obtaining information about the 

characteristics of energy levels existing due to the presence of defects and 

impurities in semiconductors and insulators [69-72]. It is a phenomenon 

associated to the thermally stimulated light emission after a material sample 
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is exposed to a beam of ionizing radiation or UV light. Both synthetic and 

natural TL-phosphors were introduced for low and high dosage applications 

in diverse areas including industrial, environmental and domestic sectors [73, 

74].  

 

Fig.6. Mechanism of Thermoluminescence emission. 

Fig.6 represents the mechanism of TL phenomenon. Here the electron(s) get 

excited with the ionizing radiation (gamma) to the conduction band leaving 

hole(s) in valance band. This excited electron then captured by the electron 

trap(s) occupying underneath the conduction band. Similarly, the hole 

generated can move to the hole trap(s) situating slightly above the valance 

band. On progressive heating of the material, at a specific temperature 

defined for the energy level of the trap, the electron receipts the thermal 

energy and get re-excited back to the conduction band. When the thermal 

energy supplied is not sufficient to liberate the trapped holes, the released 

electrons migrate to the nearby trapped hole with the emission of photon [75].  
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Thermoluminescence technique has been applied in the field of radiation 

dosimetry and found to be highly successful in dating ancient pottery 

samples. It is also used in the study of biological and biochemical systems. 

Further in forensic sciences it helps to evolve and standardize methods to 

compare evidentiary materials with similar materials of known origin, which 

are invariably available only in minute quantities and are required to be 

analyzed non-destructively for evidences. In geosciences, TL is being used as 

chronometers to provide the ages of the last resetting event. The 

thermoluminescence properties of pure and doped ZnO at low temperature 

using different types of radiation, where studied in the form of powders and 

thin films. Further, ZnO is inert to environmental conditions, nontoxic and 

insoluble in water. However, a few reports related with TL features above 

room temperature and with the potential application of ZnO in TL dosimetry 

are now available. 

1.7. Antibacterial activity 

Nanomaterials especially metal oxide nanoparticles provide activity against a 

broad spectrum of pathogens. The metal oxide nanoparticles such as ZnO, 

MgO, CaO and some noble metal oxides were extensively studied during the 

past few years for their antimicrobial activity [76-78]. Antimicrobial agents 

invariably enable to prevent and also to treat infectious diseases in animals 

and humans. Many of the antimicrobial agents play a pivotal role in the 

promotion of growth and development in humans and animals and also helps 

to increase the feed function. Due to its antimicrobial properties, ZnO has 

been incorporated into the linings of food cans in packages for meat, fish, 

corn, and peas to preserve colours and also to avoid spoilage [7]. The 

nanoparticles have a very high prominent antimicrobial properties than its 

large particles because of the small size (<100nm). During waste water 
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processing, the bacterial decontamination is essential and challenging [7]. 

Moreover, nanoparticles in the antimicrobials could also be a novel strategy 

that can be exploited in the drug delivery systems to overcome the challenges 

associated with antibiotic therapy. 

 

Fig.7. Possible mechanisms for the anti-bacterial activity of ZnO 

nanoparticles. 

The exact mechanism of antibacterial properties of nanoparticles is still 

ambiguous while several possible premises have been predicted by 

researchers. The management of oxidative stress imparted by the production 

of reactive oxygen species/reactive oxygen radicals (ROS) by ZnO 

nanoparticles is the one proposed by majority of research groups. This ROS 

can disrupt the DNA, proteins, lipids etc. resulting bacterial cell death [79, 

80]. According to Costa and team, nanoparticles with small size can easily 

penetrate through the cell membranes [81, 82]. The nanoparticle 

accumulation in cell membrane and their concentration inside the cell result 

in loss of membrane integrity causing bacterial destruction. Binding of Zn2+ 

ions released to the cell membrane arresting bacterial growth is also proposed 

[79].Fig.7 shows the all possible mechanisms suggested for the anti-bacterial 

activity of zinc oxide nanoparticles. 
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1.8. Antidiabetic activity 

Diabetes mellitus has been recognized as one of the major deaths causing 

diseases in the world. Globally a large patient population around 200 million 

are currently seeking treatments while the heterogeneous nature of the 

disease demands cost effective and multifunctional therapies [83, 84]. The 

International Diabetes Federation (IDF) estimates inflation in the population 

of diabetic patients beyond 592 million in the coming 25 years [85, 86]. 

Chronic metabolic disorders characterized by hyperglycemia; elevated blood 

sugar level due to insufficient insulin production or the loss of cell response 

to the produced insulin leading to the rise in blood glucose level are often 

associated with diabetics [87-89]. Inhibition of the enzymatic activity of 

carbohydrate hydrolysing enzymes in the digestive track can delay the 

carbohydrate digestion and thereby reduce glucose uptake [83]. The diabetic 

management strategy of employing enzymatic inhibitors with strong α-

glucosidase and mild α-amylase inhibition is effective for diabetic control 

[89, 91]. Fig.8 represents the function of α-glucosidase and α-amylase in 

glucose metabolism. Since the consequent gastro-intestinal side effects of 

many of the established therapeutic medicines (inhibitors) such as acarbose, 

miglitol and voglibose were revealed, the development and practice of new 

enzymatic inhibitors are still a worthy research platform [89,91].  Even 

though some of the polyphenols from green extracts exhibited remarkable α-

amylase inhibition, their application is limited due to easy decomposition in 

intestinal tract [92].  
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Fig. 8. Function of α-glucosidase and α-amylase in glucose metabolism. 

Zinc plays important role in various biological processes including glucose 

metabolism wherein improves the glucose conception by stimulating hepatic 

glycogenesis [84,93]. Even though many of the inorganic materials especially 

those derived from green strategies have been investigated for the α-

glucosidase and α-amylase inhibition, zinc-based inhibitors are being 

preferentially investigated.  

1.9. Metal oxide- Serum albumin interaction  

The electron-deficient metal and electron-rich biomolecule like proteins are 

assumed to have strong interaction [94]. Study of biomolecule interactions 

with metal is of great significance for the design of novel nano-drugs [95]. 

When nanoparticles enter in to a biological system, its surface gets covered 

with protein layers which is called corona. Therefore, a proper understanding 

and control on its physiological behaviour is crucial in the field of 

nanomedicine and environmental protection. Blood plasma is composed of 

some special proteins such as albumin, globulin and fibrinogen among which 

albumin is a macromolecular carrier and most abundant one [96]. Serum 
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albumins contribute to the colloidal osmotic pressure of blood in major and 

manage the transportation of drugs and nutrition through our body and also 

responsible for drug deposition [97–100]. Bovine Serum Albumin (BSA) is a 

water-soluble protein with molecular weight 66000 Da, contains 20 tyrosine, 

30 phenylalanine and 2 tryptophan residues which take part in various 

physiological functions including delivery of fatty acids, bindings and 

transports [97,101]. The fluorescence emission spectra of BSA provides the 

best on local micro environment of its intrinsic fluorophores. 

1.10. Theoretical approaches in Nanoparticle-biomolecule interactions 

Nanobiotechnology is an emerging interdisciplinary area of science for the 

twenty first century. Even though the experimental studies have made 

remarkable advancement in the area, it is essential to investigate and envisage 

the nano-bio interactions, which is hard to accomplish due to the limited 

resolution of currently available analytical instruments. The theoretical 

approaches using computational simulations can provide some 

complementary evidences for the binding of nanoparticles with the 

biomolecules, better understanding and visualization of the surface 

interactions. Computational modelling can be a guide to design nanomaterials 

for the future biomedical experiments. Moreover, theoretical calculations can 

provide a near-idea of these experimental results, rather than conducting 

numerous trials. Ab initio methods, density functional theories, molecular 

dynamics, dissipative particle dynamics, Monte Carlo techniques, coarse-

grained models, and other multiscale methods are the frequently used 

computational techniques for investigating the nanoparticle-biomolecule 

interactions [102].  
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1.11. Literature Review   

“The more you know about your topic, the more effectively you can tackle 

your own research problem; it all start with a literature review” 

Unknown 

ZnO nanoparticles has been extensively prepared by employing plant extracts 

during the last few decades. Syed Md Humayun Akhter et al. fabricated ZnO 

nanoparticles using Swertia chirayita leaf extract. The Zn2+ are reduced to Zn 

which finally ends to well-defined zinc oxide nanoparticles that are spherical 

in shape. The reduction is favoured due to the polyols present in the reaction 

system [103]. Fig.9 represents the possible formation mechanism of ZnO 

nanoparticles obtained using Nepheliumlappaceum peel extract. The 

polyphenolic ellagic acid ligates with zinc ions to form zinc-ellagate complex 

through the aromatic hydroxyl group present in the molecule. Further, the 

complex gets converted to ZnO nanoparticles after calcination at 450oC 

[104].  Similarly, the phyto-synthesis employing Carica papaya milk and 

Vitex negundo leaves extract synopses the major reaction steps as (i) 

complexation, (ii) aggregation of nanoparticles and (iii) oxidation of phyto-

components [105, 106].  

The fruit extract of Rosa canina was used in the bio-fabrication of ZnO 

nanoparticles which was reported by Saeed Jafarirad et al. The major 

metabolites in fruits are phenolic acids, flavonoids, carotenoids, sugars, 

proanthocyanidins, tannins, flavonoids, fatty acids, pectin and fruit acids. 

They stated that the nanoparticles designed was stabilized by in-situ bio-

capping ZnO by its attachment phenolic or carboxylic acid groups [107]. 

Plants with medicinal value have also been utilised for the synthesis of ZnO 

nanoparticles, for instance, N. Supraja et al. produced ZnO nanoparticles 
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using Boswellia ovalifoliolata stem bark-extract. The nanoparticles showed 

effective antimicrobial action against some selected bacteria and fungus 

[108]. 

 

Fig.9.Formation mechanism of ZnO nanoparticles obtained using 

Nepheliumlappaceum peel extract 

A detailed protocol of the synthesis of ZnO nanoparticles by Jacaranda 

mimosifolia flower extract is described by Sharma et.al. in 2016 [109]. The 

formation of nanoparticles was recognizable by visual observation and 

monitored using UV–visible spectrophotometer and the particle recovery was 

achieved further by centrifugation at high rpm, and washing thoroughly with 

solvents. ZnO nanoparticles were also synthesized by Camellia sinensis 

(green tea) leaf extract showed higher absorbance of 325 nm in UV–visible 

spectroscopy analysis. In this preparation, the nanoapraticles possess an 

average size of 16 nm with hexagonal morphology (Senthilkumaret.al.  2014) 

[110]. The green synthesis of ZnO nanoparticles was performed by an 

efficient, low-cost method using Plectranthusamboinicus leaf extract which 
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was studied and reported by Vijayakumar et al. 2013 [111]. The resultant 

nanoparticles were ranging in size from 20 to 50 nm. The morphological 

studies revealed the hexagonal shape of nanoparticles. Here ZnO 

nanoparticles obtained owned remarkable antibacterial and larvicidal action. 

Some recent reports on phytogenic ZnO nanoparticles have been listed in 

Table 1. 

Table 1. ZnO nanoparticles synthesized using various plant products. 

No  Source  Part Shape/morphology Ref 

1 Trifoliumpratense Flower ----- [112] 

2 Aloe vera Leaves Spherical, oval and 

hexagonal 

[113] 

3 Nepheliumlappaceum L. Peel Spherical [114] 

4 Azadirachtaindica Leaves Spherical [115] 

5 Carica papaya Milk Variable [105] 

6 Polygala tenuifolia Roots Spherical [116] 

7 Vitex negundo Leaves Spherical [106] 

9 Anchusa italic Flower Hexagonal [117] 

10 Jacaranda mimosifolia Flowers Variable [109] 

11 Heritierafomes and 

Sonneratiaapetala 

Bark and 

leaves– 

----- [118] 

12 Carissa edulis Fruits Flower shaped [119] 

13 Plectranthusamboinicus Leaves Spherical and 

hexagonal 20–50 

[111] 

14 Solanum nigrum Leaves Hexagonal [120] 

15 Tamarindusindica Leaves Spherical [121] 

16 Artocarpusgomezianus Fruits Spherical [122] 

17 Moringa oleifera Leaves Spherical [123] 

18 Zingiber officinale Rhizome Spherical [124] 

19 Azadirachtaindica Leaves Hexagonal, buds, 

cones, bundles and 

closed pine cone 

[125] 

20 Black tea Waste Rod shaped [126] 

21 Citrus aurantifolia Fruits Spherical [121] 
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The USA Food and Drug Administration (FDA) has listed ZnO as ‘GRAS’ 

(Generally Recognized As Safe) material [127]. ZnO in nano size is more 

easily absorbed by the body. Phytogenic ZnO nanoparticles have been 

extensively studied for their biological applications and environmental 

remediations. Among the metal oxide nanoparticles, ZnO has been used 

widely as a semiconductor photocatalyst due to its high reaction rate, large 

number of reactive sites available, high efficiency in generating hydrogen 

peroxide, low cost and eco-friendly nature [128]. It has been established that 

ZnO, exhibits high efficiency in photodegradation of pollutants and can be 

used in large scale waste-water treatment. Due to the abundant release in 

industrial effluents and serious environmental impacts, organic dye pollutants 

are most investigated under photodegradation. ZnO nanoparticles obtained 

via normal chemical routes and green strategies are established as catalysts 

for the photodegradation of different water pollutants. Table 2 summarizes 

the recent reports on phytogenic ZnO nanoparticles employed for 

photodegradation.  

Table 2.Photocatalystic performance of phytogenic ZnO nanoparticles 

No. Green source 

Shape of 

ZnO 

nanoparticles 

Size of ZnO 

nanoparticles 
Pollutant 

Irradiation 

source 
Ref 

1 Artocarpus Heterophyllus 

leaf extract 

sponge-like 

agglomerated 

structures 

15-25 nm Rose 

Bengal dye 

UV light [129] 

2 Garcinia mangostana fruit 

pericarp 

Spherical 21 nm Malachite 

Green 

Sunlight [130] 

3 Anisochilus carnosus leaf 

extract 

Spherical 20-40 nm Methylene 

blue 

UV light [28] 

4 Phyllanthus niruri leaf 

extract 

rectangle, 

triangle, 

radial 

hexagonal, 

rod and 

spherical 

shapes 

25.61 nm Methylene 

Blue 

UV light [124] 

5 Aegle marmelos fruit pulp Spherical 30 nm Methylene 

blue 

UV light [131] 
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6 Azadirachtaindica leaf 

extract 

Spherical 9.6-25.5 nm Methylene 

blue 

UV light [132] 

7 Dolichos Lablab L. leaf 

extract 

Hexagonal 

and triangular 

7 to 49 nm Methylene 

blue, 

Rhodamine 

B and 

Orange II 

Visible 

light and 

near UV 

[133] 

8 Hibiscus rosasinensis 

leaf extract 

Spherical 15-170 nm palm oil 

mill 

effluent 

UV light [134]  

9 Scutellariabaicalensis root 

extract 

Sphere like 50 nm Methylene 

blue 

UV light [135] 

10 Sechium edule leaf extract Spherical 32.6 nm reactive 

blue 160 

UV light [136] 

11 Vitex trifolia L leaf extract Variable 28 nm Methylene 

blue 

UV light [137] 

12 Carissa edulis extract Flower 50-55 nm Congored UV light [119] 

13 Plectranthusamboinicus 

leaf extract 

rod 88 nm Methyl red UV light [138] 

14 Calotropis procera leaf 

extract 

Spherical 15-25 nm Methyl 

orange 

UV light [139] 

15 corriandrum sativum leaf 

extract 

-- 9 nm Anthracene UV light [140] 

16 Hippophaerhamnoides leaf 

extract 

Flower like 20.17 nm Eosin 

Y and 

Malachite 

Green 

UV light [141] 

17 Ulva lactuca seaweed 

extract 

sponge-like 

asymmetrical 

shaped 

10-50 nm Methylene 

blue 

Sunlight [142] 

18 Nepheliumlappaceum L. 

Peel extract 

Aggregated 

clusters 

25-40 nm Methyl 

orange 

UV light [104] 

19 Azadirachtaindica leaf 

extract 

Spherical- 

agglomerated 

35 nm Methylene 

blue 

Visible 

light 

[143] 

20 Kalopanaxseptemlobus bark 

exttract 

Flower like 500 nm Methylene 

blue 

UV light [144] 

21 Neem plant leaf extract Plates Bullets 

Flower 

Prismatic tip 

Closed pine 

cone 

10-30 nm Methylene 

blue 

Sunlight 

and UV 

light 

[125] 

22 Pithecellobium dulce peel 

extract 

Spherical 30 nm Methylene 

blue 

UV light [145] 

23 Garcinia xanthochymus 

extract 

spongy cave 

like 

20-30 nm Methylene 

blue 

Sunlight 

and UV 

light  

[146] 

24 Citrus maxima juice agglomerated 10-20 nm Methylene 

blue 

UV light [147] 

27 Tabernaemontanadivaricata 

green leaf extract 

spherical 20-25 nm Methylene 

blue 

Sunlight [148] 
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28 Carica papaya leaf extract Spherical 50 nm Methylene 

blue 

UV light [128] 

29 Rubuscoreanus fruit extract leaf like 23.16 nm Malachite 

green 

tungsten 

bulb 

[149] 

30 Lagerstroemia Speciosa leaf 

extract 

Variable 40 nm Methyl 

orange 

Sunlight [150] 

31 ferulagoangulata 

boiss extract 

spheroid 44 nm Rhodamine 

B 

Visible 

light 

[151] 

32 Suaeda japonica extract oval-shaped 

structures 

100 nm Methylene 

blue 

UV light [152] 

33 Citrullus lanatus rind 

extract 

Flower 100-200 nm Methylene 

blue 

UV light [153] 

34 Eucalyptus globulus leaf 

extract 

Spherical 11.6 nm Methylene 

blue, and 

Methyl 

orange 

UV light [154] 

35 oak fruit hull extract Spherical 34 nm Basic 

violet 

3 

Visible 

light 

[155] 

36 Allium sativum 

Allium cepa 

Petroselinum crispum 

Spherical 14-70 nm Methylene 

blue 

UV light [156] 

37 Artocarpus 

Gomezianus extract 

Spherical 11.53 nm Methylene 

blue 

Methyl 

orange 

Sunlight 

and UV 

light 

[122] 

38 Buchananialanzan leaf 

extract 

Agglomerated 

foam like 

61.6-98.8 nm Malachite 

green 

Sunlight 

and UV 

light 

[157] 

39 Cassiafistula plant extract Sponge like 

irregular 

shaped 

5-15 nm Methylene 

blue 

Sunlight 

and UV 

light 

[158] 

40 Arabic gum Spherical 10 nm Direct blue 

129 

Visible 

light 

[159] 

41 Vitislabruska skin extract Mysore pak 

canine teeth 

Hollow 

Pyramids  

Gems 

50 nm Methylene 

blue 

Mercury 

lamp 

[160] 

42 Cyanometraramiflora leaf 

extract 

Flower 13.33 nm Rhodamine 

B 

Sunlight [161] 

43 ArtocarpusHeterophyllus 

leaf extract 

Spherical 10-30 nm Congo red UV light [162] 

44 Thymus vulgaris leaf extract Irregular 50-60 nm Methylene 

blue 

UV light [163] 

45 Apple pectin hollow 

double-caged 

peanut-like 

6 µm (Biul 

form 

nanorods of 

100 nm) 

Methyl 

orange 

UV light [164] 
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The metal oxide nanoparticles exhibit remarkable antimicrobial action 

against a wide range of infectious microbes. Zinc oxide nanoparticles 

synthesized using plant extract shows an excellent antibacterial activity 

towards wide verity of Gram negative and Gram-positive bacterial strains 

including Escherichia coli, Staphylococcus aureus, Salmonella paratyphi, 

Vibrio cholerae, Bacillus subtilis, Listeria monocytogenes, Salmonella 

typhimurium, Pseudomonas aeruginosa, Klebsiella aerogenes, etc. The 

antibacterial action of ZnO nanomaterials is extended to food preservations 

and packaging, mainly to avoid spoilage and to increase the shelf-life of the 

packed food. This is achieved by the incorporation of ZnO nanoparticles to 

linings of cans and packages carrying the edible items. Deepali Sharma et al 

synthesized ZnO Nanoparticles using Jacaranda mimosifolia flower extract 

which showed antibacterial activity more prominent towards gram-positive 

bacterial strains. Gram positive bacteria have mainly an outer peptidoglycan 

layer which forms 80% of the cell wall and which is not an effective 

permeability barrier. The Gram-negative bacteria has only 10% of 

peptidoglycan and the remaining major content is lipopolysaccharides present 

in the outer cell membrane which makes it more compact and less permeable 

to ZnO nanoparticles. Also, the antibacterial activity was dependent on the 

size of the synthesized nanoparticles and the sensitivity of the different 

strains [109]. So far, a lot of research work is advancing in these fields where 

a variety of plants and their extracts have been made involved in the synthesis 

of ZnO nanoparticles. Some recent reports on phytogenic ZnO nanoparticles 

having substantial antibacterial activity has been provided in Table 3. 

Table 3. Antibacterial studies of phytogenic ZnO nanoparticles 

Phyto source Size 

(nm) 

Morphology Bacteria Ref 

Acalyphaindica 19.9 

53.39 

65.13 

irregular 

irregular 

spherical 

Escherichia coli, 

Staphylococcus aureus  [165] 

Anisochilus 30-40 quasi-spherical Salmonella paratyphi, Vibrio 

cholerae, Staphylococcus 
[28] 
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carnosus aureus, Escherichiacoli 

Ceropegia 

candelabrum 

12-35 hexagonal Staphylococcus aureus, 

Bacillus subtilis, Escherichia 

coli, Salmonella typhi 

[166] 

Vitex negundo 75-80 spherical Staphylococcus aureus, 

Escherichia coli 
[106] 

Aegle marmelos 30 spherical Escherichia 

coli, Pseudomonas 

aeruginosa, Staphylococcus 

aureus  

[131] 

Murrayakoenigii 12 Spherical Staphylococcus aureus, 

Bacillus subtilis  
[167] 

Rutagraveolens 20-30 spherical shaped 

nanoparticles 

agglomerated to 

cluster-like structure 

Klebsiella aerogenes, 

Escherichia coli, 

Pseudomonas desmolyticum, 

Staphylococcus 

aureus  

[168] 

Monsoniaburkeana 5 -15 - Staphylococcus aureus, 

Enterococcus faecalis, 

Escherichia coli, 

Pseudomonas aeruginosa 

[169] 

Glycosmis 

pentaphylla 

32-36 spherical Bacillus cereus, 

Staphylococcus aureus, 

Shigella dysenteriae and 

Salmonella paratyphi 

[170] 

Bauhinia tomentosa 22-94 hexagonal Bacillus subtilis, 

Staphylococcus 

Aureus, Escherichia coli 

and Pseudomonas 

aeruginosa 

[171] 

Salvadoraoleoides 26.22 

(pH 5) 

 

38.62 

(pH 8) 

spherical and round 

 

irregular 

Bacillus cereus, Bacillus 

subtilis, Staphylococcus 

aureus, Corynebacterium 

rubrum, Escherichia coli, 

Pseudomonas aeruginosa, 

Klebsiella Pneumonia, 

Salmonella typhimurium 

[172] 

Tectonagrandis 50-

150 

spherical Staphylococcus 

aureus, Bacillus subtilis, 

Escherichia coli, Salmonella 

paratyphi 

[173] 

Swertia chirayita 2- 10 spherical shape Staphylococcus aureus, 

Escherichia coli, Salmonella 

enterica 

[103] 
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ZnO based thermoluminescent phosphors are often studied with different 

types of ionizing radiation including alpha, beta, gamma and X-rays.  

Nanocrystalline ZnO obtained via oxalyldihydrazide (fuel) combustion 

method exhibited a single broad TL glow curve centered at 343oC stimulated 

with gamma radiation [174].  ZnO nanophosphors produced by glycine-based 

solution combustion synthesis on exposure to beta rays shown glow curves of 

two maxima located at ∼149∘ C and another at ∼308∘ C [175]. Pure ZnO 

nanoparticles derived by the thermal annealing of chemically synthesized 

ZnO was thermoluminescent on exposure to beta irradiation. It showed the 

high temperature glow curve situated around 341∘C and evidently belongs to 

a high temperature thermoluminescent material [73]. The gamma ray 

stimulated well-resolved TL glow curve centered ~354oC was observed for 

ZnO nanorods prepared by surfactant free hydrothermal synthesis [176]. H. 

A. Borbo´n-Nun˜ez et.al., have investigated the beta rays exposed 

thermoluminescence kinetics of pellet-shaped ZnO samples synthesized using 

chemical precipitation. The samples shown low temperature TL emission and 

promising for low dose TL dosimetry [177]. Beta rays induced high 

temperature TL emission profile was observed for nanocrystalline ZnO 

prepared by co-precipitation [178].  

Most of the literature finds pure ZnO nanophosphors having 

thermoluminescence emission at higher temperatures. The 

thermoluminescence of ZnO can be tuned and enhanced by doping. For 

instance, gamma irradiated (m 0.05 to 4 kGy) Co2+ doped ZnO phosphor 

showed high intensity TL glow curves at ~411 K and ~575 K compared to 

the undoped sample. Here doping has made a low temperature 

thermoluminescence applicable for high dose TL dosimetry [179]. Whereas, 

Fe doped ZnO sample has exhibited single, well-resolved high temperature 

TL glow (368oC) on gamma irradiation [180]. Ce4+, Mn2+ and Mg2+ doped 
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ZnO samples have enhanced thermoluminescence emission under gamma 

irradiation [181, 182]. Similarly, high intensity glow curves were obtained for 

Mg2+ and Yb3+ samples exposed to beta irradiation compared to 

corresponding undoped ZnO samples [183-185]. X-ray induced 

thermoluminescence emission of pure and doped ZnO samples are also 

reported. They have comparatively low temperature emission profiles [186, 

187].  

There are reports of ZnO nanoparticles exhibiting both selective and 

cooperative inhibition of diabetic enzymes. For instance, Costusigneus leaf 

extract derived ZnO nanoparticles found to be efficient at in-vitro α-

glucosidase and α-amylase inhibition even though the rate was higher for α-

glucosidase [188]. A set of phyto-based ZnO nanoparticles using the aqueous 

plant extracts of Azadirachtaindica, Hibiscus rosa-sinensis, Murrayakoenigii, 

Moringa oleifera, and Tamarindusindica exhibited superior in-vitro enzyme 

inhibition than chemically obtained ZnO nanoparticles. The highest inhibition 

was obtained for those synthesized using, Tamarindusindica and Moringa 

oleifera extracts owing to the proteins and amino acid functionalization of 

resulting nanoparticles [189]. ZnO nanoparticles produced via aqueous 

extracts of Andrographis paniculata, Heritierafomes and SonneratiaApetala 

displayed moderate inhibition on α-amylase activity [190, 191]. In addition to 

the carbohydrate enzymes protein kinase B has important function in glucose 

metabolism by attending a key role in the stimulation of glucose uptake by 

insulin. Silybummarianum extract assisted ZnO nanoparticles showed 

moderate α-amylase and protein kinase B inhibition in the in-vitro monitoring 

[192]. 

Biological experiments frequently conduct the in-vivo monitoring over the in-

vitro results since it explores better understanding on the net effects on the 

living organisms. The in-vivo research includes animal testing and various 

clinical trials. ZnO nanoparticles obtained with Silybummarianum L seed 
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extract was used for treating alloxan-induced diabetic rats and exhibited 

remarkable effect in curing the diabetic ailments.  There were potential 

effects in reducing the levels of fasting blood sugar insulin level, triglycerols, 

and total cholesterol when compared to other treatments. Furthermore, ZnO 

nanoparticles was efficient for the preferment of high-density lipo-protein 

levels in the diabetic rats [118]. Biosynthesized ZnO nanoparticles using 

Vaccinium arctostaphylos L. leaf and fruit extract exhibited analogous results 

on alloxan-induced diabetic rats [118, 193]. The in-vivo studies on 

streptozotocin (STZ) induced diabetic mice monitored via enzyme linked 

immunosorbent assay (ELISA) and real time polymerase chain reaction (RT-

PCR) revealed that ZnO nanoparticles can stimulate the function of Th1, Th2 

cells and expressions of insulin receptors and other genes of the pancreas 

associated with diabetes [194]. 

Nanoparticle-protein interaction is currently an exclusive area of research. In-

vitro ZnO-BSA interactions are generally monitored with spectrofluorimetric 

techniques. The experimental studies demonstrate the conjugation of 

nanoparticles with this model protein. ZnO quenches the fluorescence of 

BSA through complex formation. Colloidal ZnO nanoparticles exhibited 

considerable interaction with the BSA protein and the synchronous spectra 

recognized conformational changes in protein associated with the interaction 

[195, 196].  Chaitali Hansdaet.al., have investigated the photophysical 

behaviour of BSA on binding with ZnO nanoparticles in aqueous solution 

and a layer-by-layer self-assembled film. BSA molecules formed a 

regimented network in the layer- by-layer film linked with the ZnO 

nanoparticles [197]. Polyethylimine modified ZnO bind with BSA through 

stronger electrostatic interaction than uncapped ZnO nanoparticles obtained 

via sol-gel route where hydrophobic forces were prominent. The structure, 

stability and activity of BSA was consistent even after the PEI-ZnO binding, 

whereas the structural deformations accompanied with the uncapped sample 

reveals the hydrophobic interactions [198]. Similarly, 3-mercaptopropionic 
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acid (3-MPA) coated ZnO nanoparticles exhibited effective binding with 

BSA with no significant structural perturbation than bare ZnO [199]. 

Furthermore, Raman spectroscopy was employed to investigate the ZnO-

BSA interactions by Rasa Žūkienė and ValentinasSnitka [200].A.E. Ledesma 

et.al has introduced the approach of In-silco docking studies to investigate the 

interactions in BSA and ZnO nanoparticles, for the first time ZnO clusters 

were generated to model the nanoparticles [201].   

1.12. Present Investigation 

“Each of us is a unique strand in the intricate web of life and here to make a 

contribution.” 

Deepak Chopra 

Being versatile and benign material, biogenic/green synthesis of ZnO 

nanoparticles, characterization and its environmental and biological 

applications is the matter of our present study. Accounting the benefits and 

need to promote green synthesis routes, ZnO nanoparticles is prepared by 

using the plant extracts including the citrus lemon extract, Abelmoschus 

esculents mucilage and Gliricidia sepium leaf extract. These bio-sources are 

inexpensive, renewable, biodegradable, non-toxic and available in plenty in 

our locality in the state of Kerala, India. Thus, the synthesis route of ZnO 

becomes cost-effective, facile and apposite for large-scale production. Lemon 

juice which contains citric acid (CA) as major component forming soluble 

and stable complex with zinc in solvents like ethylene glycol. Whereas, 

mucilage is a thick and slimy hydrocolloid, which is a common constituent 

present in plants, where it is highly soluble in water with inherent viscosity, 

plasticity, and elasticity. The okra mucilage contains proteins, carbohydrates, 

polysaccharides, minerals, polyphenols, and flavanol derivatives. These 

secondary metabolites can easily make complex with the Zn2+ ion. Likewise, 

Gliricidia sepium leaf extract is also rich in the phytochemical profile 
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including alkaloids, flavonoids, polyphenols, saponins and tannins. We 

investigate the antidiabetic activity (α-amylase and α-glucosidase inhibition), 

interaction with BSA, photocatalytic activity (photodegradation under UV 

and Sun light), anti-bacterial activity and thermoluminescence property of the 

ZnO nanoparticles prepared by using these plant extracts. Also, we attempt to 

generate some docking models on BSA, α-amylase and α-glucosidase 

interaction with ZnO nanoparticles using computational simulations.  
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Various physical and chemical 
methods are employed to 
synthesise nanoparticles are 
becoming tedious, exorbitant, 
catastrophic affecting the flora 
and fauna adversely. 
Enormous attention was 
received on green strategies 
which minimizes or completely 
eliminate chemical byproducts, 
employs less hazardous 
chemicals, environmentally 
benign solvents and renewable 
precursors. The use of plant 
extracts as reducing agents and 
stabilizers in nano synthesis 
got wide acceptance. Here, 
ZnO nanoparticles is prepared 
by using the plant extracts 
including the citrus lemon 
extract, Abelmoschus esculents 
mucilage and Gliricidia sepium 
leaf extract. 
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“Observation, reason and experiment make up what we call the scientific 
method.”  

Richard P. Feynman
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2.1. Synthesis of ZnO nanoparticles using Citrus lemon extract 

Zinc acetate Zn(OOCCH3)2(H2O)2, (98%) and ethylene glycol (99%) was 

obtained from Merk Pvt. Ltd and used as obtained. Fresh lemon fruits were 

collected from local market.  Scheme: I represent the pictorial representation 

of synthesis route. 

 

Scheme: I.  Synthesis of ZnO nanoparticles uing citrus lemon extract. 

2.5 g of zinc acetate was dissolved in 20 ml of ethylene glycol. Lemon fruits 

obtained from local market was cleaned, squeezed in to smooth muslin cloth 

and the solid particles were filtered off. 20ml of clear lemon extract was 

dropped in to the precursor solution in 1 h with vigorous stirring. The 

reaction was further conducted for 3 h keeping in 90°C. Resulting suspension 

was dried and calcined at 300, 500, and 700°C for 2 h to obtain ZnO powder.  

2.2. Synthesis of ZnO nanoparticles using Abelmoschus esculents 

mucilage 

Zinc acetate dihydrate (98%) was provided by MerkPvt. Ltd and used as 

obtained. Fresh okra crops were purchased from the local market near Calicut 

University, Malapuram, Kerala, India. The pictorial representation of the 

synthesis route is depicted in Scheme: II.   
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Scheme: II. Synthesis of ZnO nanoparticles using Abelmoschus esculents 

mucilage. 

The okra crop was washed thoroughly, chopped into small pieces, and 

approximately 10 g was soaked overnight in 100 mL of distilled water at 

room temperature. The okra mucilage was extracted in water and the solution 

obtained was filtered to obtain the clear viscous mucilage extract, which was 

diluted with an equal quantity of distilled water. Next, 20 mL of this diluted 

extract was slowly added to 20 mL of 0.25M zinc acetate solution with 

vigorous stirring at room temperature. The reaction was conducted for 4 h 

and the clear mixture was then heated in an air oven at 150°C to obtain a 

dried mass. The product was calcined at 300, 500, and 700°C for 2 h to 

obtain ZnO nanoparticles. 

2.3. Synthesis of ZnO nanoparticles using Gliricidia sepium leaf extract 

Zinc acetate dihydrate (98%) was obtained from Merk Pvt. Ltd and used as 

received. Gliricidiasepium leaves were collected from Calicut University 

campus, Kerala, India. Scheme: III represents the synthesis route. 
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Scheme: II. Synthesis of ZnO nanoparticles using Gliricidiasepium leaf 

extract. 

Fresh leaves of Gliricidiasepium leaves were washed with distilled water and 

shadow dried. The crispy collections were crumbled finely, 3.5g weighed and 

boiled with 100 ml distilled water for 15 minutes. The solution was cooled 

and filtered to yield a clear brownish-yellow solution. 25 ml of this prepared 

extract was taken, diluted to 75 ml, heated to 80oC, kept vigorously stirred 

and 2.5 g of precursor zinc acetate was added. The reaction was allowed to 

proceed for an hour resulting in a cloudy yellow solution. This solution was 

placed in an air oven, dried and powdered to get a fine yellow mass which 

thereafter subjected to calcination at 300, 500, and 700oC for 2 h ensuing 

ZnO powder. 

2.4. Characterization Techniques  

The samples were characterized using different analytical methods. A FT/IR-

4100 spectrophotometer (Jasco) and v-550 UV/Vis spectrophotometer (Jasco) 

were used for fourier transform infrared (FTIR) spectroscopy and UV diffuse 

reflectance spectroscopy (UV-DRS), respectively. The X-ray diffraction 

(XRD) pattern of samples was recorded using a diffractometer (2y = 20–901, 

Cu-K radiation; Rigaku). X-ray photoelectron spectroscopy (XPS) was 

done using PHI 5000 Versa Probe III (Physical Electronics). Field emission 
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scanning electron microscopy (FESEM) was done using a Zeiss system. 

High-resolution transmission electron microscopy (HRTEM) was done using 

a 2100 system (JEOL/JEM) to monitor the morphology and particle 

dimensions of the material. The average particle size was determined from 

the selected areas of HRTEM analysed using Gatan Microscopy Suite v3.x 

(Gatan). Energy dispersive X-ray analysis (EDAX) was performed on the 

EDAX attachment to the same FESEM instrument.Thermoluminescence was 

investigated using a TLD-96 setup (Nucleonix). The zeta potential of the 

sample was measured with a PALS zeta potential analyser, v5.60 

(Brookhaven Instruments). 

2.4.1. UV-Visible Spectroscopy 

UV-Visible spectroscopy is an important technique being frequently used in 

material characterization and analytical applications. The technique 

quantitatively measures the absorbed and scattered light from the sample. 

Since the optical properties of nanoparticles are sensitive towards their 

morphology, shape, concentration (when measured in solution form), 

refractive index near the particles surface and state of agglomeration, the UV-

Visible spectroscopy is an effective tool for the characterization of 

nanoparticles. In context of semiconducting metal oxide nanoparticles like 

ZnO it is essential to determine the optical band gap. The UV-diffuse 

reflectance spectra (DRS) is commonly used to resolve the band gap which 

measures the absorbance/ reflectance from the sample in its power form.  

2.4.2. FTIR spectroscopy 

Infrared or vibrational spectroscopy involves the interaction of matter with IR 

radiation. During the IR exposure sample selectively absorb the radiation 

with a particular wavelength. Consequently, the molecules experience a 
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change in dipole moment and their vibrational energy levels. Thus, each IR 

absorption peaks are related to the different vibrational modes in a particular 

molecule. The FTIR spectra is commonly used to determine the molecular 

structure, analytical experiments, qualitative and quantitative determinations. 

FTIR characterization of ZnO samples can provide the vibrational mode and 

the purity and throw light into the actual composition of the material.  

2.4.3. XRD analysis 

XRD is a non-destructive analytical technique essential to investigate the 

crystal structure, chemical composition and phase purity of materials. Since, 

the crystal structure possesses a well-ordered arrangement of composed 

atoms, the incident X-rays experience repetitive diffraction by constructive 

interference in accordance with the Braggs’ law. XRD patterns are referred as 

the finger print of a crystalline compound since no two crystals will have 

identical unit cells, composition of atoms and their position. Powder XRD is 

used for the materials which cannot be produced in single crystal form.  

2.4.4. XPS analysis 

X-ray photoelectron spectroscopy is a surface sensitive analytical technique 

used to detect the elemental composition, chemical state and electronic state 

of the elements in a particular material. It is alternatively named as ‘Electron 

spectroscopy for chemical analysis (ESCA). XPS works on the principle of 

photoelectric effect. The electrons emitted from each atom makes 

corresponding peaks on the XPS spectra at their characteristic energy values. 

Thus, the intensity and energy values appear in the XPS spectra of the 

samples facilitate to identify composition and chemical state of elements 

except hydrogen and helium.  
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2.4.5. FESEM analysis 

FESEM is an electron microscope which is used to produce the surface image 

of a sample. The sample surface is scanned with the electron beam in Raster 

patterns (surface get scanned in horizontally and vertically) and the electrons 

interact with the atoms in the sample to generate signals. Depending on the 

type of interaction with the sample, the signals are produced as back scattered 

electrons, secondary electrons, X-rays or light and modern instruments are 

equipped with multiple detectors. Detection of secondary electrons is the 

most preferred mode as it can provide images with high-resolution and 

explore the surfaces below 1nm size.  FESEM analysis is frequently 

conducted to study the morphology, topography and composition of 

nanomaterials.  

2.4.6. EDX analysis 

Energy dispersive X-ray analysis (EDX, EDAX or EDS) is the analytical 

technique used to determine the elemental composition of materials. EDX is 

usually equipped in attachment to the electron microscopes SEM or TEM.  

The EDX profile presents the elemental peaks comprising the particular 

material and the composition of the sample are thus analysed. In addition, 

elemental mapping and imaging of the samples are also possible with the 

technique. EDX relies on the X-ray excitation and characteristic X-ray 

emission from the sample. When source x-rays incident on the sample, the 

electron from inner shell of an atom at ground state excited and the electron 

get ejected from the shell leaving an electron hole. An electron from the 

higher energy level fills this electron hole accompanied by characteristic X-

ray emission 
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2.4.7. HRTEM analysis 

TEM is an important tool being used for the characterization of 

nanomaterials. It belongs to the class of electron microscopy working on the 

electronic beam transmission through an ultra-thin sample. The transient 

electron beam interact with the atoms of the material and the transmitted 

electrons are sensed to provide the image of the sample. The images thus 

created can be magnified and resolved using a fluorescent or photographic 

screen. Good quality sensors like CCD cameras are also used for this 

purpose. Advanced high resolution TEM instruments are available and 

obviously they can provide a high-resolution image of the sample, in fact we 

are able to see the atoms. In nanomaterials research   HRTEM micrographs 

are used to determine the particles size, distribution and morphology of the 

samples. TEM can provide the selected area electronic diffraction patterns 

(SAED) ensuing from the elastic scattering of electron beam by the sample 

lattice satisfying Braggs’ law.   The diffraction spots thus obtained can 

provide the information about the structure and crystallinity of the sample. 

2.4.8. Selected area diffraction 

Selected area diffraction (SAD or SAED) is a crystallographic technique 

which is used to identify the crystal structure and crystal defects in materials. 

The technique is performed inside the TEM system and the selected area 

diffraction patterns are obtained as a series of spots. Each spot in the SAED 

pattern represents the diffraction form the lattice planes of corresponding 

crystal structure.   

2.4.9. Zeta potential analyser 

Zeta potential value simply gives the indirect assessment of the surface 

charge of the nanoparticles. It is one of the accessible methods that are used 
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to study the peripheral characteristics of nanoparticles in solution. The 

nanoparticle when dispersed in some liquid, if they are charged get 

surrounded by the oppositely charged ions forming a thin charged layer 

(Stern layer). The Stern layer is accompanied by a secondary outer layer 

(diffusive layer) formed by the loosely attached ions. These electrical double 

layers move in the liquid under the influence of electric field, gravity or 

kinetic energy a boundary is formed between ions in the diffusive layer and 

the ions remain in the bulk.  The electrostatic potential at this boundary is 

measured as zeta potential. The zeta potential nanoparticles affect their 

physical state in solution.  

2.4.10. Thermoluminescence measurement 

Thermoluminescence is a widely accepted dosimetry technique which 

measures the amount of pre-absorbed radiation that emitted from a material 

stimulated by heat.  High-performance TL phosphors are being used in 

various dosimeters. In the typical procedure, ~10mg of the sample is mixed 

with acetone and allowed to settle as fine grains. The sample is usually 

deposited on aluminium disks and dried before measurements. The sample 

column is pre-heated around ~400oC and the whole measurement is 

conducted in nitrogen atmosphere to minimize the background peaks and 

other interfering phenomena. After the exposure to the ionizing radiation 

(gamma in our study) the sample is heated (heating rate 2oC/sec). Since the 

TL emission is limited to very few centres, generally the phenomenon is 

weak, sensitive photomultiplier tubes are used as detector.  The glow curves 

are resolved as the variation of output light with temperature.  
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2.5. Alpha-amylase and Alpha-glucosidase inhibition 

Alpha-amylase activity was carried out by DNSA (3,5-dinitrosalicyclic acid) 

method. 10 µL of α-amylase solution (10 mg/ml) was mixed with 390 µL of 

phosphate buffer (0.02 M phosphate buffer pH 7.0 containing 0.006 M NaCl, 

pH 7.0) containing different concentration of nanoparticles. After incubation 

at 37°C for 10 min, 100 µL of starch solution (1 %) was added, and the 

mixture was re-incubated for 1 hour. 1 mL of DNSA solution was added, 

boiled for 5 minute and added 5 ml distilled water, and the absorbance was 

taken at 565 nm. Sample, substrate and α-amylase blank determinations were 

carried out under the same reaction conditions. Inhibition of enzyme activity 

was calculated as  

(%) =
(𝐴 − 𝐶)

(𝐵 − 𝐶)
× 100                                                     (1) 

where, A = absorbance of the sample, B = absorbance of blank (without α-

amylase), and C = absorbance of control (without starch). 

The effect of nanoparticles on α-glucosidase activity was determined 

according to the method described by Kim et al., using α-glucosidase 

from Saccharomyces cerevisiae. 200  μL of α-glucosidase (0.067  U/ml) 

was preincubated with different concentrations of the sample for 10  min. 

The substrate solution p-nitrophenyl glucopyranoside (pNPG) was prepared 

in 0.1  M sodium phosphate buffer (pH 6.9). Then 200  μL of 3.0  mM 

(pNPG) was dissolved in 0.1 M sodium phosphate buffer (pH 6.9) and then 

added to start the reaction. The reaction mixture was incubated at 37°C for 

20  min and stopped by adding 2  ml of 0.1  M Na2CO3. The α-glucosidase 

activity was determined by measuring the yellow-colored paranitrophenol 
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released from pNPG at 400  nm. The results were expressed as percentage of 

inhibition. 

(%) =
(𝐵 − 𝑇)

(𝐵 − 𝐶)
× 100                                           (2) 

where, T is the absorbance in the presence of test substance and C is the 

absorbance of control. 

2.6. ZnO-BSA binding studies 

Fatty acid free BSA lyophilized powder of 99% purity was obtained from 

Sigma Aldrich. 10-120μL, solution of ZnO nanoparticles (1mg/10ml) was 

sequentially added in to 2.5 ml of 1 μM BSA stock solution in phosphate 

buffer of pH 7.4 and the fluorescence spectra recorded at a fixed excitation 

wavelength corresponding to BSA at 280 nm in the range of 290–550 nm, 

using Cary Eclipse Fluorescence Spectrophotometer (PMT voltage: 590 eV). 

Synchronous fluorescence spectra were also monitored for tryptophan and 

tyrosine residues in BSA in order to assess the preferential interaction with 

ZnO nanoparticles. 

2.6.1. Spectrofluorometer 

Spectrofluorometers operate according to the principle of fluorescence 

spectroscopy which quantitatively measures the fluorescence properties 

exhibited by the compounds. The sample is excited with the light source at a 

particular wavelength and the emitted fluorescence can be measured at 

another specific wavelength. Florescence spectra is a fast and sensitive 

analytical method for the characterization of molecular components. The 

technique is usually used in analytical chemistry to determine the 

concentration and chemical environment of test samples. In polyatomic 



Chapter 2 
 

 51 

fluorescent samples the fluorophore molecules (mostly contain some 

aromatic rings, for instance tryptophan, tyrosine etc.) plays the important 

role. For such complex samples like proteins synchronous fluorescence 

spectra is often conducted. Here, the spectra are recorded by the simultaneous 

scanning of excitation and emission monochromators such that we can 

concurrently analyse the multiple fluorophores in a complex sample. The 

method provides improved sensitivity without compromising the sensitivity.  

2.7. Invitro cytotoxicity determination by MTT assay 

Chang liver cell line were initially procured from National Centre for Cell 

Sciences (NCCS, Pune, India and maintained Dulbecos modified Eagles 

medium Himedia). The cell line was cultured in 25 cm2 tissue culture flask 

with DMEM supplemented with 10% FBS, L-glutamine, sodium bicarbonate 

and antibiotic solution containing: Penicillin (100U/ml), Streptomycin 

(100µg/ml), and Amphoteracin B (2.5µg/ml). Cultured cell lines were kept at 

37ºC in a humidified 5% CO2 incubator (Galaxy® 170 Eppendorf, Germany). 

2.7.1.  Cells seeding in 96 well plate 

Two days old confluent monolayer of cells were trypsinized and the cells 

were suspended in 10% growth medium, 100µL cell suspension (5x104 

cells/well) was seeded in 96 well tissue culture plate and incubated at 37ºC in 

a humidified 5% CO2 incubator.  

2.7.2.  Preparation of compound stock 

1 mg of each compound was added to 1ml of DMEM and dissolved 

completely by cyclomixer. After that the extract solution was filtered through 

0.22 µm Millipore syringe filter to ensure the sterility.  
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2.7.3. Cytotoxicity Evaluation 

After 24 hours the growth medium was removed, freshly prepared samples in 

5% DMEM were five times serially diluted by two fold dilution (6.25µg, 

12.5µg, 25µg, 50µg, 100µg in 100µL of 5% MEM) and each concentration 

of 100µL were added in triplicates to the respective wells and incubated at 

37ºC in a humidified 5% CO2 incubator. 

2.7.4. Cytotoxicity effect by MTT Method 

Fifteen mg of MTT (Himedia, M-5655) was reconstituted in 3 ml PBS until 

completely dissolved and sterilized by filter sterilization. After 24 hours of 

incubation period, the sample content in wells were removed and 3.0µL of 

reconstituted MTT solution was added to all test and cell control wells, the 

plate was gently shaken well, then incubated at 37ºC in a humidified 5% CO2 

incubator for 4 hours. After the incubation period, the supernatant was 

removed and 100µL of MTT solubilisation solution(DMSO) was added and 

the wells were mixed gently by pipetting up and down in order to solubilise 

the formazan crystals. The absorbance values were measured by using micro 

plate reader at a wavelength of 570 nm.  

The percentage of growth inhibition was calculated using the formula 

%𝑜𝑓 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑀𝑒𝑎𝑛 𝑂𝐷 𝑜𝑓 𝑠𝑎𝑚𝑝𝑙𝑒𝑠

𝑀𝑒𝑎𝑛 𝑂𝐷 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙𝑒 𝑔𝑟𝑜𝑢𝑝
× 100                    (3) 

2.8. Preparation of molecular docking models 

Molecular docking helps to characterize the binding sites of target protein 

and thus to illustrate the biochemical processes. In silico docking studies 

were carried out using Autodock 4.2 version and the images were viewed in 

Accelry’s Discovery Studio Visualizer version 4.0 and Autodock 4.2 
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interfaces. The hexagonal wurtzite structure of ZnO obtained from American 

mineralogical crystal data (AMC) with lattice parameters a ¼ 3.818 Å, b ¼ 

3.818 Å and c ¼ 6.260 Å.Three dimensional ZnO crystal structure imitating 

the nanoparticle curvature was generated using Gauss View 6 and Mercury 

(3.8 version) packages. The crystal structure of BSA was obtained from 

RCSB protein data bank (ID: 3V03). The chain A of 3V03 was used for the 

docking studies. The missing atoms in the crystal structure were repaired 

using repair command module of Autodock.  

The crystal structure of target protein α-glucosidase from S. cerevisiae was 

still not available in protein data bank. For docking studies, we generated 

homologous 3-D structure of S. cerevisiae α-glucosidase via computational 

method. We obtained the target protein sequence from NCBI Gene Bank 

sequence data base and made a homology of the model with existing mould 

of PDB ID: 2ze0, which is the protein corresponds to α-glucosidase. The new 

protein was moulded (or developed) using Easy Modeller 4.0 software. The 

sequence similarities of constructed model were checked with original 

protein sequences via p Blast analysis, and found 100% sequence identity 

over 584 protein length. Further, the stereochemical quality of the model 

protein was ensured via Ramachandran plot conducted using     SAVES 5.0 

programme. The 3D macro-structure of α-amylase was obtained employing 

homology modelling technique. The amino acid sequence of (Saccharomyces 

cerevisiae) alpha Glucanase (1, 4-alpha-glucan-branching enzyme) (ID: 

P32775) was obtained from UniProt database. Befitting homologous template 

structures (4bzy & 5clt) were identified by performing BLASTp (Basic local 

alignment search tool program).  Model of the target protein were generated 

using protein structure modelling program, GUI based Easy Modeller 

running Modeller 9.24, and the generated model was furthur validated using 

webserver PROCHECK and RC (Ramachandran plot) plot was generated.  
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Prior to docking, the protein structures were modified by deleting the water 

molecules and by adding polar hydrogen atoms for exact ionization and 

tautomeric states of amino acid residues and was used for semi flexible 

docking. United atom charges were realized by assigning Kollman charges 

and flexible movement of protein structure, ZnO planes were ensured by 

considering a proper grid volume (126 ×126×126) with 0.37Å grid spacing, 

covering all its surfaces. In addition, a force field was applied for both the 

components. Lamarckian Genetic Algorithm was applied and all other default 

Auto dock parameters were assigned. From all possible models obtained the 

best one with lowest binding energy represents the most probable binding 

mode. 

2.9. Photodegradation of Organic dyes 

Target dye Methylene blue (MB: C16H18ClN3S) and Rhodamine B (RhB: 

C28H31ClN2O3) were supplied by Qualigens Pvt. Ltd, India and used as 

received. Fig.1 depicts the structure of dye molecules. 

 

Fig.1. Structure of A) Methylene blue and B) Rhodamine B. 

The photodegradation of dyes using ZnO nanoparticles (50 mg) was 

investigated with (MB) (15ppm) and RhB (10 ppm) dye solutions under UV 

illumination (Luzchem LZC-4X model photoreactor, ~7300 lux intensity) 
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and under natural sunlight (76000±100 lux). The reaction medium was kept 

constantly stirred and in regular intervals fixed, the quantity of dye solutions 

was retrieved from the ampule. The catalyst was separated by centrifugation 

and the remained dye concentration was determined by recording the UV 

absorption spectra. Photocatalytic degradation efficiency was calculated 

using equation 

%𝐷𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 =  
𝐴0 − 𝐴

𝐴0
× 100                                 (4) 

where A0 and A are the initial and final absorbance of dye solution at max. 

The control experiments were carried out under dark conditions to determine 

the adsorption loss. 

2.9.1. Effect of scavengers 

Various quenchers were introduced to determine the role of active species 

involved in the photocatalytic degradation of MB. 0.5 M KI (quencher for 

holes, h+, and surface bounded hydroxyl radicals), ethanol (quencher for 

electron e-), sodium azide (quencher for oxygen O2) and isopropyl alcohol 

(IPA, quencher for hydroxyl radicals, ·OH), were individually supplied in the 

reaction medium and studied the photodegradation under direct sunlight. 

2.9.2. Recyclability of the photocatalyst 

The catalyst was collected after each cycle, thoroughly washed with 1:1 

water- acetone mixture, heated to eliminate residual dye molecules if any and 

re-introduced to the test dye solution. The recycling experiments of ZnO for 

photocatalytic degradation of methylene blue under sunlight irradiation were 

carried out for four consecutive cycles.  
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2.10. Antibacterial activity of ZnO 

The target bacterial strains Klebsiella pneumoniae MTCC3384, 

Staphylococcus aureus MTCC87 were collected from Microbial Type 

Culture Collection (MTCC), Chandigarh, India. Antibacterial activity of the 

sample was evaluated via Agar well diffusion method. Same amount 15-20 

ml of Mueller-Hinton agar was allowed to solidify on sterile glass petriplates 

of identical dimension. Standardized bacterial inoculum was homogenously 

spread over the solidified agar medium using sterile cotton swab. Four wells 

with a diameter of 8 mm (20 mm apart from one another) were punched 

aseptically with a sterile cork borer. The ZnO sample solution (40 and 80 µL) 

at desired concentrations from the stock solution was added in two of the 

wells. A positive control (Gentamycine) and the negative control (compound 

solvent) were introduced in the other two wells. The petri plates were 

incubated at 37°C for 24 hours. The diameter of zone of inhibition around the 

wells was measured in mm. 

 



 

 
 
 

Zinc oxide belongs to this class 
of II-IV semiconductors 
possessing a border line 
ionicity and exhibits three 
types of crystal structures 
wurtzite, zinc blend and rock 
salt. A stable zinc blend 
structure is feasible only if the 
crystal grown on a cubic 
substratum and the rock salt 
symmetry requires high 
pressure conditions. The 
wurtzite ZnO is the 
thermodynamically most 
stable crystalline symmetry 
under ambient conditions. 
ZnO nanoparticles prepared 
by using the citrus lemon 
extract, Abelmoschus esculents 
mucilage and Gliricidia sepium 
leaf extract were characterized 
using XRD, SAED, FESEM, 
HRTEM, FTIR, UV-Vis DRS, 
XPS, EDX and zeta potential 
analytical techniques.  
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Various analytical techniques were employed to characterize the synthesized 

ZnO nanoparticles. The surface morphology, size, and shape of the 

nanoparticles were determined by field emission scanning electron 

microscopy (FESEM) and high-resolution transmission electron microscopy 

(HRTEM). Structure, crystallinity and purity of the samples were analysed 

using X-Ray diffraction (XRD) patterns and Selected area diffraction patterns 

(SAED). Further, Fourier transform infrared (FTIR) spectra was analysed.  

Diffuse reflectance spectra (DRS) was recorded to determine the optical band 

gap of the ZnO nanoparticles. The Elemental and chemical state analysis 

were performed using an energy dispersive X-ray spectroscopy (EDX) and 

X-ray photoelectron spectroscopy (XPS). Surface charge of the nanoparticles 

were determined via zeta potential analysis.  

3.1.  XRD and SAED analysis 

The crystal structure of the samples was confirmed with X-ray diffraction 

patterns. The X-ray diffraction pattern of ZnO nanoparticles synthesized 

using Citrus lemon extract (ZL), Abelmoschus esculents mucilage (ZM), and 

Gliricidiasepium leaf extract (ZG) are depicted in Fig. 1- 3 respectively. Well 

defined diffraction peaks obtained at 2θ values 31.6°, 34.6°, 36.3°, 47.5°, 

56.8°, 62.7°, 66.3°, 67.9°, 69.0°, 72.7° and 77.1° are indexed to the lattice 

planes (100), (002), (101), (102), (110), (103), (200), (112), (201), (004) and 

(202) respectively associated to the hexagonal wurtzite ZnO structure in 

accordance with the JCPDS card No. 36-1451. The patterns with highly 

intense characteristic peaks especially for the (100), (002) and (101) planes 

and devoid of any secondary phases indicates crystalline, pure single-phase 

wurtzite ZnO nanoparticles.  

The average crystallite size of the samples was determined using Scherrer 

formula.  
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𝐷𝐶 =
0.9𝜆

𝛽𝐶𝑜𝑠𝜃
                                                                                                   (1) 

where DC is the scattering domain particle size, λ is the wavelength of Cu Kα 

radiation in Å, β is the full width at half maximum (FWHM) in radian and θ 

is the Bragg diffraction angle in degree. FWHM was calculated with the most 

intense peak for the plane (101). The average crystallite size obtained for ZL, 

ZM, and ZG samples are listed in Table1.  

 

Fig. 1. X-ray diffraction patterns of ZL3, ZL5, and ZL7 ZnO nanoparticles. 
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Fig. 2. X-ray diffraction patterns of ZM3, ZM5, and ZM7 ZnO nanoparticles. 

 

Fig. 3. X-ray diffraction patterns of ZG3, ZG5, and ZG7 ZnO nanoparticles. 
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Fig. 4-6 represents the SAED patterns of ZL, ZM, and ZG samples 

respectively. The bright and well-spotted electron diffraction patterns imply 

the high crystallinity of the nanoparticles obtained [1]. Moreover, spots 

represent major diffractions in the hexagonal wurtzite structure of ZnO [2]. 

The X-ray diffraction studies and SAED analysis reveals that the crystallinity 

of the samples improves with the increase in calcination temperature.  

 

Fig. 4. SAED pattern of ZnO nanoparticles A) ZL3, B) ZL5, and C) ZL7. 

 

Fig. 5. SAED pattern of ZnO nanoparticles A) ZM3, B) ZM5, and C) ZM7. 

 

Fig. 6. SAED pattern of ZnO nanoparticles A) ZG3, B) ZG5, and C) ZG7. 
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Table 1. Average Crystallite size of ZL, ZM, and ZG ZnO nanoparticles 

calculated from XRD pattern.  

No. Sample 
Crystallite size 

(nm) 

1 ZL3 10.78 

2 ZL5 13.24 

3 ZL7 34.32 

4 ZM3 23.20 

5 ZM5 20.32 

6 ZM7 21.36 

7 ZG3 25.66 

8 ZG5 30.01 

9 ZG7 28.79 

 

3.2.  FTIR spectra of ZnO nanoparticles 

Structure and purity of ZnO nanoparticles was further confirmed using FTIR 

spectrum. Fig. 7 shows the FTIR spectra of ZL nanoparticles obtained. The 

spectra of ZL3 shows characteristic –OH stretching vibrations around 3400 

cm−1 associated with the surface adsorbed water molecules. Peaks appeared at 

1575 cm−1 and 1410 cm−1 were attributed to the carbonyl vibrations of 

carboxylate/ester residues owing to the low temperature of calcination. Here 

the Zn-O characteristic stretching can be observed at ~470 cm−1. The residual 

peaks are very weak for ZL5 sample and the characteristic Zn-O stretching 

appeared around 470 cm−1. The spectra of ZL7 is almost devoid of residual 

peaks and intense characteristic Zn-O vibration appeared around 470 cm−1 

[3]. 
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Fig.7. FTIR spectra of ZL3, ZL5, and ZL7 ZnO nanoparticles. 

Lemon juice contains 5-6% citric acid in addition to its water content and 

other components include limonin, vitamin C, flavonoids, folate and minerals 

[4]. The typical reaction root for the synthesis involves the esterification of 

citric acid takes place rapidly in presence of ethylene glycol at moderate 

temperature. Zinc forms stable chelate complex with citric acid and is known 

to be soluble in ethylene glycol. Extended heating of the reaction mixture 

with simultaneous evaporation of the solvent results in randomly branched 

polymeric ester chain with Zn2+ ions uniformly distributed throughout the 

binding sites. This polymeric structure breaks down when calcined forming 

ZnO nanoparticles [5]. 
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The FTIR spectra obtained for the ZM samples are shown in Fig. 8. There are 

-OH stretching and bending vibrations located at ∼3500 cm−1 and 1500 cm−1 

in the spectra of ZM3 and ZM5 samples associated with the water molecules 

adsorbed on the surfaces of the nanoparticles. The spectra of ZM7 have weak 

peaks related to -OH stretching and bending vibrations located at ∼3500 cm−1 

and 1529 cm−1 respectively. The stretching vibration due to carboxylic acid -

OH stretching was indicated by an IR peak near 2350 cm−1 and 

corresponding bending vibrations were appeared at 900-1040cm-1. In 

addition, peak appeared at ~1388cm-1 in the FTIR spectra of ZM3, and ZM5 

is associated with the carbonyl stretching vibrations indicating the persistence 

of organic residues from the reaction medium. These peaks were 

comparatively pronounced in ZM3 and the intensity was reduced for ZM5. 

The residual peaks are minimally appeared or absent in ZM7 sample. A sharp 

and intense spectroscopic band located around 470 cm−1 was attributed to the 

characteristic Zn-O vibrational mode, which confirms the formation of ZnO 

[6]. 

According to the tentative mechanisms suggested for the formation of ZnO 

nanoparticles via plant extracts, initially the phytochemicals coordinate 

(through donor atoms) with the Zn2+ leading to the formation of some Zn-

phyto complex. The complex gets decomposed on calcination resulting ZnO 

nanoparticles [7]. Mucilage is a thick and slimy hydrocolloid, which is a 

common constituent present in plants, where it is highly soluble in water with 

inherent viscosity, plasticity, and elasticity [8-11].Carbohydrates, proteins, 

some neutral sugars, amino acids, and other secondary metabolites are mainly 

present in the mucilage of Abelmoschus esculents [12, 13]. The studies on 

chemical composition of okra mucilage estimates the mean total phenolic 

content as 37.42% and flavonoid content about 13.67%. Moreover, 

remarkable metal-chelating property of this mucilage was reported by 
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Gemede et al., which can be attributed to the polyphenolic and flavonoid 

contents [11]. These compounds can effectively bind zinc ions from an 

aqueous medium and they function as natural reducing and stabilizing agents 

during the synthesis of nanoparticles [14, 15].  

 

Fig.8. FTIR spectra of ZM3, ZM5, and ZM7 ZnO nanoparticles. 

The FTIR spectra of the ZG nanoparticles exhibited a sharp characteristic 

peak of the Zn–O stretching vibration at 470 cm-1. The   –OH stretching and 

bending vibrations were present at 3451 cm-1 and 1620 cm-1, respectively. 

The stretching and bending vibrational modes of C–H groups from the 

organic residues were observed at 2837–2918 cm-1 and 1374 cm-1. The 

residual peaks were prominent for ZG3 owing to the low calcination 

temperature of the sample. The peaks were reduced for ZM5, and ZM7 as 

prepared at higher calcination temperatures. Fig. 9 represents the FITR 

spectra of ZG samples.  
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Fig.9. FTIR spectra of ZG3, ZG5, and ZG7ZnO nanoparticles. 

Gliricidia sepium is readily available in many parts of India, does not require 

special effort to cultivate, and carries leaves even in the dry season. The 

leaves are known for nitrogen fixation and mosquito-repellent (larvicidal) 

properties [16]. Reports on the phytochemical profile of G. sepium leaf 

extracts in different media are available in literatures. Quantitative and 

qualitative phytochemical studies of the watery leaf extracts have revealed 

substantial amounts of phytochemicals: alkaloids, flavonoids, and 

polyphenols [17, 18]. During synthesis, such phytochemicals act as natural 

reducing agents and stabilizers for formation of ZnO nanoparticles. Table 2 

summarizes the qualitative and quantitative phytochemical profile of aqueous 

leaf extract of G. sepium as available in the literatures.  
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Table 2. Qualitative and quantitative phytochemical profile of aqueous leaf 

extract of G. sepium [18, 17].  

Phytochemicals Occurrence Amount 

Alkaloids + 6.80 (%) 

Flavonoids  + 0.45 mg/mL 

Saponins + 5.85 mg/mL 

Phenols + 0.12 mg/mL 

Tannins + 1.56 mg/mL 

Glycosides - - 

Terpenoids + - 
 

3.3.  FESEM and HRTEM analysis 

The surface morphology and size of the nanoparticles were monitored via 

FESEM and HRTEM micrographs. Fig. 10.A-C represents the FESEM 

micrographs and Fig. 10.D–F depicts the HRTEM images of the ZL 

nanoparticles obtained. A spherical and near- spherical morphology was 

observed for the three samples and the average particles size of 11.31 nm, 

32.61 nm and 49.42 nm was obtained for Z3, Z5 and Z7 respectively. This 

indicates agglomeration tendency at higher temperatures due to the 

successive losing of binders and high surface energy of the particles.  

The FESEM morphology of ZM3 exhibited a spherical and elongated shapes 

with average particles size of 42.66 nm. ZM5 and ZM7 is comprised of 

spherical and rod-like particles of average dimension 20-70 nm.  Fig. 11.A-C 

represents the FESEM micrographs and Fig. 11.D–F depicts the HRTEM 

images of the ZM nanoparticles. The ZG samples have shown near-spherical 

and elongated particles in the FESEM morphology. The average particles size 

of ZG3, ZG5, and ZG7 samples obtained are 45.63 nm, 62.91 nm, and 55.70 

nm respectively. The FESEM and HRTEM micrographs of ZG samples are 

depicted in Fig. 12.A-C and Fig. 12.D-F respectively. The particle size and 

shape of ZnO nanoparticles has been summarized in Table 3.  
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Fig.10. A–C) FESEM micrographs and D–F) HRTEM images of ZL3, ZL5 

and ZL7 nanoparticles. 



Chapter 3 
 

 68 

 

Fig. 11. A–C) FESEM micrographs and D–F) HRTEM images of ZM3, ZM5 

and ZM7 nanoparticles. 
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Fig. 12. A–C) FESEM micrographs and D–F) HRTEM images of ZG3, ZG5 

and ZG7 nanoparticles. 
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Table 3. The morphology and size of ZL, ZM, and ZG ZnO nanoparticles 

determined from FESEM and HRTEM analysis. 

 

3.4.  EDX and XPS profiles of ZnO nanoparticles 

The composition of the material was studied further by conducting EDX 

analysis. Fig. 13-15 shows the typical EDX profile of ZL, ZM, and ZG 

samples respectively. ZnO nanoparticles exhibits characteristic peak lines 

located around 1.0 and 8.6 KeV corresponds to Lα and Kα elemental spot for 

Zn. Characteristic oxygen (Kα) peaks can be seen in the profile around 0.55 

KeV. The traces of some organic residues remained in the sample placed a 

weak peak line about 0.28 KeV attributed to Kα of carbon.  

No. Sample Size 

(nm) 

Shape 

1 ZL3 11.31 Spherical 

2 ZL5 32.61 Spherical 

3 ZL7 49.42 Spherical and near-spherical 

4 ZM3 42.66 Spherical and elongated 

5 ZM5 20-70 Spherical and rod-like 

6 ZM7 20-70 Spherical and rod-like 

7 ZG3 45.63 Near-spherical and elongated 

8 ZG5 62.91 Near-spherical and elongated 

9 ZG7 55.70 Near-spherical and elongated 
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Fig. 13. EDX profile of ZnO nanoparticles A) ZL3, B) ZL5, and C) ZL7 
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Fig. 14. EDX profile of ZnO nanoparticles A) ZM3, B) ZM5, and C) ZM7 
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Fig. 15. EDX profile of ZnO nanoparticles A) ZG3, B) ZG5, and C) ZG7 

The composition and chemical state of elements in the sample were obtained 

via XPS. Fig. 16-21 represents the XPS profile of ZL, ZM, and ZG samples. 

The full-scan survey XPS of the samples shows the presence of zinc, oxygen, 
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and carbon. Zn (2p3/2) and Zn (2p1/2) peaks were encountered at 1020.81 eV 

and 1042.67 eV, in the elemental XPS scan corresponding to Zn2+ (2p3/2) and 

Zn2+ (2p1/2). The XPS peak for O (1s) was located at 529.28 eV, and indicated 

O2- [1]. The peak for C (1s) at 285.8 eV could have been due to trace levels 

of phytochemical residues which acted as reducing and stabilizing agents. 

 

Fig. 16.A) Full-scan survey XPS and elemental-scan XPS for B) Zn 2p, C) O 

1s and D) C 1s of ZL5 nanoparticles. 
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Fig. 17.A) Full-scan survey XPS and elemental-scan XPS for B) Zn 2p, C) O 

1s and D) C 1s of ZL7 nanoparticles. 

 

 
Fig. 18.A) Full-scan survey XPS and elemental-scan XPS for B) Zn 2p, C) O 

1s and D) C 1s of ZM5 nanoparticles. 
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Fig. 19.A) Full-scan survey XPS and elemental-scan XPS for B) Zn 2p, C) O 

1s and D) C 1s of ZM7 nanoparticles. 

 

Fig. 20.A) Full-scan survey XPS and elemental-scan XPS for B) Zn 2p, C) O 

1s and D) C 1s of ZG5 nanoparticles. 
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Fig. 21.A) Full-scan survey XPS and elemental-scan XPS for B) Zn 2p, C) O 

1s and D) C 1s of ZG7 nanoparticles. 

3.5. UV-Vis DRS-Optical band gap of ZnO nanoparticles 

The optical band gap is a crucial constraint for the photocatalytic materials 

since the electronic excitation between the valance and conduction band 

occurs with the incident photon having energy equal or greater than the band 

gap energy. Tauc proposed the following expression for obtaining the optical 

band gap 

(ℎ𝜐𝛼) = 𝐴(ℎ𝜈 − 𝐸𝑔 )
𝑛

                                          (2) 

where A is the absorption constant and α is the absorption coefficient and n is 

a constant depends on the material (here n=0.5). Fig. 22-24 represents the 

Tauc plots obtained for ZL, ZM, and ZG samples respectively. The optical 

band gap of the samples is listed in Table 4.  
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Table 4. Optical band gap energy of ZL, ZM, and ZG ZnO nanoparticles 

derived from Tauc Plot. 

No. sample Optical band gap 

(eV) 

1 ZL3 3.25 

2 ZL5 3.12 

3 ZL7 3.12 

4 ZM3 3.12 

5 ZM5 3.10 

6 ZM7 3.04 

7 ZG3 3.13 

8 ZG5 3.08 

9 ZG7 3.08 

 

 

Fig. 22.Tauc plot showing the optical band gap obtained for ZL3, ZL5, ZL7 

nanoparticles. 
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Fig.23.Tauc plot showing the optical band gap obtained for ZM3, ZM5, ZM7 

nanoparticles. 

 

Fig.24. Tauc plot showing the optical band gap obtained for ZG3, ZG5, ZG7 

nanoparticles. 
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3.6.  Surface charge of ZnO nanoparticles: Zeta potential 

The surface charge of nanoparticles affects their physical state in solution. 

Zeta potential is a method for the direct measurement of surface charge and 

used to study the peripheral characteristics of nanoparticles in solution. 

Nanoparticles in their dispersed state attract the oppositely charged ions 

towards the surface. The resulting thin layer moves along with the 

nanoparticle (electric double layer) under the influence of electric filed, 

gravity or kinetic energy and a boundary is formed between ions in the 

diffusive layer and the ions remain in the bulk. The electrostatic potential at 

this boundary is measured as zeta potential and the values typically in rage of 

+100 to -100 mV [19].  

Table 5. Zeta potential of ZL, ZM, and ZG ZnO nanoparticles. 

No. Sample code Zeta potential (mV) 

1 ZL3 -13.67 

2 ZL5 -19.0 

3 ZL7 -31.52 

4 ZM3 2.55 

5 ZM5 8.33 

6 ZM7 -38.37 

7 ZG3 7.32 

8 ZG5 -17.2 

9 ZG7 -36.74 

 

Generally, nanoparticles having high zeta potential values (negative or 

positive) own high degree of colloidal stability. The values that are less 

negative than -15 mV indicate the tendency to agglomerate and zero values 
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represents the propensity to precipitate as solid particles [20]. The zeta 

potential was measured for the synthesized ZnO nanoparticles and the values 

are presented in Table 5. According to the zeta potential values obtained the 

stability of nanoparticles in solution follows the order 

ZM7>ZG7>ZL7>ZL5>ZG5>ZL3>ZG3>ZM5>ZM3.    

3.7.  Summary 

 Present chapter covers the characterization ZnO nanoparticles 

prepared using Citrus lemon extract (ZL), Abelmoschus esculents 

mucilage (ZM), and Gliricidiasepium leaf extract (ZG). 

 The XRD and SAED pattern reveals the hexagonal wurtzite structure 

of ZnO nanoparticles formed with substantial crystallinity. Higher 

the calcination temperature, more crystalline the samples become. 

The average crystallite size of the samples was determined from the 

XRD patterns.   

 The morphology of the nanoparticles was monitored with FESEM 

micrographs and average particle size was determined from the 

HRTEM analysis. The morphology and size of the samples varies 

with the synthesis method and calcination temperatures.  

 FTIR spectra contains the characteristic vibrational peaks of ZnO 

samples. Some residual peaks were also present.  

 XPS, and EDX profiles reveals the presence of elemental 

composition and chemical state. The samples contain zinc and 

oxygen along with trace amount of carbon residues remained from 

the reaction medium.  
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 Optical band gap of the samples was determined using Tauc plot 

derived from the UV-Vis- DRS spectra. The values ranges from 3.08 

to 3.25 eV.  

 The surface charge of the samples was determined via zeta potential 

analysis. According to the zeta potential values obtained the stability 

of nanoparticles in solution follows the order ZM7>ZG7>ZL7>ZL5> 

ZG5>ZL3>ZG3>ZM5>ZM3.    
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Diabetes mellitus has been 
recognized as one of the major 
deaths causing diseases in the 
world. Globally a large patient 
population around 200 million 
are currently seeking 
treatments while the 
heterogeneous nature of the 
disease demands cost effective 
and multifunctional therapies. 
Diabetic control through the 
inhibition of carbohydrate 
hydrolysing enzymes is 
established as an effective 
strategy. Many of the 
inorganic materials have 
already been investigated as 
enzyme inhibitors. ZnO 
nanoparticles have received 
wide attention for the 
biomedical applications. Even 
though many of the inorganic 
materials especially those 
derived from green strategies 
have been investigated for the 
α-glucosidase and α-amylase 
inhibition, zinc-based 
inhibitors are being 
preferentially investigated. 
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“Nanotechnology in medicine is going to have a major impact on the survival 
of human race.” 

Bernard Marcus 
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Diabetes mellitus is a multifunctional disease identified as one among the 

major death causing diseases world-wide and would be the prime cause of 

illness and decease in coming decades [1]. Currently more than 200 million 

people are under treatment in global profile while the international Diabetes 

Federation (IDF) predicts a huge increase in patient population beyond 592 

million in coming 25 years [2, 3]. The diabetic disease makes chronic and 

sever endocrine disorders and diabetes can be categorized as Type 1 

(hyperglycemia) arises due to insulin deficiency and Type 2 due to the 

inefficient response of the cells to the insulin produced [4-6].  Both types are 

accompanied with consequent rise in blood glucose level while most of the 

people are being suffered from Type 2 diabetes [7]. Thus, the strategies of 

stimulation of insulin production and inhibition of carbohydrate hydrolysing 

enzymes like α-amylase, α-glucosidase etc are proven to be effective for 

controlling the blood glucose levels in the body [8].  For Type 2 diabetic 

treatment, the inhibitors having mild amylase and strong glucosidase 

inhibition are preferred [9], consequently majority of the researches are 

focused on enzyme inhibitors. Since the existing therapeutic medicines like 

miglitol, acarbose, voglibose etc induce side effects in gastro-intestinal tracks 

and abdominal bloating the development and practice of new enzyme 

inhibitors are of great interest [5, 9]. The application of natural compounds 

like polyphenolic compounds having notable inhibition towards α-amylase 

are limited due to their bio-instability in intestinal tract [10]. 

The in-vitro studies on the carbohydrate hydrolysing enzymes are beneficial 

to sort and exclude inactive candidates when a number of compounds are to 

be examined, thereby saving substantial time and money [10]. Herein, in-

vitro α -amylase activity was carried out by DNSA method.The effect of 

nanoparticles on α-glucosidase activity was determined according to the 

method described by Kim et al., using pNPG.  
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4.1.  In-vitro α-amylase Inhibition 

The in-vitro inhibition of α-amylase and α-glucosidase was studied by 

loading 25- 100 µg/mL of ZnO nanoparticles. Fig. 1 shows the percentage 

inhibition profile of the ZL3, ZL5, and ZL7 samples towards α-amylase 

activity. It can be noticed that all samples are very mild inhibitors for α-

amylase and the maximum inhibition efficiency at the studied dosage of the 

nanoparticles was offered by ZL5 (22%).  

 

Fig. 1. α-amylase inhibition activity of ZnO nanoparticles synthesised using 

citrus lemon extract.  

The α-amylase inhibition activity of ZM3, ZM5 and ZM7 samples has been 

presented in Fig. 2. The samples are mild amylase inhibitors except ZM5 

having maximum inhibition efficiency up to 85.37%. The samples ZM3 and 

ZM7 exhibited 13.71 and 23.4 percent inhibition efficiency respectively. 

Also, the efficiency was proportional to the ZnO dose. The IC50 value of the 

ZM5 sample was determined to be 3.58 µg/mL. 
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Fig. 2. α-amylase inhibition activity of ZnO nanoparticles synthesised using 

Abelmoschus esculents mucilage. 

 

Fig. 3. α-amylase inhibition activity of ZnO nanoparticles synthesised using 

Gliricidia sepium leaf extract.  
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ZnO nanoparticles obtained by using Gliricidiasepium leaf extract exhibit 

prominent activity towards α-amylase enzyme. ZG3 sample hold the highest 

inhibition efficiency 88.99%.  All samples inhibit the amylase activity above 

~60% on their initial dosage itself and the efficiencies increase with 

successive nanoparticle dosage. The inhibition efficiency of the samples ZG5 

and ZG7 are 79.9% and 81.23% respectively. IC50 value of the sample ZG3 

having maximum efficiency was measured to be 2.71 µg/mL.Fig. 3 shows the 

α-amylase inhibition activity of ZG3, ZG5 and ZG7 samples.   

4.2.  In-vitro α-glucosidase Inhibition 

Fig. 4 displays the percentage inhibition of α-glucosidase by ZL3, ZL5 and 

ZL7 samples. The nanoparticles exhibit remarkable activity among which 

ZL5 (97.87%) have the maximum performance. The inhibition efficiency was 

increased with concentration of nanoparticles. ZL3 has the least performance 

with maximum inhibition efficiency of 46.3%. The sample ZL7 could inhibit 

the enzymatic action up to 76.5% within the studied dosage. ZnO 

nanoparticles obtained by using the citrus lemon extract are thus selective 

inhibitors for the action of α-glucosidase enzyme. IC50 value of the sample 

ZL5 was obtained 1.24 µg/mL. 

The ZnO nanoparticles ZM3, ZM5 and ZM7 exhibit comparable inhibition 

efficiencies 72.91, 74.4 and 72.19% respectively towards α-glucosidase. ZM5 

is a strong inhibitor for both the diabetic enzymes whereas, the samples ZM3 

and ZM7 are selective inhibitors for α-glucosidase action. Fig. 5 depicts the 

α-glucosidase inhibition by ZnO nanoparticles prepared using Abelmoschus 

esculents mucilage. The IC50 value of ZM5 was found to be 53.8 µg/mL. 
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Fig. 4. α-glucosidase inhibition activity of ZnO nanoparticles synthesised 

using citrus lemon extract.  

 

Fig. 5. α-glucosidase inhibition activity of ZnO nanoparticles synthesised 

using Abelmoschus esculents mucilage. 
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Fig. 6. α-glucosidase inhibition activity of ZnO nanoparticles synthesised 

using Gliricidiasepium leaf extract.  

The ZnO nanoparticles ZG3, ZG5 and ZG7 are active towards α-glucosidase 

enzyme. The percentage inhibition was concentration dependent, there 

observed an increase with successive dosage of nanoparticles. Fig. 6 shows 

the α-glucosidase inhibition of ZnO nanoparticles obtained using 

Gliricidiasepium leaf extract. ZG5 sample holds the maximum inhibition 

efficiency of 78.9% with IC50 value 57.6 µg/mL. Being a strong inhibitor for 

α-amylase the nanoparticle lacks selectivity for the diabetic enzymes.  

4.3. Cytotoxicity of ZnO 

The cytotoxic effect of the ZnO nanoparticles holding highest inhibition 

efficiencies was evaluated towards Chang liver cell lines. Loading of ZL5 

sample (having selective inhibition of α-glucosidase) at the initial 
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concentration (6.25µg), 88% of the cells were survived. A gradual reduction 

in cell viability was observed with the double increment in concentration of 

the nanoparticles. The CC50 value of the sample was determined to be 

88.89µg/mL. The cell viability was shortened to 30% at 100µg/ml 

concentration of ZnO.  Hence, we should concern about cytotoxic nature of 

the sample above 88.89µg/mL. The selectivity index (SI) of the sample was 

determined by the ratio of CC50/IC50. To be a new potential drug the 

contender should possess a SI value equal or greater than 10 [11,12]. Here in 

the SI value is 71.68 indicates the safety to normal cell lines and selectivity 

towards the α-glucosidase inhibition [13,14]. Table 1 summarizes the IC50, 

CC50 and selectivity index calculated for the ZnO nanoparticles. 

The CC50 value of the sample ZM5 was calculated to be 94.7 µg/mL. The 

cell viability was reduced from 91% to 42% with the successive 

concentrations of ZnO (6.25-100 µg/mL). Thus, in context of α-amylase and 

α-glucosidase inhibition, since the ZM5 exhibit strong activity towards both, 

the concentrations above 94.7 µg/mL would be harmful for the normal cell 

lines. The SI value 26.45 for α-amylase inhibition ensures the safe and 

selective execution below its cytotoxic concentration. However, the SI value 

lower than 10 was obtained for α-glucosidase inhibition.  

Table 1. CC50, IC50 and selectivity index of ZnO samples 

Sample 
CC50 

(µg/mL) 
SD 

IC50 

(α-

amylase) 
(µg/mL) 

SD 

IC50 

(α-

glucosidase) 
(µg/mL) 

SD 
SI value 

(α-

amylase) 

SI value 
(α-

glucosidase) 

ZL5 88.89 
3.26×10-

3   1.24 
5.26×10-

2 
 71.68 

ZM5 94.7 
2.69×10-

3 
3.58 

2.46×10-

2 
53.8 

4.33×10-

2 
26.45 1.76 

ZG3 87.23 
6.41×10-

3 
2.71 

2.98×10-

2 
  32.188  

ZG5 83.51 
4.12×10-

3 
  57.6 

3.62×10-

2 
 1.44 
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The CC50 values of ZG3 and ZG5 are 87.23 µg/mL and 85.23 µg/mL 

exhibiting the highest inhibition efficiency for α-amylase and α-glucosidase 

respectively. Hence the cytotoxic effect should be considered above these 

concentrations of the samples. The selectivity index indicates that the ZG3 

sample is biologically safe and selective towards the target cites than the 

normal cells. However, ZG5 sample lacks selectivity over the target enzymes 

since the SI value is below 10.  

4.4. Summary 

 In-vitro α-amylase and α-glucosidase inhibition of ZnO nanoparticles 

were studied. 

 ZnO nanoparticles synthesized using citrus lemon extract shows 

selective inhibition towards α-glucosidase. The maximum inhibition 

efficiency was obtained with ZL5 while the cytotoxicity has to be 

considered above 88.89µg/mL. Higher selectivity index ensures the 

benign and selective nature. 

 Among the ZnO nanoparticles synthesised using Abelmoschus 

esculents mucilage, ZM5 holds strong α-amylase inhibition while 

others display very mild activity. The cytotoxicity of ZM5 should be 

considered when the concentration is above 94.7 µg/mL. SI value 

was obtained in favourable limit. 

 Interestingly, ZM5, ZM3, and ZM7 samples shows substantial and 

comparable activity towards α-glucosidase enzyme. However, the SI 

value below 10 indicates the sample in addition would act on normal 

cell lines rather than discerning target enzyme. 
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Fig. 7. Statistical summary of α-amylase and α-glucosidase inhibition by 

ZnO nanoparticles synthesized using citrus lemonextract, Abelmoschus 

esculents mucilage, and Gliricidiasepium leaf extract 

 ZnO nanoparticles synthesised using Gliricidiasepium leaf extract 

display significant inhibition towards α-amylase. ZG3 have the 

maximum efficiency and found to be cytotoxic beyond 87.23µg/mL 

concentration. Higher SI value of the sample designate target 

selectivity and safety to normal cell lines. 

 ZG3, ZG5 and ZG7 are moderate α-glucosidase inhibitors among 

which ZG5 have the maximum efficiency. The cytotoxic effect 

should be concerned for the concentrations higher than 83.51 µg/mL. 
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Since the SI obtained below 10, the sample may not be selective 

towsrds the target enzyme. Fig. 7 depicts the statistical summary of 

α-amylase and α-glucosidase inhibition by ZnO nanoparticles 

obtained.  
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The electron-deficient metal 
and electron-rich biomolecule 
like proteins are assumed to 
have strong interaction. When 
nanoparticles enter in to a 
biological system, its surface 
gets covered with protein 
layers which is called corona. 
Therefore, a proper 
understanding and control on 
its physiological behaviour is 
crucial in the field of 
nanomedicine and 
environmental protection. 
Serum albumins contribute to 
the colloidal osmotic pressure 
of blood in major and manage 
the transportation of drugs and 
nutrition through our body 
and also responsible for drug 
deposition. Study of 
biomolecule interactions with 
metal is of great significance 
for the design of novel nano-
drugs. 
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“If we can reduce the cost and improve the quality of medicinal technology 
through advances in nanotechnology, we can more widely address the 
medical conditions that are prevalent and reduce the level of human 
suffering.”   

Ralph Merkle 
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The study of nanoparticle-protein interactions has great research interest. It is 

essential to understand these interactions to achieve control on the 

physiological behaviour of the nanoparticles applied to the biological 

environment. Metal oxide nanoparticles are assumed to have strong 

interaction with the electron rich proteins resulting in corona formation when 

they are introduced in to the biological system. In-vitro studies with some 

model proteins are in common practice to understand these types of 

interactions. Serum albumin is a water-soluble globular protein [1-8].  Here 

we have studied the in-vitro interaction of ZnO nanoparticles developed with 

the Bovine Serum Albumin (BSA) model protein. The binding interaction 

with BSA was monitored from changes in the inherent fluorescent emission 

of BSA in presence of ZnO nanoparticles. The amino acids tryptophan and 

tyrosine are responsible for the fluorescence emission of BSA. Being a 

multicomponent system, synchronous fluorescence spectra was carried out in 

order to study the conformational changes of the fluorophores in BSA. 

5.1. ZnO (ZL)-BSA binding interactions 

Fig 1.A shows the changes observed in the fluorescence emission spectra of 

BSA with the increase in concentration of ZL3 sample. Upon the addition of 

ZnO nanoparticles, there is a significant quenching of fluorescence intensity 

of BSA at 347 nm was observed, 50.4% of intensity was reduced with 

insignificant changes in the wavelength. The considerable decrease in 

fluorescence intensity indicates the formation of certain complex between the 

ZnO nanoparticles and BSA. The fluorescence quenching is described by the 

Stern–Volmer relationship [9], 

𝐹0

𝐹
= 1 + 𝐾𝑆𝑉[𝑄]                                                    (1) 
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where Fo and F demonstrate the fluorescence intensities in the absence and 

presence of quencher, respectively. [Q] is the quencher concentration and Ksv 

is a linear Stern-Volmer quenching constant, which is defined as Ksv = kq × 

τ0, where kq is the bimolecular rate constant of the quenching reaction and τ0 

is the average integral fluorescence life time of BSA which is about 10−8 s. 

The values of quenching constant Ksv can be calculated using the plot of Fo/F 

versus[Q]. 

 

Fig. 1.A) Fluorescence emission spectra of BSA on the addition of increasing 

concentrations of ZL3 nanoparticles (Inset: Standard deviation at λmax 

347nm), B) Stern-Volmer plot, and C) Scatchard plot. 
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When a small molecule binds independently on macromolecule, the 

equilibrium between free and bound molecule is represented by binding 

constant Scatchard equation [9], given below, 

𝑙𝑜𝑔[
(𝐹0 − 𝐹)

𝐹
] =  𝑙𝑜𝑔 𝐾𝑏 + 𝑛 𝑙𝑜𝑔[ 𝑄]                                         (2) 

where,Kb is the binding constant of the complex with BSA and n is the 

number of binding sites. From the plot of log [(Fo- F)/F] versus log[Q], n 

value (a constant representing the binding sites) and the binding constant (Kb) 

value have been obtained. Fig. 1.B and C represents the Stern-Volmer and 

Scatchard plots respectively.The KSV, kq, Kb and n values are found to be 

2.16×108 M–1, 2.16×1016 M–1 S-1, 6.34 × 1011 L M–1, 0.87 respectively which 

confirms the strong interaction of ZnO nanoparticle with BSA.  

Tryptophan and tyrosine residues are responsible for the fluorescence 

property of BSA which are highly sensitive to the local environments [10]. 

Synchronous fluorescence spectroscopy provides valuable information on the 

molecular microenvironment of the fluorophores. The fluorescence spectral 

properties of tryptophan and tyrosine residues in BSA can be studied by 

taking synchronous spectra at the selected wavelength difference (Δλ). 

According to Miller theory, the wavelength difference between excitation and 

emission corresponds to the nature of chromophores [11]. The tryptophan and 

tyrosine residues have the Δλ of 60 and 15 nm respectively. The synchronous 

fluorescence spectra of BSA in the absence and presence of incremental 

addition of ZnO nanoparticles were recorded at both of these wavelength 

differences (Fig 2.A and B). With ZnO nanoparticles, the tyrosine (Δλ = 15 

nm) and tryptophan (Δλ = 60 nm) fluorescence peak decreases by 50.91 and 

61.31 % respectively. This observation shows that the introduction of ZnO 

nanoparticles perturbed the local microenvironment of tryptophan and 



Chapter 5 
 

 98 

tyrosine residues of BSA. Moreover, the emission intensity of the residues 

decreased gradually with no considerable changes in characteristic wave 

length implying that the conformation is intact [12, 13].  

 

Fig. 2. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZL3 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

Fig 3 depicts the changes observed in the fluorescence emission spectra of 

BSA at 347 nm with the addition of ZL5 sample, corresponding Stern-
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Volmer and Scatchard plots respectively.  The fluorescence intensity of BSA 

was quenched to a great extent (70.2%) upon the gradual addition of ZL5 

sample with negligible shift in λmax. The KSV, kq, Kb and n values for ZL5-

BSA binding were determined to be 5.80 ×108 M–1, 5.80×1016 M–1 S-1,  

5.91 × 1011 L M–1 and 0.84 respectively.  

 

Fig. 3.A) Fluorescence emission spectra of BSA on the addition of increasing 

concentrations of ZL5 nanoparticles (Inset: Standard deviation at max 

347nm), B) Stern-Volmer plot, and C) Scatchard plot. 

The fluorescence intensity of tryptophan and tyrosine was quenched about 

69.4% and 59.28% with the addition of ZL5 nanoparticle which indicate the 

perturbation at the local microenvironment of the respective amino acid 

residues. However, the emission spectra of tyrosine and tryptophan residues 

have negligible shift at characteristic emission wavelength. This observation 
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implies that the conformation of amino acid residues is intact during the 

interaction with nanoparticles.  The fluorescence spectra of tryptophan and 

tyrosine residues are presented in Fig. 4. 

 

Fig. 4. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZL5 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

The fluorescence emission spectra of BSA at 347 nm with the addition of 

ZL7 sample is shown in Fig. 5. A. Corresponding Stern-Volmer and 
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Scatchard plots are depicted in Fig 5.B and C respectively.  The fluorescence 

intensity of BSA was reduced 69.93% with the gradual addition of ZL7 

sample and negligible shift in characteristic wavelengths were observed. 

From the Stern-Volmer and Scatchard plots the values for KSV, kq, Kb and n 

for ZL7-BSA binding were calculated to be 3.70 ×108 M–1, 3.70×1016 M–1 S-1, 

3.74 × 1011 L M–1 and 0.87 respectively. 

Fig. 6 shows the synchronous emission spectra of tryptophan and tyrosine 

residues and the changes in emission intensities due to the interaction with 

ZL7 nanoparticles. The emission intensities of the tryptophan and tyrosine 

were reduced to 58.99% and 51.06% respectively with the successive 

addition of nanoparticles. The emission peaks remined unshifted from the 

characteristic wavelengths of the residues indicating unaffected confirmation.  

 

Fig. 5.A) Fluorescence emission spectra of BSA on the addition of increasing 

concentrations of ZL7 nanoparticles (Inset: Standard deviation at λmax 

347nm), B) Stern-Volmer plot, and C) Scatchard plot. 
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Fig. 6. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZL7 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

 

Here, ZnO nanoparticles prepared using the citrus lemon extract shows great 

extent of binding with the BSA protein. The samples ZL3, ZL5, and ZL7 

exhibit 50-70% reduction in fluorescence emission of BSA and associated 
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fluorophores tryptophan and tyrosine. The order of BSA fluorescence 

quenching follows the order ZL5>ZL7>ZL3. Moreover, these interactions 

didn’t interfere the conformation of the protein. Table 1 summarises the 

binding parameters for the ZL nanoparticles-BSA interaction. 

Table 1. Binding parameters for ZL-BSA interaction 

Sample 

% reduction in 

BSA emission 

intensity 

KSV 

(M–1) 

kq 

(M–1 S-1) 

Kb 

(L M–1) 
n 

ZL3 69.93 3.70 ×108 3.70×1016 6.34 × 1011 0.97 

ZL5 70.20 5.80 ×108 5.80×1016 5.91 × 1011 0.84 

ZL7 50.4 2.16×108 2.16×1016 3.74 × 1011 0.87 

 

5.2. ZnO (ZM)-BSA binding interactions 

The interaction of ZM samples (ZM3, ZM5, and ZM7) were studied with the 

changes in BSA fluorescence emission and the synchronous spectra. Fig. 7 

represents the emission spectra of BSA, the Stern-Volmer and Scatchard 

plots derived for the ZM3 nanoparticles-BSA interaction. 71.84% reduction 

in fluorescence intensity of BSA was recorded by the successive addition of 

ZM3 nanoparticles inferring strong nanoparticle-protein binding. The binding 

parameters for the experimental set were derived from the Stern-Volmer and 

Scatchard plots. The values obtained for KSV, kq, Kb and n are 6.01 ×108 M–1, 

6.01×1016 M–1 S-1, 4.23× 1011 L M–1 and 0.88 respectively. 

The synchronous fluorescence spectra of BSA with addition of ZM3 

nanoparticles recorded for the tyrosine (Δλ = 15 nm) and tryptophan (Δλ = 60 

nm) residues are presented in Fig. 8. The percentage reduction in emission 



Chapter 5 
 

 104 

intensities for tryptophan and tyrosine are 69.50% and 52.1% respectively. 

There was no shift in the characteristic emission wavelength observed for 

both the residues indicating the micro environment of the amino acid residues 

are perturbed without changing the confirmation of binding site/ protein.  

 

Fig. 7.A) Fluorescence emission spectra of BSA on the addition of increasing 

concentrations of ZM3 nanoparticles (Inset: Standard deviation at λmax 

347nm), B) Stern-Volmer plot, and C) Scatchard plot. 
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Fig. 8. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZM3 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

Fig. 9 depicts the changes observed in the fluorescence emission spectra of 

BSA at 347 nm with the consecutive addition of ZM5 sample, corresponding 

Stern-Volmer and Scatchard plots respectively.  Here 41.91% reduction in 

the emission intensity of BSA was observed with the gradual addition of 
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ZM5 nanoparticles devoid of shift in the characteristic emission wavelength. 

The values of KSV, kq, Kb and n for the ZM5-BSA binding were determined 

to be 1.11 ×108 M–1, 1.11×1016 M–1 S-1, 1.32× 1011 L M–1 and 0.75 

respectively.  

 

Fig. 9.A) Fluorescence emission spectra of BSA on the addition of increasing 

concentrations of ZM5 nanoparticles (Inset: Standard deviation at λmax 

347nm), B) Stern-Volmer plot, and C) Scatchard plot. 

The fluorescence emission intensity of tryptophan and tyrosine was decreased 

about 37.64% and 34.72% with the addition of ZM5 nanoparticle without 

considerable shift in their characteristic emission wavelengths which indicate 

the perturbation at the local microenvironment of the respective amino acid 

residues and the conformation of amino acid residues and the protein is 
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unaffected during the interaction with nanoparticles. The fluorescence spectra 

of tryptophan and tyrosine residues with the addition of ZM5 nanoparticles 

are shown in Fig. 10. 

 
Fig. 10. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZM5 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

The fluorescence emission spectra of BSA at 347 nm with the addition of 

ZM7 sample is shown in Fig. 11. A. Corresponding Stern-Volmer and 

Scatchard plots are depicted in Fig. 11.B and C respectively.  The 

fluorescence intensity of BSA was quenched 27.06% with the gradual 
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addition of ZM7 nanoparticles with negligible shift in characteristic 

wavelength. From the Stern-Volmer and Scatchard plots the values for KSV, 

kq, Kb and n for ZM7-BSA binding were calculated to be 7.21 ×107 M–1, 

7.21×1015 M–1 S-1, 8.68 × 1010 L M–1and 0.81 respectively. 

Fig. 12 shows the synchronous emission spectra of tryptophan and tyrosine 

residues and the changes in emission intensities due to the interaction with 

ZM7 nanoparticles. The emission intensities of the tryptophan and tyrosine 

were reduced to 37.04% and 15.38% respectively with the successive 

addition of nanoparticles. The emission peaks remined unshifted from the 

characteristic wavelengths of the residues indicating unaffected confirmation.  

 

Fig. 11.A) Fluorescence emission spectra of BSA on the addition of 

increasing concentrations of ZM7 nanoparticles (Inset: Standard deviation at 

λmax 347nm), B) Stern-Volmer plot, and C) Scatchard plot. 
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Fig. 12. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZM7 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 
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The ZnO nanoparticles ZM3, ZM5 and ZM7 synthesized using Abelmoschus 

esculents mucilage interact variably with the BSA protein. Here the 

quenching in fluorescence emission of BSA follows the order 

ZM3>ZM5>ZM7. There were negligible changes in the emission spectra of 

BSA, tryptophan and tyrosine residues during the interaction with ZM3, ZM5 

and ZM7 nanoparticles which reveals the unchanged protein conformation. 

The binding parameters are summarized in Table2. 

Table 2. Binding parameters for ZM-BSA interaction 

Sample % reduction in 

BSA emission 

intensity 

KSV 

(M–1) 

kq 

(M–1 S-1) 

Kb 

(L M–1) 

n 

ZM3 71.84 6.01 ×108 6.01×1016 4.23 × 1011 0.88 

ZM5 47.91 1.11 ×108 1.11×1016 1.32 × 1011 0.75 

ZM7 27.04 7.21 ×107 7.21×1015 8.68 × 1010 0.81 

 

5.3. ZnO (ZG)-BSA binding interactions 

The interaction of ZG nanoparticles (ZG3, ZG5, and ZG7) with BSA was 

studied using the fluorescence emission of BSA and synchronous spectra. 

Fig. 13 depicts the changes in the emission spectra of BSA with the addition 

of ZG3 nanoparticles, corresponding Stern-Volmer and Scatchard plots. The 

percentage reduction in fluorescence intensity of BSA was 29.36% with the 

increase in concentration of ZG3 nanoparticles. The binding parameters ZG3-

BSA interaction were calculated from the Stern-Volmer and Scatchard plots. 

The values obtained for KSV, kq, Kb and n are 4.33 ×107 M–1, 4.33×1015 M–1 S-

1, 2.80× 1010 L M–1 and 0.56 respectively.  
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Fig. 13.A) Fluorescence emission spectra of BSA on the addition of 

increasing concentrations of ZG3 nanoparticles (Inset: Standard deviation at 

λmax 347nm), B) Stern-Volmer plot, and C) Scatchard plot. 

 

The synchronous fluorescence spectra of BSA with addition of ZG3 

nanoparticles recorded for the tyrosine (Δλ = 15 nm) and tryptophan (Δλ = 60 

nm) residues are presented in Fig. 14. The emission intensities of tryptophan 

and tyrosine have 24.23% and 16.31% reduction respectively. There was no 

shift in the characteristic emission wavelength observed for both the residues 

indicating the micro environment of the amino acid residues are perturbed 

without changing the confirmation of the binding site/ protein.  
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Fig. 14.Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZG3 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

The fluorescence emission spectra of BSA at 347 nm with the addition of 

ZG5 nanoparticles is shown in Fig. 15. A. Corresponding Stern-Volmer and 

Scatchard plots are depicted in Fig. 15.B and C respectively.  62.85% of the 

fluorescence intensity of BSA was quenched by the successive addition of 

ZG5 sample and no remarkable changes in the characteristic wavelength was 
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noticed. The values of KSV, kq,Kb and n associated with the ZG5-BSA binding 

were calculated to be 3.76 ×108 M–1, 3.76×1016 M–1 S-1,4.80× 1011 L M–1and 

1.36 respectively. 

 

Fig. 15.A) Fluorescence emission spectra of BSA on the addition of 

increasing concentrations of ZG5 nanoparticles (Inset: Standard deviation at 

λmax 347nm), B) Stern-Volmer plot, and C) Scatchard plot. 

Fig. 16 represents the synchronous emission spectra of tryptophan and 

tyrosine residues and the changes in emission intensities due to the 

interaction with ZG5 nanoparticles. The percentage reduction in emission 

intensities of the tryptophan and tyrosine are 66.73% and 59.57% 

respectively with the successive addition of nanoparticles. The emission 

peaks remined unshifted from the characteristic wavelengths of the residues 

infer the intact confirmation of protein and the residues. 
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Fig. 16. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZG5 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

Fig. 17 shows the fluorescence emission spectra of BSA at 347 nm with the 

addition of ZG7 sample, corresponding Stern-Volmer and Scatchard plots 

respectively.  Here 33.13% reduction in the emission intensity was observed 

with the gradual addition of ZG7 nanoparticles devoid of shift in the 

characteristic emission wavelength. The values of KSV, kq, Kb and n for the 

ZG7-BSA binding were determined from the Stern-Volmer and Scatchard 

plots to be 6.25 ×107 M-1, 6.25×1015 M–1 S-1, 1.73 × 1010 L M–1 and 0.68 

respectively.  
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Fig. 17.A) Fluorescence emission spectra of BSA on the addition of 

increasing concentrations of ZG7 nanoparticles (Inset: Standard deviation at 

λmax 347nm), B) Stern-Volmer plot, and C) Scatchard plot. 

The fluorescence emission intensity of tryptophan and tyrosine was decreased 

about 31.32% and 12.3% with the addition of ZG7 nanoparticles without 

considerable shift in their characteristic emission wavelengths which indicate 

the perturbation at the local microenvironment of the respective amino acid 

residues and the conformation of amino acid residues and the protein is 

unaffected during the interaction with nanoparticles. The fluorescence spectra 

of tryptophan and tyrosine residues with the addition of ZG7 nanoparticles 

are shown in Fig. 18. 



Chapter 5 
 

 116 

 

Fig. 18. Synchronous fluorescence spectra of (A) Tryptophan residue (Δλ ¼ 

60 nm) and B) Tyrosine residue (Δλ ¼ 15 nm) on incremental addition of 

ZG7 nanoparticles (Inset: A) Standard deviation at λmax 285 nm, and B) 

λmax 289). 

ZnO nanoparticles prepared using the Gliricidiasepium leaf extract ZG3, 

ZG5 and ZG7 have variable binding properties with the BSA protein. 

Addition of ZG5 sample cause the maximum quenching in the emission 

spectra of BSA while ZG3 and ZG7 have comparatively less interaction with 

the protein. The decrease in fluorescence intensity of BSA follows the order 

ZG5>ZG7>ZG3 and the samples doesn’t interfere the conformation of the 

protein and associated fluorophores.  The binding parameters associated with 

the ZM-BSA interactions are summarized in Table 3.  
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Table 3. Binding parameters for ZG-BSA interaction 

Sample 

% reduction in 

BSA emission 

intensity 

KSV 

(M–1) 

kq 

(M–1 S-1) 

Kb 

(L M–1) 
n 

ZG3 29.36 4.33×107 4.33×1015 2.80 × 1010 0.56 

ZG5 62.85 3.76 ×108 3.76×1016 4.80 × 1011 1.36 

ZG7 33.13 6.25 ×107 6.25×1015 1.73 × 1010 0.68 

 

5.4. Summary 

 This chapter describes the interaction ZnO nanoparticles prepared 

using citrus lemon extract (ZL3, ZL5, and ZL7), Abelmoschus 

esculents mucilage (ZM3, ZM5, and ZM7) and Gliricidiasepium leaf 

extract (ZG3, ZG5, and ZG7) with BSA protein. Here, the changes in 

fluorescence emission spectra of BSA and its fluorophores 

tryptophan and tyrosine were monitored with the successive addition 

of ZnO nanoparticles.  

 ZnO nanoparticles ZL3, ZL5, and ZL7 prepared using citrus lemon 

extract have shown good extend of binding with BSA. The 

fluorescence quenching of BSA follows the order ZL5>ZL7>ZL3. 

However, in presence of all the three samples, the emission intensity 

was reduced above 50%.  

 For ZM nanoparticles the BSA fluorescence quenching follows the 

order ZM3>ZM5>ZM7. Unlike ZL samples, there is considerable 

difference in quenching capacity of the nanoparticles ranging from 

27.04 to 71.84%. It could be associated with the differences in 

characteristics including size, crystallinity and surface charge of 

nanoparticles.  
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 The order of reduction in BSA fluorescence intensity follows 

ZG5>ZG7>ZG3 for the samples synthesized using Gliricidiasepium 

leaf extract. The percentage reduction in intensity varies from 29.36 

to 62.85%.  

 There were negligible changes in the emission spectra of BSA, 

tryptophan and tyrosine residues during the interaction with the ZnO 

(ZL, ZM, and ZG) nanoparticles indicating that the protein 

conformation remains intact. 
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Nanobiotechnology is an 
emerging interdisciplinary 
area of science for the twenty 
first century. The theoretical 
approaches using 
computational simulations 
can provide some 
complementary evidences 
for the binding of 
nanoparticles with the 
biomolecules, better 
understanding and 
visualization of the surface 
interactions. Computational 
modelling can be a guide to 
design nanomaterials for the 
future biomedical 
experiments. Moreover, 
theoretical calculations can 
provide a near-idea of these 
experimental results, rather 
than conducting numerous 
trials. Molecular docking 
helps to characterize the 
binding sites of target 
protein and thus to illustrate 
the biochemical processes.  
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“As technology advances, the boundaries between different disciplines of 
technology are blurring- such as what we are seeing with the use of 
nanotechnology and information technologies in health care delivery.” 

Ed Rudnic
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Molecular docking is a bio-informatics modelling tool which provides the 

possible orientations of two or more molecules when they interact each other 

to form a stable adduct with minimum energy [1].  The docking models are 

capable of forecasting a three-dimensional view of any such complexes, the 

strength and type of interactions involved reliant on the binding 

characteristics of the ligand and target molecule [2-7]. It can generate a set of 

probable complex structures that are ranked by total energy, and assembled 

via scoring function software. The computational modelling experiments are 

extremely useful to conserve the wet-lab experimental time-line and cost [7-

9]. 

A.E. Ledesma et.al has introduced the approach of computational docking 

studies to investigate the interactions in a protein and ZnO nanoparticles, for 

the first time ZnO clusters were generated to model the nanoparticles [10]. 

We have modelled the complexes of ZnO- α-amylase, ZnO- α-glucosidase, 

and ZnO-BSA. The basic hexagonal wurtzite structure of ZnO obtained from 

American metrological crystal data (AMC) and the three-dimensional ZnO 

crystal structures of dimensions 10, 30 and 50 nm (Z10, Z30 and Z50 

respectively) were generated using the software Gauss View 6 and Mercury 

3.8 version. The crystal structure of BSA was obtained from RCSB protein 

data bank (ID: 3V03). The chain A of 3V03 was used for the docking studies. 

The structure of α-amylase and α-glucosidase was not available in protein 

data bank. Hence, we have modelled their homologous 3-D structure using 

Easy Modeller 4.0 software. In silico docking studies were carried out using 

Autodock 4.2 version and the images were viewed in Accelry’s Discovery 

Studio Visualizer version 4.0. 
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6.1. In-silico docking models of ZnO- α-amylase interaction 

Fig. 1 depicts the docked models with least energy obtained for ZnO-α-

amylase complexes. The Z10-amylase complex has negative binding energy 

value (-0.73 kcal/mol) indicating favourable interaction. However, as the 

dimension of ZnO (Z30 and Z50) increased positive binding energy values 

were obtained (32.18 kcal/mol and 452.22 kcal/mol respectively). The 

binding energy for ZnO- α-amylase association follows the order Z10< 

Z30<Z50.  Z10 forms one hydrogen bond with the protein via -C=O group of 

tryptophan (TRP 321) residue in α-amylase. The H- bonding parameters were 

determined to be bond length 1.978 Å, bond angle 120.21o, dihedral angle 

76.381o and bond energy -0.027kcal/mol.  Fig. 2 reveals the near residue 

interactions  involved in the ZnO- α-amylase association. 

 

Fig. 1. Complex models generated for the interaction between A) Z10 B) Z30 

and C) Z50 ZnO nanoparticles and α-amylase. 
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Fig. 2.Near residue interactions obtained for the Z10- α-amylase complex 

(green dots indicating H- bond formation). 

The amino acids aspartic acid (ASP 486), histidine (HIS 485), methionine 

(MET 442), tryptophan (TRP 321), glycine (GLY 357), valine (VAL 419), 

glutamic acid (GLU 417), ASP 356, and tyrosine (TYR 248) are involved in 

the near residual interactions of Z10-α-amylase complex. Since no 

information regarding chemical interaction were obtained for the Z30 and 

Z50 docked models with amylase the nanoparticles should be physically 

interleaved into the amylase moiety. The binding energy values and limited 

interactions obtained with the in-silico docking studies on ZnO- α-amylase 

association thus suggest the ZnO nanoparticles to be mild inhibitors for the 

enzyme. Experimentally, ZnO nanoparticles prepared with citrus lemon 

extract (ZL3, ZL5, and ZL7) were very mild α-amylase inhibitors. Among 

the ZnO nanoparticles synthesised using Abelmoschus esculents mucilage, 

ZM5 exhibited strong α-amylase inhibition while others (ZM3, and ZM7) 

display very mild activity. The nanoparticles synthesised using 
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Gliricidiasepium leaf extract (ZG3, ZG5 and ZG7) have substantial 

inhibition. Thus, in experimental and theoretical monitoring the nanoparticles 

seem to be mild α-amylase inhibitors while the experimental exceptions 

should be concerned with the dependence of biological activity on 

morphology and crystallinity along with the dimension.  

6.2. In-silico docking models of ZnO- α-glucosidase interaction 

Docking studies were useful to find the interaction sites and size effect of the 

nanoparticles on α-glucosidase association. Fig. 3 shows the best docked 

models for ZnO-α-glucosidase complex obtained for Z10, Z30 and Z50 

nanoparticles. The negative value of binding energy obtained for all three 

complexes indicates the favourable association of ZnO nanoparticles with the 

protein. The association of Z30- α-glucosidase possess least binding energy 

of -13.64 kcal/mol indicating most facile interaction and Z10 shows the least 

facile interaction with comparatively higher binding energy value (-7.83 

kcal/mol). The binding energy for ZnO- α- glucosidase association follows 

the order ZL30< Z50< Z10. Fig. 4 reveals the near residue interactions of 

ZnO- α-glucosidase association. Z10 form three hydrogen bonds with the 

protein via -C=O and -NH groups in aspartic acid (ASP 46), and glycine 

(GLY 10) residues. The sample Z30 shows hydrogen bonds with glycine 

(GLY 10) and phenyl alanine (PHE 1) residues. Whereas Z50 forms 

hydrogen bonds with the amino acid residues aspartic acid (ASP 46), 

glutamic acid (GLU 286) and valine (VAL 325). The details of hydrogen 

bonding have been indexed in Table 1. 
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Fig. 3.Complex models generated for the interaction between A) Z10 B) Z30 

and C) Z50 ZnO nanoparticles and α-glucosidase. 

Owing to the favourable binding energies of ZnO-α-glucosidase complexes 

and chemical interactions revealed, In-silico docking studies recommend the 

nanoparticles to be strong α-glucosidase inhibitors. However, the size, shape 

and crystallinity of nanoparticle have crucial role in their biological 

interactions. The size and crystallinity varied with calcination temperatures. 

Experimentally, all the samples exhibited substantial inhibition efficiency 

towards α-glucosidase. ZnO nanoparticles synthesized using citrus lemon 

extract (ZL3, ZL5, and ZL7) were strong inhibitors for α-glucosidase 

enzyme. Moreover, they show selective inhibition and experimental and 

theoretical order of enzyme inhibition follows the same order. Similarly, 

ZM3, ZM5, and ZM7 samples obtained using Abelmoschus esculents 
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mucilage shows considerable and comparable activity towards α-glucosidase 

enzyme. ZnO nanoparticles prepared using Gliricidiasepium leaf extract 

(ZG3, ZG5, and ZG7) are moderate α-glucosidase inhibitors among which 

ZG5 have the maximum efficiency.  

 

Fig. 4.Near residue interactions of ZnO- α-glucosidase complexes A) Z10, B) 

Z30 and C) Z50 (green dots indicating H- bond formation). 
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Table.1 Details of hydrogen bond parameters obtained for ZnO- α-

glucosidase association. 

Sample Residue 

Bond 

distance 

(Å) 

Bond 

angle, θ 

(degree) 

Dihedral 

angle, ɸ 

(degree) 

Energy 

(kcal/mol) 

 

Z10 ASP 46 1.734 132.435 117.154 -0.037 

 GLY 10 1.849 132.584 104.723 -0.141 

 
ASP 46 

 
2.068 137.905 105.901 -1.567 

Z30 GLY 10 1.891 123.583 165.312 -0.529 

 GLY10 1.827 144.281 136.655 -2.566 

 PHE 1 2.006 163.473 115.553 
-5.538 

 

Z50 ASP 46 1.958 142.987 89.355 -0.001 

 VAL 325 2.226 146.710 108.510 -0.337 

 GLU 286 2.20 166.313 157.916 -3.492 

 

6.3. In-silico docking models of ZnO- BSA interaction 

Docking studies were employed to gather information about changes in 

microenvironment of protein in addition to that obtained from 

spectrofluorometric titrations. Different possible models for ZnO-BSA 

binding and the best docking models obtained are presented in Fig. 5. Z10- 

BSA complex has the least total energy value (-6.93 kcal/mol) indicating the 

most stable adduct formed. The total energy of the complexes was amplified 

with the increase in size of ZnO cluster and the total energy of BSA 

complexes with Z30 and Z50 determined to be 25.14 kcal/mol and 54.4 

kcal/mol respectively. However, all three complexes have shown near-

residue interactions (Fig. 6) where ZnO has been involved in hydrogen 

bonding with the amino acid residues present in the protein moiety. The 

details of hydrogen bonding have been indexed in Table 2. 
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Fig. 5.Complex models generated for the interaction between A) Z10 B) Z30 

and C) Z50 ZnO nanoparticles and α-BSA. 

The amino acid residues serine (SER 428), lysine (LYS 431), isoleucine (ILE 

455), leucine (LUE 454), alanine (ALA 193), tyrosine (TYR 451), threonine 

(THR 190) and glutamic acid (GLU 186) are present in the proximity of ZnO 

in Z10-BSA complex. Here, ZnO   forms hydrogen bonds with SER 428 and 

THR 190 residues. In Z30-BSA complex, the near residue interactions 

involve TYR 451, SER 420, LYS 431, GLU 186, LYS 167, ILE 445, ALA 

193, SER 192, arginine (ARG 458), THR 190, SER 192, LYS 187, GLU 186 

and SER 428 is involved in hydrogen bonding.  SER 192 and TYR 451 

amino acid residues form hydrogen bond with ZnO in Z50-BSA complex and 

the amino acid residues LYS 431, ARG 435, GLU 424, histidine (HIS 145), 
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LYS 187, GLU 186, ARG 458, GLU 424, SER 428, ILU 189, THR 190 and 

ALA 193 share the contiguous occupancy. 

 

Fig. 6.Near residue interactions of ZnO- α-BSA complexes A) Z10, B) Z30 

and C) Z50 (green dots indicating H- bond formation). 

The docking results doesn’t convey any interactions with the sulphur 

containing methionine and cysteine amino acid residues. The sulphur atoms 

could be masked such that it is difficult to take part in hydrogen bonding [2]. 

However, the docking studies found all the ZnO models are able to form 

stable complexes with BSA protein through hydrogen bonding interactions 

and the total energy of the system enter to positive values when the size of 

ZnO increased.  Hence the interaction is most favourable at low particle 
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dimensions. The experimental results also correlate with this size factor. 

There is a discrepancy on the interactions with fluorophores (tryptophan and 

tyrosine residues) that they couldn’t found in proximity of ZnO (only present 

in the near residue interactions of Z50). In fact, the molecular modelling 

gives the pretended orientations of the complexes depending on the binding 

characteristics of the structures we feed and in rigid frame the protein is 

treated.  

Table 2. Details of hydrogen bond parameters obtained for ZnO- α-BSA 

association. 

Sample Residue Bond 

distance 

(Å) 

Bond 

angle, θ 

(degree) 

Dihedral 

angle, ɸ 

(degree) 

Energy 

(kcal/mol) 

 

Z10 THR 

190 

2.12 129.123 88.042 -1.683 

 SER 428 1.912 138.003 113.52 -0.601 

Z30 SER 428 1.733 154.438 117.881 -0.363 

Z50 SER 192 2.148 135.281 92.355 -0.277 

 TYR 

451 

1.517 137.525 82.084 2.706 

 

6.4.  Summary 

 Docking models were generated for ZnO- α-amylase, ZnO- α-

glucosidase, and ZnO-BSA complexes. ZnO clusters of 10, 30 and 50 

nm dimensions were generated using computational software. The 

structure of BSA was accessed from RCSB protein data bank, α-

amylase and α-glucosidase were computationally modelled.  

 The binding energy values and limited interactions obtained with the 

docking studies on ZnO- α-amylase association thus suggest the ZnO 
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nanoparticles to be mild inhibitors for the enzyme. Z10-amylase 

complex has negative binding energy value indicating favourable 

interaction while increasing the dimension of ZnO (Z30 and Z50) 

positive binding energy values were obtained. The binding energy for 

ZnO- α-amylase association follows the order Z10< Z30< Z50. Also, 

the chemical interactions were revealed for Z10 complex and no 

information regarding chemical interaction were obtained for the Z30 

and Z50 docked models with amylase. Thus, the nanoparticles should 

be physically interleaved into the amylase moiety. The experimental 

and theoretical studies imply the nanoparticles to be mild α-amylase 

inhibitors while the experimental exceptions should be concerned 

with the dependence of biological activity on morphology and 

crystallinity along with the dimension.  

 In-silico docking studies recommend the nanoparticles to be strong 

α-glucosidase inhibitors according to the negative binding energy 

values obtained for the three complexes and hydrogen bonding 

interactions obtained. Experimentally, all the samples exhibited 

substantial inhibition efficiency towards α-glucosidase even though 

selectivity and efficiencies vary. The binding energy for ZnO- α- 

glucosidase association follows the order Z30< Z50< Z10. 

 Z10- BSA complex has the least total energy value indicating the 

most stable adduct formed. Higher binding energy values were 

obtained with ZnO of increased dimensions Z30 and Z50. The 

binding energy for ZnO- BSA complexes follows the order Z10< 

Z30< Z50. However, all the three complexes have shown chemical 

interactions (H-bonding) through different amino acid residues with 

ZnO indicating favourable association. Docking and experimental 
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investigations suggest the interaction is most favourable at low 

particle dimensions. The interaction with the BSA fluorophores, 

tryptophan and tyrosine were not revealed in the docking studies. In 

fact, the rigid molecular frame of protein assigned and the binding 

properties of provided structures matters.   
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The wastewater produced by 
dyeing industries have the 
highest level of toxicity, with 
cytotoxic, genotoxic, and 
mutagenic effects. Persistence 
of dyes even in small 
concentrations will inhibit the 
solar light penetration in to 
water which retards the 
photosynthetic action, stunt the 
biota growth thereby impart 
toxicity in aquatic life and 
makes the water source 
undesirable for usage. Serious 
attention and severe struggle 
should be paid to remove the 
dye pollutants from the 
contaminated media before its 
release in to natural streams. 
Photocatalytic degradation of 
dyes using UV/sunlight is a 
core method because it 
minimizes time, cost and can 
be undertaken in ambient 
conditions. Semiconducting 
nano zinc oxide is a renowned 
photocatalyst. 

 
 

 
 
 
 
 

 

Chapter 7 

ZnO nanoparticles: 
selective photodegradation, 
antibacterial activity, and 

thermoluminescence 
emission characteristics. 

 
 
 
 

 
 
 
 
 
 
 
 



 

7.1. Photocatalytic degradation of Methylene blue and  

Rhodamine B 

131 

7.2. Antibacterial activity of Photocatalytic ZnO 

Nanoparticles 

142 

7.3. Thermoluminescence Emission 144 

7.4. Summary 147 

Reference 148 

 

 

 

 

 

 

 

 

 

 

 

 

 

“There is no question that clean, affordable drinking water is essential to the 
health of our global community. But bottled water is not the answer in 
developed world, nor does it solve the problems for the 1.1 billion people who 
lack a secure waters supply. Improving and expanding existing water 
treatment and sanitation systems is more likely to provide safe and 
sustainable sources of water over the long term.” 

Emili Arnold
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7.1. Photocatalytic degradation of Methylene blue and  

Rhodamine B 

Industrial wastewater possesses non-biodegradable and organic dyes that are 

toxic to living organisms [1-3]. Photocatalytic degradation of dyes using 

UV/sunlight is a core method because it minimizes time, cost and can be 

undertaken in ambient conditions [4]. Photocatalytic degradation of organic 

pollutants is highly sought, because dye contaminants from various industries 

enter into the aquatic ecosystem, which affects the aquatic flora and fauna. 

Semiconducting nano zinc oxide is a renowned photocatalyst. The organic 

dyes Methylene blue (MB) and Rhodamine B (RhB) were subjected to 

photodegradation using the synthesized ZnO nanoparticles under UV and 

direct sunlight in order to investigate its photocatalytic activity. 

Photodegradation studies were undertaken after control experiments. The 

dyes were stirred in the dark for 1 h without the catalyst to monitor any 

changes in their concentrations due to surface phenomena such as adsorption. 

In addition, the dye solutions were tested to determine whether 

decomposition occurred under light illumination without the catalyst. No 

significant changes were observed in the dye concentration in both 

experiments. Thus, solutions containing 50 mg of the catalyst were 

introduced to the UVlight source and direct sunlight, and the changes in the 

absorption spectra of dyes under regular intermissions were documented.  

7.1.1. ZnO photocatalyst synthesized using Citrus lemon extract 

The photocatalytic degradation profiles of the MB and RhB dyes using the 

nanoparticle ZL7 are shown in Fig. 1.A-D. The concentrations of the dyes 

decreased gradually due to their degradation according to the declines in their 
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characteristic peaks located at λmax = 660 nm and 550 nm for MB and RhB, 

respectively. The results indicated that 96.8% of MB and 95.8% of RhB were 

removed after 50 min due to the activity of the biogenic ZnO nanoparticles 

under UV light. Fig. 1.E and F shows the percentage degradation efficiency 

after each time interval. Conversely, the degradation of MB and RhB was 

complete (100%) under direct sunlight within 40 and 45 minutes respectively. 

According to the semiconductor photocatalysis, illumination of ZnO catalyst 

with appropriate UV-light having energy equal or more than the photo-

threshold energy cause electronic excitations and consequent generation of 

electron-hole pairs.The electron–hole pairs generated by this photo-excitation 

process diffused to the surface of the catalyst, thereby reacting with the 

molecular oxygen and hydroxide ions to produce reactive radicals that 

facilitated the degradation of the organic dyes [5,6]. 

The photocatalytic degradation was analysed with 25–175 mg of the catalyst 

(Fig. 2.A). The increased population of reactive sites by adding more catalyst 

results in enhanced degradation efficiencies. However, increasing the catalyst 

load above 175 mg for MB and 125 mg for RhB, decreased the degradation 

efficiency due to particle sedimentation, thereby leading to a lack of reactive 

surface sites, or the turbidity of the suspension may have obstructed the 

passage of light and thus the activation of the catalyst [7-9]. 

Photodegradation of anionic methyl orange (MO) dye was monitored under 

UV and sunlight with ZnO nanoparticles and no visible change in colour or 

absorption spectra of MO was observed. Fig. 2.B shows the percentage 

degradation of MO (15 ppm) dye under light sources. Thus, the 

photodegradation was selective towards cationic dyes. The surface charge of 

ZnO nanoparticles was determined to be -31.52 mV in neutral solution. 
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Hence, the degradation was selective due to the electrostatic interaction 

between the negatively charged catalyst surface and cationic dye molecules.  

 

Fig. 1.Photodegradation profiles (pH ∼7, room temperature) for (A) MB 

under UV light (B) MB under sunlight C) RhB under UV light D) RhB under 

sunlight and percentage degradation efficiencies for E) MB and F) RhB under 

UV and sunlight light using ZL7 nanoparticles. 
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Fig. 2. A) Effect of catalyst (ZL7) loading on the degradation efficiency of 

MB and RhB under sunlight and B) degradation of MO under UV and 

sunlight. 

During the photoexcitation of the semiconductor catalyst, different types of 

reactive species are generated including electrons (e-) holes (h+) and hydroxyl 

radical (HO•) and/or superoxide anion radical (O2 •−) resulting from the 

surface diffusion of e-h pairs [10, 11]. KI (for holes, h+, and surface bounded 

hydroxyl radicals), ethanol (for electron e-), sodium azide (for molecular 

oxygen O2) and Isopropyl alcohol (IPA- for hydroxyl radicals, ·OH), 

scavengers were chosen to study their inhibitory effects during the process of 

photocatalytic degradation. Fig. 3.A display the effect of scavengers in the 

photodegradation of MB and RhB under direct sunlight. The degradation 

efficiency was considerably reduced in the presence of sodium azide, ethanol, 

and KI which indicates the electrons, holes/surface hydroxyl radicals and 

molecular oxygen play important role in the photodegradation of dye 

molecules. 



Chapter 7 
 

 135 

 

Fig. 3. A) Effect of scavengers on percentage degradation efficiencies of MB 

and RhB under direct sunlight and (B) recyclability of ZnO nanoparticles 

(ZL7) after four successive cycles of MB and RhB photodegradation under 

direct sunlight. 

The reusability of a photocatalyst is very important for large-scale 

applications. Fig. 3.B shows the recyclability of ZnO after MB and RhB 

degradation under identical conditions upon natural-sunlight irradiation. An 

unavoidable loss of a small amount of the catalyst occurred during repeated 

cycles but, even so, the activity of the sample was reduced only minimally. 

After consecutive degradation for four cycles, the photocatalyst remained 

stable and retained high degradation efficiencies, 85.6% and 81.67% for MB 

and RhB respectively thereby ensuring reusability. 

7.1.2. ZnO photocatalyst synthesized using Abelmoschus esculents 

mucilage 

The ZnO sample ZM7 synthesized by using Abelmoschus esculents mucilage 

was employed as photocatalyst under UV and direct sunlight. Fig. 4.A-D 

represents the photocatalytic degradation profile of MB and RhB under UV 

and sunlight illumination. The intensities fall at characteristic λmax = 660 nm 
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and λmax = 550 nm can be well observed. Both exhibit gradual decrease in 

concentration due to their degradation as indicated by the depression in 

characteristic peaks after regular time intervals exposed under the light 

sources in presence of catalyst. The status of percentage degradation of the 

target dye molecule has been shown in Fig. 4.E and F. 

 

Fig. 4. Photodegradation profiles (pH ∼7, room temperature) for (A) MB 

under UV light (B) MB under sunlight C) RhB under UV light D) RhB under 

sunlight and percentage degradation efficiencies for E) MB and F) RhB under 

UV and sunlight using ZM7 nanoparticles.  
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Under UV light 85.36% of MB molecules were removed from the solution 

within 50 minutes whereas the degradation was complete in 35 minutes under 

direct sunlight. The degradation of RhB is almost complete after 40 minutes 

under sunlight exposure while only 83.93% of the dye molecules were 

removed under UV light within 50 minutes. The photo degradation of MB, 

and Rh B was also conducted with 50 mg–200 mg catalyst dosage. According 

to the heterogeneous photocatalysis, as the catalyst loading makes more 

reactive sites and exhibit higher degradation efficiencies [12]. The 

degradation efficiency of MB and RhB increased with successive catalyst 

loading. However, the catalyst load over 150 mg reduced the efficiency. Fig. 

5.A displays the percentage degradation profile with different catalyst dose. 

To inspect the selectivity, the catalyst was subjected to the degradation of 15 

ppm MO solution (Fig. 5.B). There was negligible percentage of degradation 

indicating the selective degradation of cationic dyes. The surface charge of 

the nanoparticles was determined to be -38.37 mV which makes the surface 

selective towards cationic dye molecules via electrostatic interactions.  

 

Fig. 5. A) Effect of catalyst (ZM7) loading on the degradation efficiency of 

MB and RhB under sunlight and B) degradation of MO under UV and 

sunlight. 
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The effect of scavengers (KI, ethanol, IPA and sodium azide) on the 

degradation of MB and RhB under sunlight has been presented in Fig. 6.A. 

Significant reduction in photodegradation efficiency of the sample was 

observed for MB and RhB in presence of KI, ethanol and sodium azide which 

implies the molecular oxygen, electrons and holes/surface hydroxyl radicals 

are conspicuously involved in the degradation of dye molecules. 

Recyclability of the catalyst was investigated for four repeated cycles under 

sunlight and could sustain the percentage degradation up to 88.92 and 83.15 

for MB and RhB respectively. Fig. 6.B displays the percentage degradation 

of dye molecules after consecutive recycling of the catalyst.  

 

Fig. 6. A) Effect of scavengers on percentage degradation efficiencies of MB 

and RhB under direct sunlight and (B) recyclability of ZnO nanoparticles 

(ZM7) after four successive cycles of MB and RhB photodegradation under 

direct sunlight. 

 

7.1.3. ZnO photocatalyst synthesized using Gliricidia sepium leaf 

extract. 

The photocatalytic experiments were conducted with ZG7 sample under UV 

and direct sunlight. Fig. 7.A-D shows the UV-visible spectroscopic profiles 

for the degradation of MB and RhB. The percentage degradation efficiencies 

have been presented in Fig. 7.E and F. Complete removal of MB was 
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occurred within 35 minutes under direct sunlight-exposure. The catalyst was 

comparatively less efficient under UV light, where the percentage 

degradation was 93% after 50 min, with no further changes thereafter. 

Similarly, the comprehensive exclusion of RhB dye molecules was monitored 

in 40 minutes under direct sunlight whereas 91.1% efficiency was obtained 

with the catalyst under UV light.   

 
Fig. 7. Photodegradation profiles (pH ∼7, room temperature) for (A) MB 

under UV light (B) MB under sunlight C) RhB under UV light D) RhB under 

sunlight and percentage degradation efficiencies for E) MB and F) RhB under 

UV and sunlight light using ZG7 nanoparticles.  
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Fig. 8. A) Effect of catalyst (ZG7) loading on the degradation efficiency of 

MB and RhB under sunlight and B) degradation of MO under UV and 

sunlight. 

 

The effect of catalyst loading was monitored for the degradation of MB and 

RhB under direct sunlight. Fig. 8.A depicts the percentage degradation of dye 

solutions with various catalyst loads.  The degradation efficiency was 

reduced over 150 mg of ZG7 load. Photodegradation of MO dye was 

conducted with the nanoparticles to ensure the selectivity of degradation. 

Fig.8.B shows the percentage degradation of MO dye under light sources. 

Since no significant changes in visible colour or absorption spectra was 

observed, the degradation was selective towards cationic dye molecules.  The 

catalyst surface was negatively charged (zeta potential = −36.74 mV) in 

neutral solution, which elucidate the selectivity.  
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Fig. 9. A) Effect of scavengers on percentage degradation efficiencies of MB 

and RhB under direct sunlight and (B) recyclability of ZnO nanoparticles 

(ZG7) after four successive cycles of MB and RhB photodegradation under 

direct sunlight. 

The scavengers like KI, ethanol, IPA and sodium azide introduced to the dye 

solutions under sunlight.  Fig. 9.A shows the effect of scavengers on 

photodegradation of MB and RhB. The photodegradation efficiency of the 

sample was remarkably decreased in presence of KI, ethanol and sodium 

azide indicating molecular oxygen, electrons and holes/surface hydroxyl 

radicals are noticeably involved in the degradation of MB and RhB. Fig. 9.B 

displays the recyclability of the catalyst investigated for successive cycles 

under sunlight. After four consecutive cycles the 90.3% and 88.26% 

degradation was retained for MB and RhB respectively.   

Table 1 presents a comparison of the performance of the ZnO photocatalysts 

(ZL7, ZM7, and ZG7) with that of other photocatalysts in recent reports. ZnO 

nanoparticles obtained in the present study showed superiority in terms of 

degradation time and efficiency. The catalyst achieved complete degradation 

of the dye pollutant in a shorter time than ZnO nanoparticles derived via 

other phyto-routes (which took ~ 1 h). 
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Table 1.Comparison of present work with some bio-synthesized ZnO 

nanoparticles and their photo degradation performances under direct sunlight/ 

visible light illumination. 

Plant Extract 
Particle 

size 
Shape Dye 

Dye 

concentration 

Catalyst 

load 

%Degradation 

efficiency 

Time 

(minutes) 
Reference 

Garcinia mangostana fruit 

pericarp extract 

21 nm Spherical Malachite 

Green 

10 mg/l 50 mg 99 180 [13] 

Ulva lactuca seaweed 

extract 

7 to 49 

nm 

Sponge-like 

asymmetrical 

shaped 

Methylene 

blue 

25 ppm 100 mg 95 120 [14] 

Azadirachtaindica leaf 

extract 

35 nm Spherical- 

agglomerated 

Methylene 

blue 

1×10-5M 50 mg 88 60  [15] 

Tabernaemontanadivaricata 

green leaf extract 

20-25 

nm 

spherical Methylene 

blue 

1×10-5M 100 mg 100 90 [16] 

Lagerstroemia Speciosa leaf 

extract 

40 nm Variable Methyl 

orange 

1 mg in 100 

ml 

0.1 mg 93.4 100 [17] 

Ferulagoangulata 

boiss extract 

44 nm Spheroid Rhodamine 

B 

100µM 50 mg 93 150 [18] 

Cyanometraramiflora leaf 

extract 

13.33 

nm 

Flower Rhodamine 

B 

10µM 20 mg 98 200 [19] 

Citrus lemon extract 49.16 Near 

spherical 

Methylene 

blue 

15 ppm 50 mg 100 40 Present 

work 

Citrus lemon extract 49.16 Near 

spherical 

Rhodamine 

B 

10 ppm 50 mg 100 45 Present 

work 

Abelmoschus esculentus 29–70 
nm 

Near 

spherical and 

elongated 

Methylene 

blue 

15 ppm 50 mg 100 35 Present 

work 

Abelmoschus esculentus 29-70 

mn 

Near 

spherical and 

elongated 

Rhodamine 

B 

10 ppm 50 mg 100 40 Present 

work 

Gliricidiasepium leaf 

extract 

55.7 nm Near 

spherical and 

elongated 

Methylene 

blue 

15 ppm 50 mg 100 35 Present 

work 

Gliricidiasepium leaf 

extract 

55.7 nm Near 

spherical and 

elongated 

Rhodamine 

B 

10 ppm 50 mg 100 40 Present 

work 

 

7.2. Antibacterial activity of Photocatalytic ZnO Nanoparticles 

ZnO has been incorporated into the linings of food cans in packages for meat, 

fish, corn, and peas to preserve colours and avoid spoilage owing to its 

antibacterial properties. During wastewater processing, bacterial 

decontamination is essential but challenging. Materials possessing 

antimicrobial action along with photocatalytic properties can be worthy 

candidates for water processing applications. The antibacterial activity of 

photocatalytic ZnO nanoparticles (ZL7, ZM7, and ZG7) was evaluated 

towards K. pneumoniae and S. aureus pathogenic stains via a well-diffusion 

assay. The diameter of the inhibition zone is presented in Fig. 10.The 
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bactericidal action of ZnO nanoparticles was evident from the well diffusion 

assays. A clear zone of inhibition could observe around all diffusion wells for 

samples loaded with ZnO nanoparticles. The zone diameter has increased 

with increase in ZnO dosage. All the photocatalysts offer antibacterial 

activity towards the studied Gram-positive and Gram-negative bacterial 

strains. The exact antibacterial mechanism of action of nanoparticles is not 

known, but could involve internalization of nanoparticles or reactive oxygen 

species (ROS) to bacterial cells, thereby causing inner stress and loss of cell 

integrity [20]. 

 

Fig. 10. Zone of inhibition measured for K. pneumoniae and S. aureus strains 

with standard and synthesized ZnO nanoparticles A) ZL7, B)ZM7 and C) 

ZG7. 
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7.3.  Thermoluminescence Emission 

Thermally stimulated luminescence (TL) has been employed widely to 

investigate crystal defects. Synthetic and natural TL-phosphors have been 

introduced for low- and high-dose applications in industrial, environmental 

and domestic sectors [21, 22]. Pure ZnO and modified structures (e.g., doped 

and composite materials) have been studied according to TL properties after 

exposure to different doses of ionizing radiation below room temperature 

[23-26]. Despite their inert nature, non-toxic and insoluble characteristics, 

ZnO can offer TL emission above room temperature, which makes them 

apposite material for thermoluminescence dosimeters (TLDs) [27, 28]. TL 

active materials are extensively employed in dosimetry appropriated for 

radiation therapy, personal monitoring, health and biological sciences. For 

the past few years, a considerable number of nanophosphors has been 

introduced for TLD applications [29].  

The TL glow curves obtained for the ZnO samples (ZL5, ZL7, ZM5, ZM7, 

ZG5 and ZG7) subsequently being exposed to gamma irradiation (10 Gy) 

recorded at a constant heating rate of 2oC are presented in Fig 11. All samples 

have a single broad glow curve with a single maximum located at 304oC 

(ZL5), 323oC (ZL7), 312oC (ZM5), 335oC (ZM7) 323oC (ZG5), and 319oC 

(ZG7).  The distinct and intense peaks evolved at high temperatures are 

associated with the deep localized electron and hole trap states which is 

suitable for domestic TL dosimeters [30]. The materials have good response 

even at low gamma dosages. We obtained stable TL peaks all above 300oC 

indicating the recombination of charge carriers at the deep traps and broad 

nature of glow curves designates the traps being distributed in the band gap 

of ZnO nanostructure [29-32]. Intrinsic surface defects (F and F+ centres) 

induced by the irradiation have been identified as the charge donor sources in 

ZnO which includes oxygen vacancies (VO) and interstitial zinc (Zni) defects 

[33]. The energy levels allied with the Zni are relatively shallow energy levels 
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whereas VO energy levels are deep [34]. Thus, the TL emission exhibited by 

the samples are ascribed to the reunion of electron-hole pairs that are released 

from the surface states associated with the vacant oxygen centres.TL glow 

curves recorded at different gamma dosages have similar profiles indicating 

identical physical properties of the traps.  

 

Fig 11. TL glow curves resolved for ZnO samples A) ZL5, B) ZL7, C) ZM5, 

D) ZM7, E) ZG5 and F) ZG7 previously exposed to gamma radiation (10 Gy) 

at a constant heating rate of 2oC.  
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Fig. 12. Integrated TL profile of ZnO samples A) ZL5, B) ZL7, C) ZM5, D) 

ZM7, E) ZG5 and F) ZG7 as a function of gamma dosage (10-50 Gy) at 

constant heating rate of 2oC.  

The highest intensity of TL emission was recorded for ZM7 nanoparticle. A 

common trend of enhanced intensity can be observed for the samples 

prepared at higher calcination temperature (700oC) due to increased 

crystallinity and purity by the elimination of carbonaceous residues. Fig. 12 

shows the integrated TL (ITL) as a function of gamma dosage 10-50 Gy for 
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the ZnO nanophosphors obtained. The sample exhibited close-to-linear 

dependence up to gamma radiation doses studied. Besides, signs of saturation 

were not observed for the sample. The linear ITL profile has been displayed 

by all the samples which is desirable for radiation dosimeters. 

Summary 

 The photocatalytic activity of ZnO nanoparticles ZL7, ZM7, and 

ZG7 prepared using Citrus lemon extract, Abelmoschus esculentus 

mucilage, and Gliricidiasepium leaf extract was investigated. All 

samples exhibited substantial activity for the photodegradation of 

MB and RhB. The dye molecules were completely removed within 

35-45 minutes under direct sunlight. The samples are more active on 

exposure to sunlight rather than in UV light illumination due to the 

favorable semiconductor band gap (3.13, 3.10 and 3.11eV). The 

surface charge of the nanoparticles was determined to be negative 

and photodegradation was selective towards cationic dyes. The effect 

of catalyst load, scavengers, and recyclability of the photocatalysts 

were investigated. The degradation efficiency for MB and RhB was 

significantly reduced in presence of KI, ethanol and sodium azide 

indicating the molecular oxygen, electrons and holes/surface 

hydroxyl radicals play significant role in degradation. 80-90% of 

degradation efficiency could retain for the samples after four 

consecutive cycles. Moreover, a substantial zone of inhibition was 

observed in the well-diffusion assay for Gram-positive and Gram-

negative bacterial strains when ZnO nanoparticles were loaded. 

Antibacterial activity along with the photocatalytic property ensures 

the materials as good choice for water treatment. 
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 The thermoluminescence emission of ZnO nanoparticles ZL5, ZL7, 

ZM5, ZM7, ZG5, and ZG7 were studied. We could resolve well 

defined and intense single glow curves all situated above 300oC. 

High temperature glow curves indicate the recombination of charge 

carriers from deep traps most probably from vacant oxygen surface 

states. Owing to their higher crystallinity and purity the samples 

calcined at 700oC (ZL7. ZM7, and ZG7) depicts more intense glow 

curves compared to that at 500oC (ZL5, ZM5, and ZG5). The highest 

intensity of TL emission was recorded for ZM7 nanoparticle. All 

samples are suitable for high temperature TLDs and linear 

dependence observed in ITL profile is desirable for dosimeters.  

More extensive monitoring of the TL properties envisioned.  
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Conclusion and Future outlook 

 
“Being able to do research in a real-time way is the way research needs to be 

done in future.”  

Anne Wojcicki 

The practice of green routes in synthesis is highly demanded for materials 

preparation in concern of better human health, environment and economy. 

Being rapid, sustainable and follow ecological and economic protocol, this 

method of synthesis of nanomaterials using plant products is an active area of 

research in chemical science. As an outcome of this research work, we could 

successfully produce phyto-mediated ZnO nanoparticles having significant 

biological activities, photocatalytic activity and thermoluminescence 

property. The Zinc oxide nanoparticles were synthesized using Citrus lemon 

extract (ZL), Abelmoschus esculents mucilage (ZM), and Gliricidia sepium 

leaf extract (ZG). A detailed characterization of the materials was performed 

with different analytical techniques. Zinc oxide nanoparticles were obtained 

in its hexagonal wurtzite structure devoid of any secondary phases. However, 

traces of carbon content were encountered in the elemental and composition 

analysis of the samples due to the presence of organic residues. The surface 

morphology, particle size, crystallinity and surface charge of the samples 

vary with the calcination temperature (300oC, 500oC, and 700oC in each 

sample sets) and the plant extract. These variations accounts for the 

difference in their physical and biological activities. 

 In-vitro α-amylase and α-glucosidase inhibition studies reveals the ZnO 

nanoparticles synthesized using Citrus lemon extract shows selective 

inhibition towards α-glucosidase. The samples synthesized using 
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Abelmoschus esculents mucilage shows substantial and comparable activity 

towards α-glucosidase. Only the sample ZM5 has considerable activity 

towards α-amylase enzyme. ZnO nanoparticles synthesised using Gliricidia 

sepium leaf extract display significant inhibition towards α-amylase and α-

glucosidase. The cytotoxicity and selectivity index of the samples obtained 

are well within acceptable limit. These ZnO nanoparticles also show good 

binding property with BSA. The intensity of the emission spectra of BSA, 

tryptophan and tyrosine residues were reduced with the addition of ZnO (ZL, 

ZM, and ZG) nanoparticles keeping negligible changes in the emission 

wavelength which indicate the intactness of the protein conformation. Since 

the physical  properties of ZnO varies with the calcination temperature and 

the composition of the plant extract, their synergistically influence in 

biological systems show different trends in the In-vitro biological activities. 

Further, we have generated docking models for ZnO- α-amylase, ZnO- α-

glucosidase, and ZnO-BSA interactions. The experimental and theoretical 

screening suggest that the nanoparticles are mild α-amylase inhibitors and 

strong candidates for α-glucosidase inhibition. According to theoretical 

evaluations, the interaction in ZnO-BSA is most favourable at low particle 

dimensions. However, the complexes generated with ZnO-BSA interactions 

have shown chemical interactions (H-bonding) through different amino acid 

residues implying favourable association. 

ZnO nanoparticles exhibited remarkable activity for the photodegradation of 

MB and RhB dyes. The degradation of dyes was complete with in 35-45 

minutes on exposure to direct sunlight. Interestingly, the nanoparticles have 

shown superior activity under direct sunlight than in UV light owing to their 

favorable optical band gap. Negative surface charge of nanoparticles 

accounts for the selectivity observed towards the cationic dyes. The 

photocatalytic ZnO samples have aantibacterial activity which ensures the 
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materials as good choice for water treatment. We could resolve well defined 

and intense high temperature TL glow curves for ZnO nanoparticles.  

These outcomes can be integrated to the real-time applications by extended 

research. The biological experiments demand in-vivo monitoring over the in-

vitro results since it explores better understanding on the net effects on the 

living organisms. In-vivo research includes animal testing and various clinical 

trials. Hence the in-vivo monitoring of anti-diabetic activity (α-glucosidase 

and α-amylase inhibition) of ZnO nanoparticles should be explored to 

understand the effects in real biological conditions. Additionally, the in-vitro 

and in-vivo monitoring of protein kinase-B enzyme which plays important 

role in glucose transport and metabolism is also besieged. Similarly, the in-

vivo studies have to be conducted over the in-vitro ZnO-BSA interactions.  

ZnO nanoparticles have remarkable selective photocatalytic activity towards 

the cationic dye pollutants. The photocatalytic property of the materials can 

be examined further for the treatment of other organic pollutants getting 

released to the water resources. Moreover, the photocatalytic activity of the 

nanoparticles under direct sun-light can be explored for the semiconductor 

solar cell applications. We have an ongoing research on composite materials 

including these photocatalytic ZnO nanoparticles aimed for the instantaneous 

removal of chromium from water bodies. Thermoluminescence of ZnO 

nanoparticles desires further inspections on emission with different heating 

rates and TL fading to evaluate the potential of the materials for 

implementing real-time dosimeters.  
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