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Annexin V – FITC binding buffer ( pH 7.4) 

 HEPES   10mM 

 Nacl    140 mM  

 Cacl2  2 H2O     25 mM 

Blotting buffer 

 Tris base   3.03 g 

 Glycine   14.4 g  

Methanol   200 ml 

Cold fresh lysis solution (pH 10) 

 Nacl    2.5 M 

 EDTA    100 mm   

Tris buffer    10 mM   

Triton X-100   1% 

Cold electrode buffer (pH > 13) 

 EDTA    1 mM 

 NaOH    300 mM 

DMEM 

 DMEM powder    13.4 g 

 FBS    10 % v/v 

 Streptomycin   100 µg/ml 

 Penicillin   100 U/ml 

 Sodium bicarbonate  3.7 g 

Ethidium bromide   0.25 µg/ml 

FACS staining solution 

Triton X-100   0.1% 

DNase free RNase A  2 mg/ml 

Propidium iodide  500 µg/ml 

LB (Luria Bertani) media 

 Tryptone (w/v)  10g 

 NaCl (w/v)   10g 

 Yeast extract (w/v)  5g 

 Water to 1 litre 



 

 For LB agar add 2% (w/v) agar 

Phosphate buffered saline (PBS) 

 Nacl    8 g 

 KCl    0.2 g 

Na2HPO 4   1.44 g  

KH2PO4    0.24 g  

RIPA buffer 

 NP -40    1 %  

Na- deoxycholate  2.5 g 

 SDS    0.1 % 

 NaCl    150 mM 

 EDTA    2 mM 

 NaF    50 mM 

RPMI – 1640 medium  

 RPMI  powder  10.4 g  

 FBS    10% v/v 

 Sodium bicarbonate  2 g 

 Streptomycin   100 µg/ml 

 Penicillin   100 U/ml 

TBE (1000 ml) 

 Tris base    54 g 

 Boric acid   27.5 g 

 EDTA (0.5 M)   20 ml 

TE (pH 8) 

 Tris-Cl    10 mM 

 EDTA     1 mM 

Tris-buffered saline (TBS) (pH 7.5) 

 Tris – HCl   100 mM 

 Nacl    0.9% 
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INTRODUCTION 

 

1.1.  Nanotechnology: Revolutionizing and integrating physico-chemical and 

biological sciences 

Nanotechnology is a tremendously growing revolution of science dealing 

with the engineering and manipulating of nanomaterials of distinct size. 

Nanoparticles (NPs) are particles possessing unique physico-chemical 

characteristics, different from those of its bulkier counterparts, attributable to its 

finer size below 100 nm and surface properties.   Any substance having one or more 

dimension in nanoscale is considered to be a nanomaterial (Singh et al., 2017; Khan 

et al., 2017; Fawcett et al., 2017).  The use of nanoparticles with exciting 

multifaceted properties is known to date back to almost 4500 years in human 

history.  They are generated in living systems or abiotic systems through natural 

calamities and also can be synthesized chemically/biochemically in laboratories 

(Heiligtag and Niederberger, 2013).    Due to their intrinsic physico-chemical nature, 

they are utilized in diverse fields such as biomedical, pharmaceutical, energy 

science, textile, food, health care, opto-electronics, cosmetics and so on 

(Nasrollahzadeh et al., 2019).   This multifunctional particle based technology works 

on a supra-molecular level enabling creation of novel products useful for man and 

his environment. The technology is being used advantageously in the realm of 

therapeutic applications such as tailoring of nanodrugs with functional components 

and utilization of their unique/selective electromagnetic properties to distinguish 

between pathological and normal tissues (Wolfram and Ferrari, 2019).  Within 

biological environments, macromolecules such as proteins bind to the surfaces of 

NPs, leading to the formation of a ‘corona’. These interactions can modify the 

physico-chemical properties of NPs, which then determine the elicited physiological 

responses including cellular uptake, distribution, bioavailability and toxicity, thereby 

regenerating a  particle with a ‘new biological identity’ with altered therapeutic 

efficacy (Roberti et al., 2019). 
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1.2. Nanomaterial-based drug delivery  

The use of intact natural bioactive compounds as drugs is beset with many 

difficulties such as poor specificity, induction of drug resistance and overdosage.  

Nanodrug delivery platforms overcome these inefficacies by providing target-

specific drug delivery with biocompatibility and enhanced drug loading efficiency.  

Broadly, the smart nanodrug-carriers can be classified into (i) organic, polymer 

based and (ii) inorganic, metallic nanocarriers (Lombardo et al., 2019).  The former 

include self-assembly amphiphiles and synthetic nanostructures such as micelles, 

multilamellar liposomes, solid lipid, dendrimers as well as carbon nanotubes, whilst 

inorganic carriers comprise of quantum dots, mesoporous silica, gold nanoparticles, 

superparamagnetic iron-oxide nanoparticles (SPION). Natural biopolymeric 

nanomaterials like chitosan, alginate, cellulose and xanthan gum are also widely 

used.  Chitosan has found use in ocular drugs with muco-adhesive properties and 

also possesses good antibacterial activity, whilst alginate nanoparticles have been 

used as a carrier for venlafaxine, treating depression via intranasal administration 

(Haque et al., 2012; Patra et al., 2018).  Liposomes are also used as promising 

nanocarriers  to deliver hydrophobic, hydrophilic, charged drugs along with ligands 

such as antibodies anchored to them which enable site-specificity and improve 

distribution in the cells due to their similarity in membraneous structure.  

Encapsulation of hydrophobic drugs like camptothecin, paclitaxel in the 

hydrophobic core of polymeric micelles have been shown to boost drug penetrability 

due to their small size and hydrophilic shell structure (Wakaskar, 2017).  Quantum 

dots are active semiconductors useful both as drug carriers as well as for fluorescent 

labeling (Mirza and Siddiqui, 2014).  Gold nanoparticles have proven to be an 

excellent metallic nanocarrier with monolayer tunability capable of covalent and 

non-covalent interaction with drug (Calixto et al., 2016).  However, the advent of 

DNA as a tool for drug delivery is a great footstep in this emerging technology.  

DNA is inherently biocompatible and biodegradable which can be used as  

nanostructures using immobile holiday junction technology as demonstrated by 

Seeman’s oligonucleotide tile-based bottom-up approach, Rothemund’s DNA 

origami approach, as well as Yin’s single-stranded tile approach.  DNA-modified 
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magnetic nanoconjugates have been used for detection and suppression of RNA 

markers recently (Bakshi et al., 2019). DNA nanostructures are not only capable of 

carrying and delivering small fluorescent molecules for imaging and therapy but can 

also incorporate molecular entities such as siRNA, microRNA, aptamers, CpG-rich 

sequences including CRISPR/Cas9 system (Hu et al., 2019). CRISPR/Cas9 is one o 

the biggest recent biotechnological innovations in precision genome-editing, which 

has opened up new avenues of drug discovery and therapeutic interventions. 

1.3. Nanotechnology in cancer ‘theranostics’ (therapeutics-diagnostics) 

Cancer can be briefly explained as a group of diseases caused by immortal 

growth of healthy cells into tumours due to failure in the inherent control of an 

individual’s ‘programmed cell death’.  Cancer ‘theranostics’ blends therapeutics and 

diagnostics under a single platform fostering targeted and personalized treatment 

employing molecular and genetic backgrounds  (Arruebo et al., 2011; Aoun et al., 

2015).  Under the current scenario of increasing global cancer burden of 18.1 million 

new cases and 9.6 million deaths (incidence - one in 5 of men and 6 of women; 

death - one in 8 men and 11 women), this combinatorial approach of therapeutics 

and diagnostics makes perfect sense.  The second major cause of global death is due 

to cancer - the first being cardiovascular diseases - with men afflicted majorly by 

lung, prostate, colorectal, stomach and liver cancers whilst women are observed to 

develop breast, colorectal, lung, cervix and thyroid cancers (WHO, 2018). 

Conventional cancer treatment regimes comprising of diagnosis, imaging, 

surgical removal of tumour including radio/chemotherapies, however, have not been 

found to be completely successful. Therapeutic failure is attributable to poor 

pharmacokinetics, adverse non-specific side-effects of radiations/chemotherapeutic 

drugs on healthy cells and even development of multidrug resistance due to 

heterogeneity of cancer cells.  Likewise, complete removal of tumours/cancer cells 

often becomes practically impossible through surgery which becomes a total failure 

following onset of metastasis (Pérez-Herrero and Fernandez-Medarde, 2015; Wang 

et al., 2015; Mansoori et al., 2017; Hamed et al., 2019). Many of these demerits of 

cancer therapeutic strategies are being addressed by nanotechnological advances 
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capable of providing targeted drug delivery with its nano-scale carriers and particles.  

Drug delivery can be achieved by organic (soft) or inorganic (hard) nanoparticles 

that improve pharmacodyanamic profiles with enhanced specificity, reduce harming 

of healthy tissues, decrease systemic toxicity, enable easy implementation of 

combination therapies, thereby, providing comforting relief to patients (Bor et al., 

2019).   

The advantages of nanotherapy emanate from unique characteristics of 

nanoparticles decorated /functionalized with suitable ligands.  Passive targeting by 

‘enhanced permeation and retention effect’ (EPR) of nanomaterials makes the 

technology innovative since cancerous tissues are typically characterized by leaky 

vasculature and impaired lymphatic drainage.  Active targeting involves receptor 

specific ligands attached to nanoparticles which enhance easy detection of tumour 

sites through respective receptors (Tran et al., 2017; Zhao et al., 2018).  

Nanoparticles also facilitate incorporation of diagnostic agents for precise targeting 

of affected cells both for release and visualization of the drugs used by imaging 

systems (Irimie et al., 2017; Jurj et al., 2017).  The use of these particles has also 

proven to overcome radiation resistance due to tumour hypoxia.   Nanomaterials 

having high-Z elements can act as effective radiosensitizers / nanocarriers in 

delivering therapeutic radioisotopes or chemodrugs to perform a chemo-radio 

therapy (Song et al., 2017).  An active anticancer biomolecule thymoquinone from 

Nigella sativa essential oil used as thymoquinone nanoparticle formulations showed 

good bioavailability with enhanced anticancer and anti-inflammatory properties with 

reduced undesirable cytotoxicity (Ballout et al., 2018).  Liposomal formulations of 

daunorubicin, doxorubicin, cytaraben, vincristine, irinotecan are some of the 

approved anticancer drugs against Kaposi’s sarcoma, breast cancer, lymphomatous 

meningitis, leukemia and pancreatic cancer respectively (Bor et al., 2019).  

Enhanced drug efficiency has also been achieved using protein-based 

nanoformulations (Gou et al., 2018). 

Inorganic metal-based ‘hard’ nanoparticles have captured the burgeoning 

interest of nanotechnologists on cancer theranostics due to their small size, unique 

surface features and easy synthesis methods.  Gold nanoparticles have proven to be 

an excellent candidate which is biocompatible, non-toxic and non-immunogenic 
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with good optical and tunable properties and a negative charge on surface for easy 

modifications (Singh et al., 2018).  Spherical gold nanoconjugates of doxorubicin, 

paclitaxel, daunorubicin, tamoxifen are some examples of anticancer drugs 

(Sztandera et al., 2019).  Likewise, silver nanoparticles also exhibit anticancer 

potential against various human cancer cell lines.  A recent study using combination 

of anticancer drug camptothecin with silver nanoparticles was found to induce 

synergistic cytotoxicity resulting in ROS-mediated apoptosis of human cervical 

cancer cells (Yuan et al., 2018).     

1.4. Zinc oxide nanoparticles 

Zinc oxide nanoparticles (ZnONPs) are inexpensive, inorganic 

semiconductors possessing distinct optical, electrical, physico-chemical 

characteristics.  The wide band gap and large exciton binding energy (60meV) of 

these nanoparticles makes them a good UV absorber having high photocatalytic 

efficiency in waste water treatment (Rathore et al., 2015).  Biomedical applications 

of ZnONPs include their use in drug delivery, bio-sensing / imaging due to its non-

toxic nature (Kumar et al., 2011; Kalpana and Rajeswari, 2018).  ZnONPs are 

reportedly toxic to gram-positive / negative bacteria (Raghupathi et al., 2011; Reddy 

et al., 2014).  Zinc oxide nanostructures are also known to exhibit enhanced and 

selective antiproliferative activity against cancer cells like HL60, HeLa,  HepG2, 

breast cancer MDA-MB-231 and MCF-7 (Premanathan et al., 2011; Paino et al., 

2016; Biplab et al., 2016; Moghaddam et al., 2017).  Physical and chemical methods 

of ZnONPs synthesis are disadvantageous due to their high cost, increased time-

consumption and usage / generation of hazardous chemicals.  To address these 

concerns, several efforts have been focused to develop successfully a cost-effective, 

eco-friendly (‘green’), reliable and sustainable alternative approach of nanoparticle 

synthesis, employing microbes, plant and plant products which enable generation of 

nanoparticles through a process of bioreduction.  Exploiting plant extracts for this 

purpose is potentially advantageous over use of microbial cultures due to their easy 

availability, low or non-hazardous nature and the lack of elaborate processes in 

ensuring aseptic conditions and culture maintenance (Ahmed et al., 2017).  Also, 

plant extract-mediated nanofabrication is an essential and versatile one-pot 

bioreduction approach for capping and stabilizing of these elite nanoparticles.   

Several studies have demonstrated enhanced activity of such biosynthesized 
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ZnONPs against bacterial and cancer cells emphasizing their superiority over 

chemically derived particles (Gunalan et al., 2012; Suresh et al.,  2015; Chung et al., 

2015; Mahendiran et al., 2017; Steffy et al., 2018).   

To conclude, recent research has witnessed rapid advancements in 

applications of nanotechnology in various fields including medicine and healthcare.  

Besides complementing existing technologies, it also offers a novel set of tools 

which can contribute significantly towards cancer detection, prevention, diagnosis 

and treatment. 

1.5. About this Thesis 

1.5.1. Aims and Objectives 

The present study deals with the biosynthesis of pure, crystalline zinc oxide 

nanoparticles, using a nature-friendly, cost-effective and simple method employing 

sol-gel technique.  To realize this aim, various plant parts (leaves, flowers, fruits, 

seeds and roots / rhizomes) from 10 different plants were randomly selected to 

prepare aqueous extracts suitable for lab-scale synthesis of biogenic ZnONPs.  Of 

the multiple plant parts screened, the extracts prepared from leaves of Spondias 

pinnata (L. f.) Kurz and Manilkara zapota (L.) P. Royen and those obtained from 

the roots, fruits and seeds of Annona muricata L. were found to successfully support 

the biosynthesis of ZnONPs through phytoconstituent-assisted bioreduction process.  

To obtain specific information on the size, shape and chemical nature of the 

nanoparticles generated, standard physico-chemical techniques such as UV-visible 

spectrophotometry (UV-vis), Photoluminescence (PL), X-ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), Field emission scanning electron 

microscopy (FESEM), Energy dispersive X-ray spectroscopy (EDX) and High-

resolution transmission electron microscopy (HRTEM) were employed.  

Investigations on anticancer activities of ZnONPs were studied in vitro using 

chronic myelogenous leukemic K562 suspension cells, colon carcinoma HCT 116 

and lung adenocarcinoma A549 adherent cell lines. Based on cytotoxicity evaluation 

of the nanoparticles by the MTT assay, the most potent ZnONP preparations were 

selected for detailed studies at the cellular and molecular biological levels.  The 

toxicity of these particles were also examined on normal human cells including 

peripheral blood derived lymphocyte cultures, erythrocytes and a standard plant cell 



 7

model, the meristematic root-tip cells of Allium cepa L.  Further research extensions 

to evaluate the multifaceted properties of the phyto-derived ZnONPs comprised of 

studies on their antibacterial and photocatalytic potential including in vitro DNA 

interactions. Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa, 

Staphylococcus aureus were the four clinical bacterial isolates used to determine 

bacterial growth inhibition whilst methylene blue was used to assess photocatalysis.  

ZnONP-DNA interactions were studied using purified pUC18 plasmid, λ phage and 

100 bp ladder DNA.  To bring out a strict comparison between the properties of 

phyto-derived ZnONPs produced in the present study, the commercially available 

chemical version of ZnONPs purchased from Sigma Aldrich (USA) was employed 

as a control in all experiments. A flowchart outlining the experimental studies 

reported in this Thesis is given in Fig. 1.1. 
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Fig.1.1.  An outline of the research work presented in this Thesis 
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1.5.2. Thesis Layout 

 This thesis is divided into six chapters:  the first chapter comprises of an 

introduction to the general theme of nanotechnology highlighting developments in 

the rapidly growing area of nanomedicine, particularly those involved in drug 

delivery, cancer diagnostics and therapy.  It also provides a comprehensive outline 

of the doctoral research represented as a flowchart.  The second chapter presents a 

review of literature comprising of a historical perspective on nanotechnology with  

special focus on zinc oxide nanoparticles, their mode of synthesis / characterization 

and reports on their multi-faceted properties. The chapter also includes a brief 

mention of the global scenario of cancer incidence, molecular genetics and 

developments in diagnostics and therapy of cancer; short notes on the plants used in 

the present study are also furnished.  The third chapter gives the details of 

screening of plant extracts and the methodology utilized for biosynthesis of zinc 

oxide nanoparticles and their characterization.  The fourth chapter reports on the 

cellular effects of biogenic versus commercial zinc oxide nanoparticles against 

eukaryotic cells including human normal / cancer cells and a plant cell model. The 

fifth chapter makes a brief mention on the research extensions exploring the 

multifunctional potential (antibacterial, photocatalysis, and molecular interactions 

with DNA) of phyto-derived nanoparticles in comparison to that of the chemically 

synthesized commercial version. The sixth chapter summarizes the highlights and 

conclusions of the present study followed by a brief note on its future prospectives.  

A bibliography of all citations and an appendix with recipes for reagent preparation 

are provided at the end of the Thesis.  Prepages enlist all tables, figures and 

abbreviations used in the Thesis. 
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REVIEW OF LITERATURE 

 

2.1. Nanoparticles : An overview 

 Conceptually, the origins of the nanotechnology paradigm can be traced back 

to the famous lecture by Richard Feynman given on 29th December 1959 at the 

annual meeting of American Physical Society quoted as “There's Plenty of Room at 

the Bottom”.  However, the term ‘nanotechnology’ was coined in 1974 by Norio 

Taniguchi of Tokyo University.  In modern times the term encompasses design, 

synthesis and applications of materials/devices engineered at the nanoscale sizes.    

The use of nanomaterials dates back to 4500 years when ceramic matrices were 

reinforced with asbestos nanofibres (Colomban and Gouadec, 2005).  Other 

examples include the use of 5nm PbS nanoparticles for hair dye and Egyptian blue 

synthetic pigment, red glass coloured by copper nanoparticles during late bronze age 

in Italy, celtic red enamels during 400 B.C and the Lycurgus cups with ruby glass 

impregnated with gold nanoparticles (Brun et al., 1991, Walter et al., 2006, Artioli et 

al., 2008, Leonhardt, 2007, Heiligtag and Niederberger, 2013).  However, a 

scientific explanation on quantum sized effects of nanoparticles was put forth in 

1857 by Michael Faraday by synthesizing colloidal solution of gold nanoparticles.  

The US Food and Drug Administration (USFDA) defined nanomaterials as those 

having at least 1-100 nm in one dimension of the particle which also exhibit 

dimension-dependent phenomenon (Federal Drug Administration: USA, 2011).  

According to Environmental Protection Agency (EPA), nanomaterials are those 

having distinct and dissimilar properties than their bulkier chemical equivalent 

(United Nations, 2012). 

 Nanoparticles and nanomaterials can be classified based on their 

composition, dimension and origin.  Composition based classifications include 

carbon-based, inorganic-based, organic-based and composite-based nanoparticles, 

whilst the dimension-based include 0D, 1D, 2D and 3D nanoparticles.  Origin-based 

nanoparticles include natural and synthetic nanomaterials (Jeevanandam et al., 

2018).  Nature is an abundant source of nanomaterials.  Nanobacteria, viruses and 
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fungi produce nanoparticles in their bodies.  Nanocages / protein capsids of viruses 

have been utilized for targeted drug delivery (Saunders et al., 2009).  Unique 

superparamagnetic nanoparticles from magnetotactic bacteria (Li et al., 2011), 

cellulose nanofibers in plants (Mohammadinejad et al., 2016), superhydrophobic 

nanostructures on lotus leaves (Barthlott and Neinhuis, 1997), color and fine 

structures of wings of the grasshopper (Acrida cinerea cinerea), dragonfly 

(Hemicordulia tau) and butterfly species (Papilio xuthus) (Nguyen et al., 2014), 

color patterns of peacock’s feathers (Zhang et al., 2012) and the nanostructures of 

bones (Li et al., 2013), proteins (Papazoglou et al., 2007), DNA (Sinden et al., 

2012), enzymes (Schaefer, 2010) of human body are all  examples of naturally 

occurring nanoparticles.      

Nanoparticles are thus ubiquitous components of our environment essential 

for the sustenance of life.  The technology has now reached its fourth generation 

comprising of molecular nanodevices like nanorobotics (Ferreira et al., 2013, Soto et 

al., 2018).  Nanostructures like liposomes, nanoemulsions, nanocomposites and 

flavor-enhancing biopolymers have a great impact on food industry as they help 

improved packaging, preservation, better transportation and in turn better health 

benefits.  These structures also help to sense and stop food spoilage, increase 

solubility with bioavailability of health supplements and controlled-target delivery 

of neutraceuticals (Pathakoti et al., 2017).   Jampílek and Kráľová (2015) described 

that the quality and quantity of transported food can also be analysed by using 

nanoscale tagging devices.  Nanoencapsulation is a smarter option which helps in 

delivering highly reactive yet unstable compounds like anthocyanins, using ferritin 

nano-cages enabling extended shelf life and prevention of micro-supplement 

degradation (Singh et al., 2017). Furthermore, nano zinc oxide and titanium oxide in 

cosmetic formulations have enhanced dermal spreading and offer protection from 

UV.  Also, nano silver particles in skin cleansers have good antibacterial and 

antifungal properties (Gajbhiye et al., 2016).  Arbutin, solid lipid, polyaminiacid, 

nanocapsules, native polymers like polyaminoacids and carbon fullerenes are also 

used nanoforms in cosmeceuticals (Moazzam et al., 2018). 
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Nanoengineering innovations in textile industry provides the fabric with 

properties like enhanced durability, anti-wrinkling and anti-static behaviour, 

hydrophobicity and anti-microbial nature while retaining its texture, colour and 

comfort (Yetisen et al., 2016).  A supercapacitor textile developed using aligned 

multiwalled carbon nanotube (CNT) / polyaniline (PANI) composite fiber-based 

textiles as electrodes was integrated with photoelectric conversion function making 

self powering textile, a great step towards the dream of portable and wearable 

energy devices (Pan et al., 2014).  Sports shoes, clothing, stadium floorings, tennis 

ball coatings, racquets have all been modified and improved by this novel 

technology (Harifi et al., 2015).  Agricultural needs can also be met through 

nanotechnology.  Nanoencapsulated pesticides promising controlled release with 

greater stability, solubility and durability with low amount of application is an eco- 

friendly approach (Bhattacharyya et al., 2016; Nuruzzaman et al., 2016).  The 

development of clay nanotubes as low-cost carriers of pesticides, fabrication of 

xylem vessels and nanoscale carriers for efficient delivery of herbicides, fertilizers, 

plant growth regulators are all privileges of nanotechnology in agricultural sector 

(Dasgupta et al., 2017).  Gas-leakage sensing by self-heating of metal oxide 

nanowires, ZnO-quasi 1D nanostructure in conductometric gas sensing devices are 

yet other bench marks (Sama et al., 2015; Galstyan et al., 2016).  Nanoscale 

biosensors including quantum dots, noble metal nanoparticles, lanthanide 

luminescent nanoparticles as well as label-free transduction by nanotubes, 

nanowires, nanocantilevers and nanopores help early detection of disease causing 

pathogens and aid in efficient diagnosis and treatment (Sposito et al., 2018).  Thus, 

nanotechnology has an overpowering presence interacting in each and every aspect 

of human life.   However, the exploitation, utilization of these particles and their fate 

in environment must be thoroughly researched in order to avoid concerns on their 

toxicity.   

2.2. Zinc and Zinc oxide nanoparticles 

 Studies have revealed that close to 3000 zinc containing proteins reside in 

human cells.   Zinc is an essential trace element for the survival of life as a catalytic, 
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structural and regulatory cofactor.  The very first report on this transition metal ion 

was published in 1869 by Jules Raulin, further studied by Ananda Prasad on zinc 

deficiency after two decades.  The discovery of Zn containing erythrocyte enzyme 

carbonic anhydrase is an initiation of research on a biological important key element 

(Maret et al., 2013).  Zinc is a cofactor of many enzymes and is also involved in 

cellular proliferation, metabolism and even cell death by interaction with biological 

moieties such as DNA, RNA, proteins and lipids (Maret et al., 2012).  ZnO is graded 

as a “GRAS” (generally recognized as safe) substance (Code of Federal Regulations 

Title 21, Section 182.8991) by the U.S. Food and Drug Administration (FDA) which 

makes these nanoparticles much more impressive from the perspective of drug 

delivery and biocompatibility (Hong et al., 2015; Jiang et al., 2018).  The fact that 

bulk-ZnO possesses unique physico-chemical potential, low cost and easy 

availability makes it relatively more exploitable (Shamsuzzaman et al., 2017).  Of 

the two main forms of zinc oxide crystals - hexagonal wurtzite and cubic zinc blende 

- the former is said to be more common and stable under ambient conditions (Purkait 

et al., 2015).  Previous reports have shown that zinc oxide nanoparticles (ZnONPs) 

have stimulating properties acquired through its bulk form and also due to its mode 

of synthesis.  ZnONPs are promising and versatile II-VI semiconductor inorganic 

particles.  It has direct wide band gap (3.3eV) lying near UV spectrum with high 

excitation binding energy (60meV) at room temperature.  This wide band gap is the 

reason for its improved electrical conductivity which is enhanceable on doping 

(Wang, 2004; Kuskovsky et al., 2006; Janotti and de Walle, 2009; Zhang et al., 

2012).  Based on the mode of synthesis, these nanopaticles attain different shapes 

such as nanospheres, nanoplates, nanowires, nanoflowers and so on (Kakiuchi et al., 

2006; Jang et al., 2008; Ding and Wang, 2009; Moezzi et al., 2011) 

2.3. Applications of zinc oxide nanoparticles  

 Zinc oxide is a unique metal oxide semiconductor due to its surface energy, 

low toxicity, good electron mobility, wide and direct band gap energy and thermal 

conductivity (Janotti and de Walle, 2009; Guo, 2017).  It is also a good UV absorber 

and a promising candidate of nano-electronics and photonics (Samuel et al., 2009; 
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Sagadevan et al., 2018).  They also exhibit high catalytic efficiency, strong 

adsorption capability which is utilized in sunscreens, cosmetics, rubber processing 

ceramics and for waste water treatments (Parthasarathy et al., 2017).  There are 

several reports on various applications of zinc oxide nanoparticles which exploit 

their multifaceted potential including photocatalytic, anti-diabetic, anti-

inflammatory, antibacterial and anticancer activity.   

 Photocatalysis is a catalyst-mediated chemical reaction in the presence of   

light.  A photocatalyst can itself absorb either UV, visible light or a combination of 

both and generate electron-hole pairs (Djuriṧic et al., 2014).  A clean energy source 

like that of sun for degrading pollutants has been exploited in achieving 

photocatalysis.  Degradation of methyl orange dye as well as paraquat herbicide has 

been accomplished using spinach-mediated zinc oxide nanocatalysts in the presence 

of UV and sunlight (Munshi et al., 2018).  A 93 % degradation of water 

contaminants like methyl orange (MO), methylene blue (MB) and methyl red was 

obtained using ZnO nanoparticles to remove factory contaminants (Alhadhrami et 

al., 2018).  Photodegradation of methylene blue within 30 minutes under UV light 

was also achieved by Phyllanthus niruri leaves extract-mediated ZnONPs 

(Anbuvannan et al., 2015).  Also,  green synthesized nanoparticles showed enhanced 

photocatalytic activity and good photostability since they possess good oxygen 

vacancies (Archana et al., 2016).  First order kinetics governs MO dye degradation 

by ZnONPs (Bhatia and Verma, 2017). However, this enhanced photo-

decomposition depends on the route of preparation of nanoparticles which 

determines the specific surface sites for advanced reactions.   Photocatalytic 

potential of ZnONPs also showed improvement when grown on porous silica 

microparticles or doped by nitrogen (Rathore et al., 2015; Azmina et al., 2017; 

Montero-Muñoz et al., 2017).  Biosynthesized nano-ZnO can degrade methylene 

blue dye completely within 90 min and is also capable of photo-desulfurization 

(Raja et al., 2018; Sudheer kumar et al., 2018; Khalafi et al., 2019).   

  ZnONPs also possess greater anti-diabetic activity than silver nanoparticles 

in streptozotocin-induced diabetic rats due to decrease in blood glucose level caused 

by increase in insulin level, glucokinase activity, insulin receptor IRA and GLUT2 
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expression (Alkaladi et al., 2014).  Reversal of diabetes by these nanoparticles has 

been achieved in vitro owing to their pleiotropic action (Asani et al., 2016).  Several 

other studies  also report on good antidiabetic activity of biosynthesized zinc oxide 

nanoplatforms (Thatoi et al., 2016; Rehana et al., 2017; Bayrami et al., 2018; 

Rajkumar et al., 2018;  Arvanag et al., 2019; Vinotha et al., 2019).   

 ZnONPs are also reported to possess antibacterial potential.  Studies have 

shown that reactive oxygen species (ROS) generation, followed by cell wall damage 

and nanoparticle intake due to enhanced membrane permeability and toxicity of 

dissolved ions resulted in antibacterial activity (Sirelkhatim et al., 2015).  Food-

borne pathogens Salmonella typhimurium and Staphylococcus aureus displayed 

pitted membrane on treatment with these nanoparticles (Akbar et al., 2019).  Reverse 

transcription-quantitative PCR of stress genes involved in ZnONPs treated 

Campylobacter jejuni cells showed increased expression of stress genes (Xie et al., 

2011).  The electron-hole pair generated in ZnONPs on exposure to light is also 

known to improve their antibacterial effect (Sivakumar et al., 2018).  ZnONPs 

synthesized using sol-gel method is known to cause cell death in both gram positive 

and gram negative bacteria (Khan et al., 2016).  Carbapenem resistant Acinetobacter 

baumanii, an opportunistic pathogen was also found susceptible to these inorganic 

nanoparticles by lipid peroxidation, leakage of reducing sugars and reduced viability 

(Tiwari et al., 2018).  There are several recent reports on antibacterial activity of 

ZnONPs (Janaki et al., 2015; Kadiyala et al., 2018; da Silva et al., 2019; Sharmila et 

al., 2018). 

 ZnONPs exhibited antifungal activity against Penicillium expansum, Botrytis 

cinerea, Candida krusei, coffee fungus Erythricium salmonicolor and many others 

(He et al., 2011; Esteban-Tejeda et al., 2015; Arciniegas-Grijalba et al., 2017).  

Surface- modified ZnONPs can potentially modify the infectivity of Herpes-simplex 

virus type-1 (HSV-1) by exerting their effect on viral particles than by interfering 

with cellular targets (Farouk and Shebl, 2018).  Biocompatible zinc oxide 

nanoparticles have also showed antihelmintic activity against Gigantocotyle 

explanatum and Toxocara vitulorum (Khan et al., 2015; Dorostkar et al., 2017). 
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 Cancer incidence rates have been increasing worldwide.  In this scenario, the 

successful use of ZnONPs as an effective anticancer agent in many in vitro studies 

offers great hope. Biosynthesized nanoparticles have been found to possess 

enhanced antiproliferative potential against MCF-7, HepG2, A549 and HT-29 colon 

cells (Ratney and David, 2017; Anitha et al., 2018; Rajesh Kumar et al., 2018; 

Hussain et al., 2019).  Moon et al. (2016) reported that sustained zinc ion releasing 

ZnO chips cause selective cytotoxicity against human B lymphocyte-derived Raji 

cells over normal human peripheral blood mononuclear cells.  Table 2.1 summarizes 

the anticancer activity of ZnONPs based nanoplatforms 

Table  2.1.   Anticancer activity of ZnONPs based nanoplatforms. 

Cancer type Effect of ZnONPs 

Colon cancer ZnONPs suppressed cell viability in Caco-2 cell line via 
increased ROS, induced IL-8 release, lysosomal 
destabilization with fatty acids in addition to increase in 
intracellular Zn ions. (De Angelis et al., 2013; Cao et al., 
2015; Fang et al., 2017). 

 

ZnONPs conjugated with peptides had a higher 
antiproliferative effect on HT-29 colon cancer cells than 
other gold NPs and iron oxide NPs (Aswathnarayan et al, 
2018). 

Hepatocarcinoma ZnONPs caused ROS generation, oxidative DNA damage 
leading to mitochondria-mediated apoptosis in HepG2 cells 
(Sharma et al., 2012; Akhtar et al., 2012). 

Dox-ZnO nanocomplex can act as a drug delivery system to 
increase the internalization of the anticancer drug Dox in 
SMMC-7721 cells (Deng and Zhang, 2013) . 

Breast cancer Eco-friendly formulations of ZnONPs arrested cell cycle in 
G2/M phase and upregulated proapoptotic genes p53, p21, 
Bax and JNK and downregulated antiapoptotic genes Bcl-2, 
AKT1, and ERK1/2 in a dose-dependent manner in MCF-7 
cells (Moghaddam et al., 2017).  

RGD (Arg-Gly-Asp) - targeted ZnONPs can target integrin 
αvβ3 receptors to increase the toxicity of the ZnONPs to 
MDA-MB-231 cells even at lower doses (Othman et al., 
2016).  

ZnO-Fe3O4 magnetic composite nanoparticles have no 
significant toxicity towards non-cancerous NIH 3T3 cells but 
show obvious toxicity at similar concentration to MDA-MB-
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231 cells (Bisht et al., 2016). 

Functionalized ZnONPs released ~75% of the paclitaxel 
payload within six hours in acidic pH, improved 
chemotherapy tolerance, and increased antitumor efficacy 
(Puvvada et al., 2015). 

Lung cancer ZnONPs incorporated in liposomes not only rendered pH 
responsivity to the delivery carrier but also exhibited 
synergetic chemo-photodynamic anticancer action (Tripathy 
et al., 2015). 

Human lung adenocarcinoma cells with an EGFR mutation 
are sensitive to ZnONP20 and Al-ZnONP20, which resulted 
in non-autophagic cell death (Bai et al., 2017). 

Ovarian cancer ZnONPs are able to induce significant cytotoxicity, 
apoptosis and autophagy in SKOV3 cells through reactive 
oxygen species generation and oxidative stress (Bai et al., 
2017). 

Cervical cancer DOX-ZnO/PEG nano-composites exhibited better dose-
dependent toxicity towards HeLa cell lines (Hariharan et al., 
2012). 

ZnO nanoparticles showed a dynamic cytotoxic effect in 
cervical carcinoma cells which induced apoptosis through 
increased intracellular ROS levels and upregulated p53 and 
caspase-3 expression (Pandurangan et al., 2016). 

Gastric cancer Conjugated ZnONPs were able to carry a large amount of 
hydrophobic drug (curcumin) showing high anti-gastric 
cancer activity (Dhivya et al., 2017; Dhivya et al., 2018). 

Human 
epidermal cancer 

ZnONPs induced cell cycle arrest in S and G2/M phase and 
also caused cell death by intracellular ROS generation in 
A431 cells (Patel et al., 2016). 

Acute 
promyelocytic 
leukemia 

Hyaluronic acid / ZnO nanocomposite caused G2/M cell 
cycle arrest and stimulated apoptosis-related increase in 
caspase-3 and −7 activities of the HL60 cells (Namvar  et al., 
2016). 

(Adapted from Jiang et al., 2018) 

2.4. Synthesis of zinc oxide nanoparticles 

 Synthesis or fabrication of nanoparticles is done mainly by two methods: 

top-down and bottom-up approaches.  Top-down approach involves mechano-

synthetic break down of bulk particles to nanoscale in which manual control of its 

surface characteristics is not possible. Mechanical milling, nanolithography, laser-

ablation, sputtering, thermal decomposition and arc-discharge are few of widely 
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used techniques for top-down synthesis (Khandel et al., 2018).  On the other hand, 

bottom-up approach employs gradual clustering of small atoms with controlled 

surface properties and characteristics.  Techniques used for bottom-up approach are 

sol-gel, chemical vapour deposition, atomic layer deposition, molecular beam 

epitaxy, pyrolysis and biological synthesis (Arole and Munde, 2014).  Based on a 

literature scan, zinc nanoparticles synthesis can be broadly classified into physical, 

chemical and biological methods. 

2.4.1. Physical and chemical methods 

 Pulsed-laser ablation is a physical method of zinc oxide nanoparticle 

synthesis using zinc metal in deionized water devoid of any surfactant (Kim et al., 

2011; Dorranian et al., 2012).  Modified ZnO nano-crystalline powder in large 

quantities was obtained by temperature-independent high energy ball milling 

technique (Habib, 2009; Salah et al., 2011).  Yu et al. (2010) reported advantages of 

chemical vapour deposition and vapour phase transport (VPT) in nanoparticle 

synthesis and also proposed a modified VPT for ZnO nanowire synthesis.  Chemical 

synthesis is further classified into liquid phase and gas phase according to the 

medium of synthesis phase.  Pyrolysis and gas condensation methods comprise gas 

phase mode whilst precipitation / co-precipitation, sol-gel, oil microemulsion, 

chemical reduction, solvo-thermal and hydrothermal are all included in liquid phase 

mode (Naveed ul haq et al., 2017).  Using various concentrations of zinc acetate 

dihydrate, nanoparticles with chemical and shape regularity were synthesized using 

ultrasonic spray pyrolysis technique (Lee et al., 2012).  A novel combination of sol-

gel and spray pyrolysis methods to achieve fine-sized, less agglomerated  ZnO 

nanoparticles has been proposed by Guo et al. (2014).  It was reported that small 

sized nanoparticles with high yield and increased purity can be synthesized using 

bicontinuous microemulsion technique (L´opez-Cuenca et al., 2011). There are other 

successful reports on synthesis of ZnO nanoparticles by wet chemical, co-

precipitation, solvo-thermal, sono-chemical and hydrothermal methods (Askarinejad 

et al., 2011; Kripal et al., 2011; Talam et al., 2012; Ramimoghadam et al., 2013; 

Elsayed et al., 2014; Bai et al., 2015).   Chemical synthesis of ZnO nanoflowers and 
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rosette-like nanostructures have been reported which employ solutions of zinc 

acetate dehydrate, zinc nitrate hexahydrate, hydroxylamine hydrochloride and 

sodium hydroxide as reagents followed by refluxing (Wahab et al., 2007; Wahab et 

al., 2009). 

2.4.2. Biological methods 

Although physical and chemical methods have been successful in synthesis 

of ZnONPs, these are time-cosuming, demanding high energy inputs and use of 

costly chemicals which also generate toxic or hazardous byproducts.  Biosynthetic 

methods based on naturally occurring biomaterials provide an alternative means for 

obtaining nanoparticles. There are several reports on the synthesis of ZnO 

nanoparticles employing plant parts, bacteria / fungi, seaweeds and other natural 

products.  Biosynthesis of nanoparticles is unique and reliable not only because of 

very low levels or complete absence of toxicity in comparison to most of the 

physico-chemical production methods but also because it can be used to produce 

large quantities of nanoparticles with defined shapes and sizes (Khandel et al., 

2018).  Use of plants in nanoparticle synthesis by the ‘green chemistry’ route is quite 

novel.  Since plants are treasures of known and unknown bioactive compounds, this 

approach is advantageous since it amenable to scaling-up, is economically viable 

and safe (Ponarulselvam et al., 2012).  Synthesis employing plants and plant extracts 

includes three main phases: (i) the activation phase (ii) the growth phase and (iii) the 

process-termination phase.  The first phase involves bioreduction and nucleation of 

the reduced metal atoms followed by Ostwald ripening process, in which small 

adjacent nanoparticles spontaneously coalesce into particles of a larger size.  The 

final phase involves stabilization of nanoparticles in the presence of 

phytoconstituents and favourable energetics necessary for shape formation 

(Makarov et al., 2014).  Utilization of microbial systems possess inherent 

disadvantages due to high cost and aspects related to maintenance of aseptic 

condition as well as time consumption and monitoring of the entire process 

(Mahendiran et al., 2017; Das et al., 2018).   Table 2.2 lists out a set of recent studies 

on phyto-mediated biosynthesis of different types of ZnONPs utilizing extracts from 

various plant parts. 
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Table  2.2. Phyto-mediated biosynthesis of ZnONPs differing in size and morphology. 

Sl. No. Source Part Size (nm) morphology Reference 
1 Acalypha indica Leaves 100-200 wurtzite Gnanasangeetha et al., 2014 
2 Achyranthes aspera Leaves 30-40 Flake-like Duraimurugan et al.,  2018 
3 Aegle marmelos Leaves 18 hexagonal Fowsiya et al., 2019 
4 Agathosma betulina Dry leaves 12-26 Quasi-spherical agglomerates Thema et al., 2015 
5 Albizia lebbeck Stem bark 66.25 Irregular, spherical Umar et al., 2019 
6 Aloe barbadensis miller Leaves & gel 25-45 spherical,hexagonal Sangeetha et al., 2011 
7 Aloe vera Peel 50-220 hexagonal Chaudhary et al., 2019 
8 Anisochilus carnosus Leaves 56.14 Hexagonal, spherical Anbuvannan et al., 2015 
9 Azadirachta indica Fresh leaves 18 spherical Elumalai et al., 2015 
10 Bauhinia tomentosa Leaves 22-94 Hexagonal wurtzite Sharmila et al., 2018 
11 Calotropis procera Latex 5-40 spherical Singh et al., 2011 
12 Camellia sinensis Leaves 16 Hexagonal wurtzite Senthilkumar et al., 2014 
13 Citrus aurantifolia Fruit 50-200 wurtzite Samat et al., 2013 
14 Citrus paradise Peel 12-72 spherical Kumar et al., 2014 
15 Citrus sinensis Peel 12.55 polyhedral Nava et al., 2017 
16 Coctus pictus Leaves 20-80 Spherical, rod, 

hexagonal 
Suresh et al., 2018 

17 Cocus nucifera Coconut water 20-80 Spherical, hexagonal Krupa and Vimala., 2016 
18 Coptidis Rhizoma Dried rhizome 2.9-25.2 Spherical, rod Nagajyothi et al. 2014 
19 Costus woodsonii Leaves 20-25 Hexagonal wurtzite Khan et al., 2019 
20 Cucurbita pepo Leaves 8 Hexagonal wurtzite Hu et al., 2019 
21 Eichchornia crassipes Leaves 32-36 spherical Rajiv et al., 2018 
22 Euphorbia tirucalli Leaves ~20 - Hiremath et al., 2013 
23 Ficus racemosa Leaves 15 Hexagonal Birusanthi et al., 2018 
24 Garcinia Xanthochymus Fruits 20-30 spherical Nethravati et al., 2015 
25 Glycosmis pentaphylla Leaves 32-36 Hexagonal wurtzite Vijayakumar et al., 2018 
26 Gossypium Cellulosic fibre 13 Wurtzite, spherical, nanorod Aladpoosh and Montazer., 

2015 
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27 Hibiscus sabdariffa Leaves 9-18 hexagonal Mahendiran et al., 2017 
28 Lycopersicon esculentum Fruits 20-100 spherical Sutradhar and Saha., 2016 
29 Moringa oleifera Leaf 24 Spherical, granular Elumalai et al., 2015 
30 Nephelium lappaceum  Peel 50.90 hexagonal Yuvvakumar et al., 2014 
31 Ocimum americanum Leaves 21 spherical Kumar et al., 2019  
32 Ocimum tenuiflorium Leaves 13.86 hexagonal Raut et al.,2013 
33 Parthenium hysterophorous Leaves 16.10-58.60 Spherical Sri Sindhura et al., 2013 
34 Phyllanthus niruri Leaves 25.61 Hexagonal, wurtzite Anbuvannan et al., 2015 
35 Pisonia grandis Leaves 50.95 Hexagonal, spherical Joghee et al., 2018 
36 Plectranthus amboinicus Leaf 50-180 Rod Fu and Fu., 2015 
37 Poncirus trifoliate Dried fruits 21.12  Spherical Nagajyothi et al., 2013 
38 Pongamia pinnata  Leaves 26 Spherical, hexagonal Sundararajan et al., 2015 
39 Punica granatum Leaves, 

Fruit peel 
10-30, 
32.98 / 81.84 

Spherical, 
Spherical/hexagonal 

Singh et al., 2019, 
Sukri et al., 2019 

40 Ruta graveolens Stem 28 Wurtzite Lingaraju et al., 2015 
41 Santalum album Leaves 70-140 Nanorods Kavitha et al., 2016 
42 Scadoxus multiflorus Leaves 31 Irregular spherical Al-Dhabi and Arasu MV, 2018 
43 Sesbania grandiflora Leaves 15-35 Spherical Rajendran and Sengodan., 2017 
44 Solanum nigrum Leaves 20-30 Wurtzite, hexagonal Ramesh et al., 2015 
45 Solanum torvum Leaves 34-40 Non-smooth spherical  Ezealisiji et al., 2019 
46 Sphathodea campanulata Leaves 30-50 Spherical Ochieng et al., 2015 
47  Swertia chirayita Leaves 2-10 Spherical Akhter et al., 2018 
48 Trifolium Pratense Flower 60-70 Spherical Dobrucka and Dhugaszewska, 

2016 
49 Vitex negundo Flowers 38.17 Hexagonal Ambika and Sundrarajan, 2015 
50 Ziziphus nummularia Leaves 17.2 Irregular spherical Padalia and Chanda., 2017 
51 Coriandrum sativum Leaves  34 Spherical aggregates Singh et al., 2019 
52 Nyctanthes arbor-tristis Flowers  12-32 Polydispersed aggregates Jamdagni et al., 2018 
53 Moringa oleifera Leaves  12.27-30.51 Wurtzite Matinise et al., 2017 
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Besides plant extracts, other natural agents can also be potentially employed 

to synthesize ZnONPs from metal precursors.  Marine resources have largely 

remained unexplored in this regard.  A few reports exist on nanoparticle synthesis 

using seaweeds such as green Caulerpa peltata, red Hypnea Valencia, brown 

Sargassum myriocystum and brown macroalga Sargassum muticum (Nagarajan et 

al., 2013; Azizi et al., 2014).  Microbial-mediated synthesis of zinc oxide 

nanoparticles has been carried out employing bacteria, fungi and yeast (Yusof et al., 

2019).  Microbes act as a bio-factory to reduce metal ions into metal nanoparticles 

either intracellularly or extracellularly.  Fungal-mediated synthesis seems to be a 

promising approach as it produces biologically active compounds relatively superior 

to those obtained from bacterial systems. Also, extracellular biosynthesis is 

advantageous due to simple downstream processing requirements. Extracellular 

pathway is based on nitrate reductase mediated enzymatic reactions, whilst the 

intracellular one is based on trapping, bioreduction and capping processes mediated 

by electrostatic interaction (Kundu et al., 2014, Alamri et al., 2018).  Highly potent 

ZnONPs were synthesized employing bacteria,  Aeromonas hydrophila (Jayaseelan 

et al., 2012).  Similar reports are available on biogenic synthesis of nanomaterials 

using Lactobacillus sporogens, Pseudomonas aeruginosa, Rhodococcus 

pyridinivorans, Bacillus licheniformis, Staphylococcus aureus, Sphingobacterium 

thalpophilum, Streptomyces and Serratia species ( Prasad and Jha, 2009; Singh et 

al., 2014; Kundu et al.,2014; Tripathi et al.,2014; Rauf et al.,2017; Rajabairavi et al., 

2017; Balraj et al.,2017; Dhandapani et al.,2014).  Candida albicans,  Aspergillus 

terreus and Aspergillus niger are some of the fungal species exploited for the 

synthesis of zinc oxide nanoparticles (Sangappa et al., 2013; Shamsuzzaman et al., 

2015; Kalpana et al., 2018).  Pichia species of yeast have also been utilized for 

similar studies (Chauhan et al., 2015; Moghaddam et al., 2017).  ZnONPs have also 

been synthesized by an eco-friendly approach using polysaccharide-like gum 

tragacanth, protein albumen, silk, polymerizing agent gelatin, uncooked rice and so 

on (Nouroozi et al., 2011; Zak et al., 2011; Han et al., 2012; Ramimoghadam et al., 

2013; Darroudi et al., 2013)  
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2.4.3. Physico-chemical characterization of zinc oxide nanoparticles 

 Physico-chemical characteristics and unique properties, if any, of 

nanoparticles can be studied by various techniques to elucidate their size, shape, 

topography, charge, thermal, electrical and optical properties (Table 2.3).   The most 

common techniques used for characterization of nanoparticles are (i) UV–visible 

spectrophotometry, (ii) Photoluminescence/PL spectroscopy, (iii) Dynamic light 

scattering/DLS, (iv) Fourier transform infrared spectroscopy/FTIR, (v) X-ray 

diffraction/XRD, (vi) Energy dispersive X-ray spectroscopy/EDX, (vii) Atomic 

force microscopy/AFM, (viii) X-ray photoelectron spectroscopy/XPS, (ix) 

Attenuated total reflection/ATR, (x) UV-visible diffuse reflectance 

spectroscopy/UV-DRS, (xi) Transmission electron microscopy/TEM, (xii) 

Thermogravimetric-differential thermal analysis/TG-DTA, (xiii) Field emission 

scanning electron microscopy /FESEM and Raman spectroscopy.  

Table  2.3.  Various physico-chemical techniques useful for characterization of 

nanoparticles                                                                                                                                                         

Aspect 
characterized 

Techniques used 

Morphology 

(shape/size) 

Dynamic light scattering 

Electron microscopy (scanning/transmission) 

Atomic force microscopy 

Topography 

(surface) 

X-ray diffraction 

BET 

Chemical 

UV visible spectroscopy 

Electron dispersive X-ray spectroscopy 

Fourier transform infrared spectroscopy/attenuated total 
reflection 

Electrical Electrokinetics (zeta/cyclic voltammetry studies) 

Optical 
Microscopy, Double photon correlation spectroscopy, 
Raman spectroscopy 

Surface plasmon resonance 

  (Adapted from Kumar et al., 2017) 

 Assessment of optical properties of nanoparticles is determinable by UV-Vis 

spectroscopy, wherein the sharp absorption peak denotes monodispersed, nanosized 
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identity of the particles (Talam et al., 2012).  The characteristic absorption peak of 

ZnO nanoparticles obtained at 370 nm is due to electrical transition of valence and 

conduction band responsible for intrinsic band gap absorption.  The range of UV 

absorption of ZnO nanoparticles is around 360-380 nm (Zak et al., 2011, Umar et 

al., 2019).  Photoluminescent (PL) spectra of semiconducting ZnO nanoparticles are 

a good mark of their surface defects in which the emissions at blue region explains 

the radiative recombination of light-induced electrons and holes (Taunk et al., 2015).  

Some ZnO nanoparticles have been found to show emissions in the entire visible 

range; some reports mention emission at UV and green regions as well (Sashtri et 

al., 2014; Musa et al., 2017).  XRD is yet another technique which gives reliable 

data on particle grain size, crystallinity and crystal phase-lattice parameter.  The 

diffraction peaks help to calculate average size by well known Debye-Scherrer 

equation and the crystal structure can be referred to the International Centre for 

Diffraction Data (ICDD) previously known as JCPDS (Mourdikoudis et al., 2018).  

It has been observed that the peaks of ZnO nanoparticles are slightly broadened 

compared to the sharp peaks of its bulkier counterpart (Bindu and Thomas, 2014).  

FTIR spectrum analysis reveals the stretching vibrations of chemical bonds involved 

in the reduction and stabilization of nanoparticles during synthesis.  Previous studies 

have shown that the Zn-O bond vibrations can be confirmed by the peaks around 

400 and 600 cm-1 (Parthasathy and Thilagavathy, 2011; Wahab et al., 2011; 

Yuvvakumar et al., 2015).  FESEM allows detailed analysis of size, shape and 

agglomerating nature of the nanoparticles.  The differences in the growing pattern of 

zinc oxide nanoparticles dependent on the metal precursor can also be analyzed by 

this microscopic technique (Fakhari et al., 2019).  TEM images also provide  

comprehensive information  on the nature of nanoscale materials and are quite 

advantageous in material studies using its variations such as bright-field TEM (BF-

TEM), high-angle dark-field scanning TEM (HAADF-STEM), electron energy-loss 

spectroscopy (EELS) and BF-TEM electron tomography (BET)  [Anjum, 2016].   

Images from the latter technique reveal the crystalline nature of the particles as 

evidenced by bright spots in selected area electron diffraction (SAED) pattern 

(Taunk et al., 2015).   EDX analysis aids in quantifying atomic level composition of 
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nanoparticles  such as that of Zn and O in the case of ZnO nanoparticles (Suresh et 

al., 2018).  EDX analysis of  pure ZnO nanoparticles reportedly displayed two major 

peaks of Zn and O equivalent to  70  and 25  percentage by weight (Brintha and 

Ajitha, 2015; Shamhari et al., 2018).  All these techniques are capable of providing 

adequate information useful for the identification of specific nanoparticles.    

2.5. Cancer  

Carcinogenesis is a condition of uncontrolled proliferation of our own cells 

which develop into tumors/cancers due to the malfunctioning of these cells.  The 

three basic steps include initiation, promotion and progression of carcinogenesis 

occurs due to defects in the surveillance system inherent to healthy cells.  The 

initiation stage involves accumulation of  irreversible genomic mutations and 

modifications such transversions, transitions, deletions, methylations and histone 

acetylations followed by changes in cellular behaviour characterized by 

aggressiveness and invasive malignant growth (Pitot, 1993; Helfinger et al., 2018).    

According to GLOBOCAN 2018 database, global pattern of cancer incidence and 

death is estimated to be high in Asia. The survey also unveils the incidence of the 

disease in Africa, Asia, Europe and America as 5.8%, 48.4%, 23.4% and 21.0% with 

the mortality rates being 7.3%, 57.3%, 9.0% and 14.4% respectively. 

Cancer is the second leading cause of global mortality after heart disease and 

a non-communicable disease irrespective of the income or development of a 

country.  The causative factors involved in development of successive mutations 

leading to cancer include environmental, occupational, exposure to chemical/ 

physical agents, viral infections as well as due to changing lifestyles.  Mutagenic 

environmental factors are a cause of grave concern since they affect large 

populations.  A pioneering report on cancer was documented by Percivol Pott in 

1775 which revealed the incidence of scrotal cancers in chimney sweeps due to 

heavy soot exposure (Pott, 1775).  The U.S. National Toxicology Program’s 14th 

report (2016) on carcinogens has published a list of such environmental mutagens 

with explanations on the cause of cancer formation as dependent on the amount, 

duration and genetic sensitivity of each individual.  The list includes aflatoxins, 
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aristolochic acid, arsenic, asbestos, coal tar, cadmium, mineral oils, nickel 

compounds and wood soot.  Polycyclic aromatic hydrocarbons were identified as the 

mutagenic agent in coal tar while asbestos, benzene and chlorinated hydrocarbons 

caused pancreatic cancer (Cook et al., 1933; Antwi et al., 2015).  The discovery of 

DNA structure enhanced research on DNA damaging effects of these mutagens. It 

was found that specific mutagens produce characteristic patterns of somatic 

mutations in the DNA of malignant cells designated as 'mutation signatures' as 

revealed by next generation sequencing techniques (Poon et al., 2014).  Studies have 

shown that endogenous metabolites, environmental and dietary carcinogens, some 

anti-inflammatory drugs and genotoxic cancer therapeutics can induce damage to 

DNA, activating thereby cell signalling networks deciding cell fate such as repair, 

death or survival (Roos et al., 2015).  A cohort study by Yu et al. (2018), found out 

that consumption of hot tea alone or with alcohol and smoking increased risk of 

esophageal cancer.  A detailed study on smokeless tobacco (paan and gutkha) usage 

by chewing, dipping and snuff leads to oral cancer due to generation of reactive 

oxygen species by 3-(methylnitrosamino)-proprionitrile, nitrosamines, and nicotine 

(Niaz et al., 2017).  Epidemiologic studies have reported an association between 

frequent consumption of well-done cooked meats and prostate cancer (PC) risk.  The 

cooking temperature is a critical factor of generating carcinogenic byproducts 

known to be present in charred red meat and cooked processed meats.  These 

carcinogens include heterocyclic aromatic amines (HAA) such as 2-amino-1-

methyl-6-phenylimidazo [4,5-b]pyridine (PhIP) known to cause prostrate cancer in 

rodents (Weight et al., 2017; Pacheco et al., 2016).  Lifestyle and obesity is 

associated with both increased cancer incidence and progression in multiple tumour 

types, and is estimated to contribute upto 20-25 % of cancer-related deaths. These 

associations are driven, in part, by metabolic and inflammatory changes in adipose 

tissue that disrupt physiological homeostasis both within local tissues and 

systemically (Quail et al., 2019). Although, cancer is non-contagious, there are 

studies which reveal infectious aetiology of viral cancers. Seven established human 

cancer viruses include a positively stranded RNA virus (HCV), a complex and stable 

retrovirus (HTLV-I), small (MCV and HPV) to large DNA viruses (KSHV and 
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EBV), and a DNA virus with a retroviral component to its life cycle (HBV) [Chang 

et al., 2017].  

2.5.1. Hallmarks of cancer 

 The six hallmarks of cancer proposed by Hanahan and Weinberg, (2000) 

were revised due to conceptual progress after a decade to summarize the logical 

frame work of neoplastic diseases by adding four other hallmarks (Fig. 2.1).  Loss of 

control over the growth of the neoplastic cells makes them replicate uncontrollably 

and exhibit sustained proliferative signaling leading to cancerous condition. This 

causes the cancer cells to exhibit more receptors, stimulate neighbouring normal 

cells to release growth factors thus making them active and proliferating (Amin et 

al., 2015).  Alteration in signaling pathways, deregulation of cell-cycle proteins, 

hypoxia, altered metabolism resulting from mutations and/or epigenetic changes 

promote survival and growth of cancer cells by constitutively stimulating signaling 

pathways (Feitelson et al., 2015).  Immuno-editing done by cancer cells as well as a 

suppressed immunogenicity by genetic instability were selected and promoted to be 

solid tumours and this was also considered to be a new hallmark (Hanahan and 

Weinberg, 2011).  Genomic instability was reported in hereditary and sporadic 

cancers.  These develop by mutations in DNA repair mechanism which gets 

multiplied on further cell proliferation.  Microsatellite instability, increased base-pair 

mutations, variations in expression of  tumour suppressors such as P53, CDKN2A, 

PTEN, DNA damage checkpoint gene and cell growth oncogenes EGFR and RAS 

also resulted in genomic instability that lead to cancer  (Negrini et al., 2010).  

Patients with familial breast cancer and Fanconi’s anemia expressed chromosome 

instability by mutations in CHEK2, ATM, NBS1, RAD50, BRIP1 and PALB (Yao et 

al., 2014). 

Metastasis is a complicated process of spreading and development of cancer 

through an invasion-metastasis cascade. The cascade starts with angiogenesis 

followed by detachment of cells from the site of origin, their migration and invasion 

through basement membrane and movement through blood to settle at a different 

target site and flourish (Guan, 2015).  Most complications and cancer recurrence 
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occurs due to this invasiveness.  Growth factors such as prostaglandin E2, EGF, and 

VEGF as well as molecular mediators of the epithelial-mesenchymal transition have 

been identified to potentiate metastatic spread of colorectal carcinoma (Kanthan et 

al., 2012).  The survival of multiplying cancer cells shows an altered metabolic 

energetics of increased glucose uptake, glutaminolysis and fatty acid synthesis 

(Fadaka et al., 2017)  

 
 

Fig.2.1. Hallmarks of cancer (Hanahan and Weinberg, 2011) 

2.5.2.  Deregulation of cell cycle and apoptosis leads to cancer  

Cell cycle is a highly orchestrated mechanism of the growth and division of 

mother cells into their healthy daughter cells.  Any damage caused to the parent cell 

is either efficiently repaired or removed in the normal condition of cell cycle.  

However, a defective eukaryotic cell cycle leads to the world’s worst disease of 

chaos, cancer.  Briefly, cell cycle is divided into two major stages (i) a long 

interphase consisting of two Gap phases G1 and G2 flanking the genome synthetic S 

phase and  (ii) a short mitotic (M) phase comprising of mitosis and cytokinesis but 

with a G0 or quiescence/resting phase. The entire process is sequentially and 

carefully scrutinized by cell-cycle engines driven by cyclins, cyclin-dependent 

kinases (cdks) and cdk inhibitors (Lim et al., 2013).  The role of these trio proteins 
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which is depicted in the Fig. 2.2. explains their unavoidable significance in the 

mechanism of surveillance.  Various checkpoints monitor cell size, DNA damage 

and microtubule-spindle fibre assemblies during each phase of cell cycle progression 

(Barnum and O’Connell, 2014).  Cdks are members of well conserved 

serine/threonine protein kinase family and their activity depends on changes in the 

levels subunits of regulatory proteins  such as cyclins according to the necessities of 

cell cycle phases.  

 

Fig. 2.2. Schematic representation of eukaryotic cell cycle  
(courtesy CSLS / The University of Tokyo) 

It is clear that, a single disturbance in these highly co-ordinated complex 

physiological cycles may lead to high risk pathological complications.  Deregulation 

of cell cycle by defective check points  - G1/S, G2/M and spindle assembly - lead to 

multiplication of mutated daughter cells and the condition could become irreversible 

and susceptible to proliferation.  For example, RB gene mutation cause 

misregulation of G1/S checkpoint which leads to retinoblastoma while cyclin D 

overexpression also affects the same checkpoint causing breast cancer, skin and 

esophageal cancer.  Also, mutations in RB induce aneuploidy and results in 

hyperexpresson of Mad2, a spindle-assembly checking component.    
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In the face of any irrepairable defect in cell cycle progression or damage in 

cellular genomic content, cells commit suicide thereby preventing proliferation of 

cancer cells (Wang et al., 2016). This programmed cell death, technically called 

apoptosis, is associated with typical morphological and biochemical changes within 

the cell.  Apoptosis is a necessity for a pathogen-infected cell, for wound healing 

and some developmental processes.  Mutations in oncogenes or tumor suppressor 

genes alter/prevent this highly conserved process leading to development of cancer 

by avoiding cell death and undergoing proliferation without halt (Pierce, 2012).  

Apoptosis plays an important role in the treatment of cancer as it is a popular target 

of many treatment strategies.   Cancer cells are more sensitive to apoptotic signals 

than normal cells due to dual upregulation of pro- and anti-apoptotic genes which 

make them primed for death (Pfeffer and Singh, 2018).  Drugs or treatment 

strategies that can restore the apoptotic signalling pathways towards normality have 

the potential to eliminate cancer cells (Wong, 2011).    

Apoptosis is categorized as type I classic caspase-dependent apoptosis, type 

II caspase-independent apoptosis with autophagic appearance and double membrane 

vacuole and type III caspase-independent with condensed chromatin (Hongmei, 

2012).  Mechanistically, apoptosis is broadly classified into extrinsic, intrinsic and 

granzyme B pathways (Martin valet et al., 2005).  Fig.2.3. depicts the major 

pathways of apoptosis.  Extrinsic pathway is initiated by cell surface death receptors.  

The death receptors are mainly tumor necrosis factor (TNF) receptor super family. 

The major ligands and death receptors of this pathway include FasL/FasR, TNF-

α/TNFR1, Apo3L/DR3, Apo2L/ DR4 and Apo2L/DR5.  Upon ligand - binding, 

cytoplasmic adapter proteins are recruited which exhibit corresponding death 

domains that bind with the receptors.  Activation of death inducing signaling 

complex (DISC) followed by that of procaspase-8 leads to apoptosis triggering 

(Elmore et al., 2007). The intrinsic pathway is regulated by proapoptotic and 

antiapoptotic genes of BCL-2 family.  The mitochondrial release of cytochrome c 

into cytosol followed by the formation of apoptosome with Apaf-1 further initiates 

apoptotic cascade by procaspase-9 activation (Hüttemann et al., 2011).  Both 

extrinsic and intrinsic pathway converge on execution pathway of caspase-3, -6 and 

-7 resulting in cleavage of poly (ADP-ribose) polymerase (PARP) finally causing 
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cell death.  IAPs (Inhibitor of Apoptosis Protein family), an eight-membered protein 

family, are the most important negative regulators of caspases.  IAP classes 

including XIAP, c-IAP1, c-IAP2 and survivin share a common structural feature 

possessing baculovirus IAP repeat (BIR) domain at N terminal and a c-terminal ring 

finger domain.  Survivin is normally absent in non-malignant cells but is aberrantly 

overexpressed in most cancer cells causing apoptotic resistance and hence is used as 

a therapeutic target.  Human granzyme B are serine proteases released by 

cytoplasmic granules of cytotoxic T lymphocytes (CTLs) / natural killer (NK) cells 

introduced through perforin to target cells.  These enzymes induce cell killing by 

mitochondrial pathway via cleavage of BID or direct cleavage of caspase-3 and -7 

(Safta et al., 2014).  However, granzyme A, also known as tryptase follows a 

caspase-independent apoptotic pathway involving a novel mitochondria-mediated 

DNA damage pathway (Chowdhary and Lieberman, 2008).    

 
Fig.2.3. Pathways of apoptosis (Kim-Campbell et al., 2019) 
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The pivotal role of p53, rightly called ‘guardian of genome’ in the control of 

cell cycle and apoptosis regulation cannot be ignored.  This tumor suppressor gene is 

acclaimed to be the sole guide to decide whether the cell should continue the cycle, 

arrest or undergo apoptosis.  A plethora of external factors causing damage to DNA 

activate this gene to repair the condition and to prevent further mutations.  Also,  

DNA damage induces activation of kinases like ATM (Ataxia telangiectasia mutated 

protein) and Chk2 (Checkpoint kinase 2) causing phosphorylation of p53, thus 

signalling cell cycle arrest/apoptosis. Apoptotic pathway triggered by p53 include 

trans-activation of pro-apoptotic PUMA (p53 upregulated modulator of apoptosis), 

FAS (cell surface death receptor) or BAX protein  (Vogelstein et al., 2000; Hofseth 

et al., 2004; Bai and Zhu, 2006; Chiang et al., 2013; Bai and Wang, 2014).  Most of 

the cancers develop due to mutations in p53 resulting in genomic instabilities which 

leads to tumor progression, drug resistance and metastasis (Joruiz and Bourdon, 

2015; Hientz et al., 2017). 

 2.5.3. Genetics and epigenetics in cancer 

 Oncogenesis or tumorigenesis is a consequence of inappropriate crosstalk 

between multiple genetic and epigenetic events ultimately culminating in cancer 

progression.   Studies have shown that alterations in genetic and epigenetic factors 

are the major cause for cancer development.  The mutations in genes such as proto-

oncogenes, tumor suppressor and genome maintenance genes are termed as ‘driver 

mutations’ since they drive the development of cancerous conditions.  Another class 

of random ‘passenger’ mutations which do not directly induce disease; instead it 

occurs due to continuous exposure of mutagenesis and lack of repair, which 

collectively renders tumors more fragile due to impaired fitness (Wodarz et al., 

2018; Salvadores et al., 2019).     

Proto-oncogenes code for proteins required for basic cellular survival. 

However, they become oncogenes on point mutation, chromosomal translocation 

and amplification. This dominant gain-of-function mutation upregulates 

proliferation. These genes encode proteins for apoptosis prevention, signal 

transduction and transcription (eg. SIS, ERB A & B, MYC, FOS, JUN, SRC, RAS, 
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BCL-1).  Proto-oncogenes become oncogenes on viral attack by acquiring insertional 

activation of genes like that of human T-cell lymphotrophic virus.  Tumor 

suppressor gene mutations also result in hyper proliferation of cells.  The loss-of-

function by these genes by deletion, point mutation and methylation prevent 

apoptosis and enhance replication.  Some of them for example are cell cycle 

regulators (p16, RB), transcription factors (p53, WT-1), GTPase activators (NF1) 

and receptors/signal transducers (TGF-β).  The third class of genes mainly consists 

of DNA repair components; on mutation lose their error correcting potential hence 

proliferate abnormal cells than normal ones.  Also, the defective repair genes make 

normal cuts on genes but remain unrepaired.  Defects in nucleotide excision repair 

and mismatch repair genes results in Xeroderma pigmentosum, colorectal, 

endometrial and stomach cancers. 

Epigenetics is the study of heritable phenotype changes in gene expression 

that do not involve changes to the underlying DNA sequence, which in turn, affects 

how cells read the genes. Epigenetic change is a regular and natural occurrence but 

can also be influenced by several factors including age, the environment/lifestyle, 

and disease state.  Epigenetic alteration includes the changes in DNA modification 

(post-transcriptional control, DNA/promoter methylation) and nucleosome 

rearrangement (long-range regulation, local nucleosome remodeling, deposition of 

histone proteins and covalent modification of canonical core histones) [Lund and 

van Lohuizen, 2004; Ting et al., 2006].  Epigenetic changes also cause genomic 

instability.  The CpG islands hypermethylation related loss-of-function of tumor 

suppressor gene was reported in colorectal cancer (Hong, 2018).  Loss of histone 

acetylation at lysine 16 methylation in histone H3K4, H3K9, and H3K27 patterns 

have been spotted in many cancers.  EZH2, SETDB1, WHSC1 (MMSET) are some 

of the histone methyl transferases found to be overexpressed in common epithelial 

tumors like prostate and breast cancer (Balabhadrapatruni et al., 2016).  MicroRNA 

(miRNA) are small non-coding RNAs which act as epigenetic factor(s) by post 

transcriptional control.  They up/down regulate the genes in signaling pathways such 

as interleukin-6 (IL-6), TGF-β , TGF-β/Smad , Wnt-1 and Wnt-10, Bcl-2, Wnt, 

Bmi-1, Ccne1, Ccnd1, VEGF , IL-6 in cancer associated fibroblasts of various tumor 

microenvironments  

(Du et al., 2016).  
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2.5.4.  Cancer therapy 

 The main ‘theranostics’ of cancer include surgery, radiotherapy, 

chemotherapy and their combinations.  Randomized clinical trials facilitate 

assessment of the efficacy (survival frequency) of each treatment method based on a 

comparison of the tumor size between the treated and control (Damyanov et al., 

2018).  Surgery is the most commonly used conventional method but the 

suppression of immune reactivity as well as circulation of tumor cells as a result of 

post-surgical effect makes the method less acceptable.  Wound healing after tumor 

removal create new issues of neoangiogenesis by vascular endothelial growth factor 

(VEGF), catecholamines, the wound fluid containing tumor mitogens and 

angiogenesis of microscopic tumors (Demicheli et al., 2008; Goldstein and 

Mascitelli, 2011).  Radiation therapy depends on type, dose and delivery technique 

of radiation and also on biological characteristics of cancerous cells to be treated.  

Mostly, 50% of cancer patients undergo these treatment modalities either alone or in 

combination with surgery and chemotherapy.  A ten year study of treatment of 

localized prostate cancer proved the inhibition of recurrence of metastasis after 

surgery and radiotherapy (Hamdy et al., 2016).  However, not only tumor cells but 

also normal cells get mutated or damaged by radiation.  Chemotherapy also leads to 

development of secondary tumors which is to be reduced.  Patients with phase III 

epithelial ovarian cancer were found to survive longer under hyperthermic 

intraperitoneal chemotherapy during cyto-reductive surgery after their failure with 

carboplatin and paclitaxel (van Driel et al., 2018).  Decline in 21-gene breast cancer 

mortality was achieved by adjuvant chemotherapy (Sparano et al., 2018).  PARP 

inhibitors combined with chemotherapy helped to reduce tumor relapse by colorectal 

cancer initiating repaired cells (Jarrar et al., 2019).  In patients with previously 

untreated metastatic non-squamous NSCLC without EGFR or ALK mutations, the 

addition of pembrolizumab to standard chemotherapy of pemetrexed and a platinum-

based drug resulted in significantly longer survival and progression-free survival 

than chemotherapy alone (Gandhi et al., 2018).  Majority of ovarian cancer were 

found to relapse and become resistant even after common treatment with a 

combination of platinum complex and taxane.  The efficacy of drug delivery in this 
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case was obtained by targeting angiotensin signaling with losartan, thus reducing the 

inhibitory barriers of the tumor microenvironment (Zhao et al., 2018).  Hormonal 

therapy is mainly implemented in the case of prostrate and breast cancer. Hormonal 

therapy with salvage radiation therapy for recurrent prostrate cancer was reviewed 

by Spratt et al, (2017).  Chemo-hormonal therapy in prostrate cancer improves 

longevity by adding docetaxal to androgen-deprivation therapy (Kyriakopoulos et 

al., 2018).  Immune blockade checkpoint is a main target of immunotherapy and 

antibodies against those points were found to be effective in melanoma, renal cell 

carcinoma and bladder cancer (Hodi et al., 2010; Powles et al., 2014; McDermott et 

al., 2015).  Immunotherapy against programmed death-1 pathway was studied for 

uro-epithelial bladder cancer (Ghasemzadeh et al., 2015).  Chimeric antigen receptor 

gene-engineered T cell immunotherapy was reported to be an optimistic approach to 

patients with terminal cancers (Johnson and June, 2017). 

The advent of next-generation genomic sequencing tools and 

biocomputational technologies can give a better understanding of molecular/genetic 

signatures of each type of cancer and this could pave way to personalized medicine.  

Personalization increases benefits to large population and decreases cost of therapy 

(Yeang and Beckman, 2016). Thus based on molecular analysis and tumor 

microenvironment, personalized cancer therapy can be worthwhile with minimum 

side effects (Curigliano and Criscitiello, 2014).   Charged, small sized non-coding 

microRNA (miRNA) molecules are promising candidates in cancer therapy as they 

can effectively silence genes and also target tumor promoting stromal cells thereby 

delivering potent anticancer activity without immune responses.  MiRNA-126 

targeting VEGF and EGFL7 showed prognostic value to provide predictive 

information in relation to the therapeutic outcome of anti-angiogenic agents in 

metastatic colorectal cancer (Chen et al., 2015). 
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Fig. 2.4. miRNA replacement therapy (Hossenahli et al, 2018). 

miRNA replacement therapy (Fig.2.4) involves miRNA mimics or DNA plasmid 

encoding miRNA genes targeting cancer cells using delivery vector (Hossenahli et 

al., 2018).   Tumor suppressor miRNA mimics such as 145, 520h, Let-7, 34a and 

29b are available for colon, pancreas, liver, neuroblastoma and AML respectively 

(Gregersen et al., 2010; Wang et al., 2010; Lan et al., 2011; Tivnan et al., 2012; 

Huang et al., 2013).  Anti-apoptotic survivin molecule is found to be cancer-

inducing and downregulation of this protein is found to be a fruitful approach 

against squamous cell carcinoma.  Dominant-negative survivin mutants, RNA 
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interference, anti-sense oligonucleotides, small-molecule inhibitors, and peptide-

based immunotherapy are recent developments utilized in reducing tumor growth by 

inactivating survivin (Santarelli et al., 2018).  Macrophage-directed immunotherapy 

is found to be a natural, effective and less toxic method changing M2/repair-type 

macrophages to M1/kill-type thereby minimizing cancer growth (Mills et al., 2016).   

Compromising of fork stability mechanism is a good strategy to endure potential 

cancer therapy by synthetic lethality in chemotherapy and also mutation in 

replication fork proteins (cancers without BRCA1/2 mutation) which creates 

alternate pathways for therapy (Liao et al., 2018). 

MDM2 inhibitors are used in molecular targeting in advanced triple negative 

breast cancer, irrespective of p53 status, were found to be appealing.  The inhibitors 

include novel, small molecules such as SP141 reported to reduce cancer growth and 

metastasis in vitro (Qin et al., 2017).  It was reviewed that conditionally replicating 

adenoviral vectors conjugated with short hairpin RNAs produce successful 

antitumor activities in experimental as well as preclinical trials (Zhang et al., 2016).  

Tumor necrosis factor-α (TNFα) and interferon-γ (IFNγ) are two cytokines acting as 

immune modulators and hence have role in cancer therapy.  Homing of TNFα and 

IFNγ to tumor vessels reduce angiogenesis by inhibiting differentiation of tumor 

associated macrophages and VEGF expression in tumor microenvironment (Shen et 

al., 2018).  Altered energy metabolism of cancer cells was a unique therapeutic 

intervention of which glutamine metabolism is a good target in cancer prevention 

(Zhang et al., 2013).  Tumor acidosis in colorectal cancer also proves to be a good 

strategy for precise treatment (Wang et al., 2019).  Adjuvant therapy was utilized in 

randomized clinical trials of metastatic melanoma since 2011 (Ugurel et al., 2017).   

Targeted medications provide long-term beneficial effect with absence of metastases 

and reduced tumor burden (Ascierto and Dummer, 2018).  A risk based therapy for 

lethal acute myelocytic leukemia was optimized using in silico resources to obtain 

better results (Yoshinari et al., 2019).  

Prokaryotic adaptive immune system containing a programmable single 

stranded guide RNA attached with a cas9 endonuclease called as Clustered regularly 
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interspersed short palindromic repeats/cas9 or shortly CRISPR/Cas9, opened a 

plethora of applications in gene editing  and engineering as well as in cancer 

therapy.  Synergistic gene interaction, functional gene identification, target 

validation were possible by using this molecule (Tian et al., 2019).   First clinical 

trial of CRISPR was done in 2016 in China in a non-randomized open label phase I 

study.  In this, engineering T-cells by knock out of programmed cell death protein-1 

in ex vivo treatment of a metastatic non-small cell lung cancer patient was found to 

be effective after failures of all standard treatments (Zhan et al., 2019).  This editing 

machinery also has a positive impact on drug discovery and drug target screening.  

Three genomic libraries are in use (i) CRISPR-based loss-of-function, (ii) CRISPR 

based-gene activation and (iii) CRISPR based-gene inhibition to screen out positive 

and negative conditions of drugs (Shalem et al., 2014; Joung et al., 2017; Luo et al., 

2016).  In cancer therapy, this novel tool can direct endogenous gene expression 

using guide RNA as well as could alter epigenomic DNA methylation using cas9 

tethered to histone modifiers (Martinez-Lage et al., 2018).  PD-1 disruption by 

CRISPR/Cas9 done by Su et al, (2016) improved the efficacy of T cell-based 

adoptive therapies in Epstein-Barr virus-associated gastric cancer in clinical studies.  

Although this technology  is  advantageous, it is not error-free and is also time-

consuming.  Also, ethical claims were raised after the birth of ‘CRISPR babies’ on 

November 2018 (Ghosh et al., 2019).  

Natural chemopreventive/antiproliferative agents are studied widely on their 

chemotherapeutic efficiency. Anticancer compounds from different natural sources 

such as (i) plants -  include the microtubule-destabilizing vinca alkaloids 

(vincristine, vinblastine, vinflunine, vinorelbine, vindesine and eribulin) and 

microtubule-stabilizing taxanes  (paclitaxel, docetaxel, cabazitaxel) (ii) microbes - 

include doxorubicin, staurosporin, enedyims, daunorubicin (iii) marine biota - 

include  ecteinascidin 743, halichondrin B, dolastatins and (iv) slime molds – 

include epothilone A & B (Cragg and Pezzuto, 2016; Amaral et al., 2019 ).  

According to Amaral et al. (2019), of the 174 compounds approved for 

commercialization in cancer therapy, 93 (53%) were natural products or their 

derivatives.  Paclitaxal under brand name Taxol® from bark of Taxus brevifolia Nutt. 
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(Pacific yew) was acclaimed as a successful story of plant-based chemotherapy.  

Similarily, curcumin obtained from the rhizome of Curcuma longa L. can act on 

various signaling pathways and can reduce cancer cell proliferation (Seca et al., 

2018).  Minimally invasive photodynamic therapy utilizes a plant-derived 

photosensitizer and light to target cancer cells (George and Abrahamse, 2015).  

Inherited genetic mutations play a major role in about 5 to 10 percent of all cancers 

(National cancer institute, 2017).    Likewise, a small but significant percentage 

proportion of human cancers, perhaps 15 % worldwide are thought to arise due to 

involvement of viruses, bacteria or parasites (Alberts et al., 2015).  The majority of 

cancers (≥85 %) are rooted in environment and lifestyle (Anand et al., 2008).   

Therapeutic modalities including lifestyle and dietary changes can influence cancer 

prevention. Calorie restriction, short-term and prolonged fasting, ketogenic plant-

based diets are some of the effective preventive measures (Lettieri-Barbato and 

Aquilano, 2018).  A recent study also highlights alleviation of side-effects and 

improvement in the quality of life due to physical excercise in breast cancer patients 

undergoing chemotherapy (Haas et al., 2019). 

Since cancer is a disease not confined to a single organ or tissue but affects 

the entire body system with high heterogeneity, proper cost-effective and low time-

consuming therapeutic approaches with fewer side effects must be developed.  

Optimization of combined therapies along with proper counseling to patients is a 

hope to successful outcomes.  However, the alleviation of risk factors of post-

treatment must be a concern for achieving new treatment horizons.   

2.5.5. Cancer nanomedicine  

 Engineering of nanoparticles with necessary tailoring of their properties 

make them a good candidate for nanomedicine.  The enhanced retention and 

permeation (EPR) effect and selective targeting of nanomaterials are hot topics in 

therapeutic research.  Liposomal doxorubicin (Doxil™/Caelyx™) was the first anti-

cancer nanomedicine approved by the FDA in 1995 (Barenholz, 2012).  Some of the 

approved anti-cancer nanomedicines include liposome-carried doxorubicin 

(MyocetTM) / vincristine (MarqiboTM ) / daunorubicin (Daunoxome TM) and 



 40

irinotecan (Onivyde TM) for metastatic breast cancer, acute lymphoblastic leukemia, 

HIV-related Kaposi’s Sarcoma and second line metastatic pancreatic cancer 

respectively. Polymeric-conjugated asparaginase [OncasparTM(PEG)] and 

polymeric- micelle paclitaxel (Genexol-PM™) have been approved nanomedicines 

for acute lymphoblastic leukemia and non-small cell lung cancer (Hare et al., 2017).  

‘Soft and hard’ nanomaterials have been shown to accumulate in the lymph nodes / 

lymphoid tissues and their interaction with immune cells can induce a controlled 

immune response at the affected site (Bjṏrnmalm et al., 2017).  Tumour hypoxia is a 

privilege of tumour cells for the expansion of cancer cells through angiogenesis and 

metastasis.  Development of oxygen-filled nanocarriers and oxygen generators have 

been shown to improve the efficacy of cancer therapy by modulating tumour 

hypoxic condition (Jahanban-Esfahlan et al., 2017; Liu et al., 2018).   For oral 

cancer therapy, several plant compounds and chemocompounds designed in 

nanoforms were introduced as successful drugs by enhancing drug solubility.  

Natural compounds such as curcumin, naringenin, genistein loaded nanoparticles, 

colloidal gold NPs, magnetic NPs and UVA-1 activated ZnO NPs were found 

effective against oropharyngeal squamous cell carcinoma (Marcazzan et al., 2018).  

Nanoparticles, designed as an ideal candidate for antitumor vaccine delivery with 

unique composition and surface-charge profiles, can selectively cluster onto 

lymphoid organs such as spleen and produce desired immunomodulatory effects.  

Delivery of antitumor vaccine adjuvants via nanoformulations can enhance their 

potency while reducing side effects by limiting systemic distribution of adjuvants 

and prolonging their activity in draining lymph nodes (Liu et al., 2018).  Fucoidan 

from brown seaweed based nanocomposites have been used as nanocarriers of drugs 

like curcumin, paclitaxel and growth factors for delivery (Aquib et al., 2019).  A 

colon cancer-targeted nanomedicine made of pH sensitive polymeric nanoparticles 

of quercetin was also reported recently (Sunoqrot and Abujamous, 2019).  The dual 

role of nitric oxide (NO) in EPR enhancement and cytotoxicity effects has been 

utilized as an intelligent nano-system involving switchable HSA-NO carrier to 

adjust NO release for increased drug accumulation and suppress tumor growth (Xu 

et al., 2019).  Functionalized nanogold particles with specific architecture and 
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characteristics were utilized as drug delivery devices, modulators of angiogenesis, or 

heat-activated factors destroying tumor tissue (Sztandera et al., 2019).  Activatable 

singlet oxygen generation from lipid hydroperoxide nanoparticles for cancer therapy 

have been shown to induce efficient apoptotic cancer cell death both  in vitro and in 

vivo through tumor-specific O2 generation and subsequent ROS-mediated 

mechanism (Zhou et al., 2017).   Metal nanoparticles were reported to possess a 

beneficial and powerful role in cancer therapy by means of better targeting, gene 

silencing and drug delivery.   Surface modified particles with targeting ligands offer 

a better control of energy deposition onto tumours.  Besides use as a diagnostic tool 

for cancer cell imaging, these particles can also allow controlled and targeted drug 

release for effective cancer treatment and management (Sharma et al., 2017). 

2.6. Preliminary screening of plants employed for biosynthesis of zinc oxide 

nanoparticles  

  Botanical classification of the plants (Kingdom Plantae) screened for 

extracts prepared from parts thereof, suitable for lab-scale synthesis of biogenic 

ZnONPs, is tabulated below: 
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Table 2.4. Botanical classification of plants used for screening of extracts for phyto-mediated synthesis of ZnONPs 

No Scientific nomenclature Order Family Genus Species 
Plant parts used 

for extract 
preparation 

1 Annona muricata L.  
Common name :  Soursop, 
Graviola 
Vernacular name : 
Mullanchakka, Mullatha 

Magnoliales Annonaceae Annona A. muricata Leaves 
Fruits 
Seeds 
Roots 

2 Annona reticulata L. 
Common name :  Wild sweet 
sop, Bull’s heart 
Vernacular name : 
Manilanilam, Aatha 

Magnoliales Annonaceae Annona A.reticulata Leaves 

3 Annona squamosa L. 
Common name :  Sugar-
apple, Sweet sop 
Vernacular name : 
Seethapazham 

Magnoliales Annonaceae Annona A.squamosa Leaves 

4 Manilkara zapota (L.) P. 
Royen 
Common name :  Sapodilla, 
Chikoo 
Vernacular name : Sapota 

Ericales sapotaceae Manilkara M. zapota Leaves 

5 Spondias pinnata (L. f.) 
Kurz. 
Common name :  Wild 
mango, Indian hog plum 
Vernacular name : 
Ambazham 

Sapindales Anacardiaceae Spondias S.pinnata Leaves 
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6 Plumeria obtusa L. 
Common name :  White 
frangipani 
Vernacular name : 
Vellachempakam, 
Velutharali 

Gentianales Apocynaceae Plumeria P.obtusa Leaves 

7 Citrus maxima (Burm.) 
Merr. 
Common name :  Pomelo, 
Chinese grapefruit 
Vernacular name : 
Kampilinaranga 

Sapindales  Rutaceae  Citrus C.maxima Leaves 

8 Cinnamomum verum 
J.Presl 
Common name :  Ceylon 
cinnamon 
Vernacular name : Karuva, 
Elavangam 

Laurales Lauraceae Cinnamomum C.verum Leaves 

9 Cassia fistula L. 
Common name :  Golden 
shower, Indian laburnum 
Vernacular name : 
Kanikonna 

Fabales Fabaceae Cassia C.fistula Flowers 

10 Curcuma zedoaria 
(Christm.) Roscoe. 
Common name :  White 
turmeric 
Vernacular name : 
Kachcholam, Kua, 
Pulakizhanna 

Zingiberales  Zingiberaceae   Curcuma  C.zedoaria Rhizomes 
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2.6.1. Ethnopharmacology of selected plants in brief : 

Of the multiple plant parts screened, the extracts prepared from leaves of 

Spondias pinnata (L. f.) Kurz and Manilkara zapota (L.) P. Royen and those 

obtained from the roots, fruits and seeds of Annona muricata L. were found to 

successfully support the biosynthesis of ZnONPs through phytoconstituent-assisted 

bioreduction process.  A brief note on the ethnopharmacological importance of the 

three selected plants are given below : 

2.6.1.1.   Spondias pinnata (L. f.) Kurz. :  S. pinnata (Fig.2.5), commonly known as 

‘hog plum’, is a deciduous or semi-evergreen glabrous tree with a pleasant woody 

smell.  They are widely distributed in China, Malaysia, Sri Lanka, Thailand, 

Myanmar, Andaman Islands and Indian Himalayas.  The leaves are compound, 

pinnate, spirally arranged whilst the fruit is a single seeded drupe (Khomdram et al., 

2014). Ethnomedicinally, various parts of this plant are used for different ailments.  

The bark is traditionally used for treating dysentery, diarrhoea, diabetes mellitus and 

muscular rheumatism whilst leaves have been found useful for ear-ache.  The 

antiscorbutic fruits are useful for ailments such as bilious dyspepsia, sore throat and 

cure for bowel disorders (Attanayake et al., 2014; Kamal et al., 2015)  

Phytochemically, the tree is a resource for water-soluble polysaccharides 

(galactose, arabinose), aminoacids (glycine, serine, and alanine), various sterols and 

terpenoids (Das et al., 2011). The leaves reportedly contain large amount of 

phenolics and therefore possess good antioxidant activity (Sujarwo et al., 2017).  

The glycosidic-rich fraction obtained from the bark is known to ameliorate iron 

overload-induced oxidative stress and hepatic damage in swiss albino mice 

(Chaudhari et al., 2016).   Methyl gallate isolated from bark has been found to 

induce apoptosis in human glioblastoma (Chaudhari et al., 2015).  Other 

bioactivities reported from the plant include anti-bacterial, ulcer-protective, 

antihelmintic, anti-diabetic, hepatoprotective and anti-cancerous potential (Bora et 

al., 2014). 
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Fig.  2.5.   Spondias pinnata (L. f.) Kurz. 

2.6.1.2. Manilkara zapota (L.) P. Royen : The tree is a large, glabrous and evergreen 

member of the family Sapotaceae comprising of ~79 species.  The plant is 

commonly known as sapodilla (Fig. 2.6.), which grows well under tropical 

conditions providing edible, sweet and malty flavoured fruits in addition to timber 

and latex (Uekane et al., 2017).  The fruits, rich in nutritional value with high levels 

of sucrose and fructose, are consumed as fresh or processed as jams and beverages 

(Shafii et al., 2017).  Traditionally, M. zapota has been used for several 

ethnomedical purposes. The medicinal properties of the plant parts have been 

effective in treating ailments such as diarrhoea, colds, ulcers and fever.   

 

 



 46

 

Fig.  2.6. Manilkara zapota (L.) P. Royen 

M. zapota is also reported to posses a wide range of bioactive constituents 

including triterpenoids, fixed and saturated oils, hydrocarbons, sterols, enzymes, 

alkaloids, phenolic compounds, minerals, carbohydrates, amino acids and the 

saponin known as ‘manilkoraside’ ( Milind and Preeti, 2015).  Fruits of this plant are 

also utilized for cosmeceutical applications (Shafii et al., 2017; Kashif and Akhtar, 

2019). Other medicinal properties reported include antinociceptive (Ganguly et al., 

2016), anti-inflammatory (Hossein et al., 2012), antipyretic (Ganguly et al., 2013), 

anti-hypercholesteremic (Fayek et al., 2012), antibacterial (Priya et al., 2014), 

antifungal (Shanmughapriya et al., 2011) and antihelmintic activities (Kumar et al., 

2012) .  Besides these, several reports on anticancer potential of various extracts of 

sapota have also been published.  These include studies on demonstrating their 

cytotoxicity against lung carcinoma A549, breast cancer MCF-7, and human 

cervical HeLa cells (Awasare et al., 2012; Tan et al., 2018; Bashir, 2019). 
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2.6.1.3.  Annona muricata (L.) : This tropical tree, also known as soursop, belongs 

to the family Annonaceae (Fig. 2.7.).  Endemic to the warmest areas of the tropics of 

South and Central America and the Caribbean, it is also distributed widely in 

tropical and subtropical regions of Central and South America, Western Africa, and 

Southeast Asia (Abdul Wahab et al., 2018).  All parts of the tree including the edible 

fruit are reported with multiple activities such as anticancer, anticonvulsant, anti-

arthritic, antiparasitic, antimalarial, hepatoprotective, antidiabetic, analgesic, 

hypotensive, anti-inflammatory, and immune-enhancing effects (Ferreira et al., 

2013; Astirin et al., 2013; Ishola et al., 2014; Patel and Patel, 2016).   

 
Fig.  2.7. Annona muricata  (L.) 

Traditionally, the leaves are used for treating ailments like headaches, 

insomnia, cystitis, liver problems and diabetes.  Recently, leaves have also been 

reported to be a source of antioxidant compounds with in vitro antidiabetic and 

inhibitory potential against α-amylase, α-glucosidase, lipase, non-enzymatic 

glycation and lipid peroxidation (Justino et al, 2018). Leaves are also endowed with 
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anti-inflammatory, anti-spasmodic and anti-rheumatic activities (de Sousa et al., 

2010; Hamizah et al., 2012).  Over 400 annonaceous acetogenins isolated from the 

leaves, seeds, roots, fruits and bark of the tree have been reported to possess 

cytotoxic and antitumour activities (Rupprecht et al., 1990; Moghadamtousi et al., 

2015; Han et al., 2015).   Anticancer activity has also been reported against Hep G2, 

HeLa, A549, HCT 116, MCF-7, leukemic, glioma and pancreatic cancer cells (Liu et 

al., 2016; Rady et al., 2018; Yajid et al., 2018). The plant extract is also reported to 

possess the ability to reduce inflammation through inactivation of NALP3 

inflammasome (Bitar et al., 2018).  Green synthesis of silver and gold nanoparticles 

employing the extracts of A. muricata has been recently achieved (Gavamukulya et 

al., 2019; Folorunso et al., 2019).   
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PHYTO-MEDIATED BIOSYNTHESIS AND 
PHYSICO-CHEMICAL 

CHARACTERIZATION OF ZnONPs 

 

3.1. Introduction 

 Biological synthesis of nanoparticles exploit different micro-macroorganisms 

including bacteria, fungi, microalgae, seaweeds, plants and plant products.  Studies 

have shown that these living systems provide precursors which enable bioreduction 

of non-metallic and metallic elements/compounds followed by activation/nucleation/ 

coalescence into larger aggregates.  Increase in thermodyanamic stability and the 

final shaping of the nanoparticles occurs in the termination phase of synthesis 

(Makarov et al., 2014).  Biological methods have assumed predominance in recent 

times as they are considered to be ‘green’ or environment-friendly, cost-effective, 

easier to scale-up and do not entail use of high temperature, pressure, energy, toxic 

solvents or generate hazardous byproducts.   

Phyto-mediated synthesis is an attractive ‘bottom-up’ approach for synthesis 

of nanoparticles.  Bottom-up or self assembly employs atom-by-atom, molecule-by-

molecule or cluster-by-cluster construction of a structure into the final material using 

biological procedures for synthesis.  Plants offer a rich, diverse and easily available 

source of phytochemicals such as ketones, aldehydes, flavonoids, phenolic 

compounds, alkaloids, sterols, saponins, tannins, amides, terpenoids, carboxylic 

acids and polysaccharides which can act as reducing, capping and stabilizing agents 

(Ahmed et al., 2017).  Plant based biosynthesis of nanoparticles such as carbon, 

titanium, cobalt, copper, gold, silver, platinum and palladium, to mention a few, 

have been successful.  Such biogenic nanoparticles have proven to be potentially 

useful in many biomedical applications including nanomedicine based innovations 

(Prarthna et al., 2010; Malik et al., 2014; Singh et al., 2018).   

 This chapter reports on the materials and methods involved in the laboratory 

scale production of novel zinc oxide nanoparticles and the results obtained thereof.  
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A total of 10 plants were chosen randomly, following a literature scan, ensuring that 

the selected plants had not been previously exploited for the purpose.  The 

preliminary screening to select the suitable plant extracts and the methodologies 

adopted have been described in detail.  Confirmation of successful generation of 

phyto-derived ZnONPs was ascertained by X-ray diffraction (XRD) and Field 

emission scanning electron microscopy (FESEM) techniques. Subsequent 

characterization was carried out employing an array of physico-chemical techniques 

to obtain additional information on their optical, morphological and chemical 

features.  These were [i] UV-visble spectroscopy (UV-vis) [ii] Photoluminescence 

(PL) [iii] Fourier transform infrared spectroscopy (FTIR) [iv] Energy dispersive X-

ray spectroscopy and [v] High resolution transmission electron microscopy 

(HRTEM).  The commercially available,chemically synthesized zinc oxide 

nanoparticles (denoted as ‘cZnONPs’) purchased from Sigma-Aldrich (USA) was 

also characterized in parallel, using the above mentioned techniques.  This was 

found necessary since the commercial version of nanoparticles was used as controls 

in all experiments for a strict comparative (biogenic versus chemically synthesized) 

evaluation of the nanoparticles.  

3.2. Materials and methods 

3.2.1. Biosynthesis of ZnONPs 

 Of a total of ten plants selected for the present study from Malappuram and 

Thrissur districts in Kerala state (section 2.6; Table 2.5),  the plants and parts thereof 

used for extract preparation were: 

1.  Leaves of (i) Annona muricata L., (ii) Annona reticulata L., (iii) Annona 

squamosa L., (iv) Manilkara zapota (L.) P. Royen, (v) Spondias pinnata (L. F.) 

Kurz., (vi) Plumeria obtuse L., (vii) Citrus maxima Merr., (viii) Cinnamomum 

verum J. Presl,  

2.   Fresh flowers of (ix) Cassia fistula L.,  

3.   Rhizome of (x) Curcuma zedoaria  Mangaly & M.Sabu and  

4.   Roots, fruits & seeds of   Annona muricata L. 
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3.2.1.1.   Preparation of plant extracts 

Plant parts were washed thoroughly in tap water and then with distilled water 

to remove all traces of dust and impurities.  They were then finely chopped, shade-

dried and ground into a coarse powder.  For plant extract preparation, 10 g of 

powder was boiled in 200 ml of deionized distilled water for 30 min.  The decoction 

was cooled and pre-filtered through muslin cloth prior to filtration using Whatman 

No.1 paper.  They were then stored in refrigerator for future use.    

3.2.1.2. Biosynthesis by sol-gel method 

Varying amounts (25 - 75 ml) of the individual extracts prepared from the 

different plant parts were warmed-up.  The metal precursor, zinc nitrate hexahydrate 

(HiMedia Laboratories Pvt Ltd. India), was then added to the extracts at different 

concentrations, ranging from 4 - 12 % (w/v).  The solution was allowed to boil by 

continuous magnetic stirring for 1 h until it became thicker and turned yellow to 

golden yellow colored with a gel-like consistency.  The semi-solid gel was then 

subjected to calcination in a ceramic crucible at temperatures ranging from 400-800 

°C, for time duration of 1- 3 h, in an air-heated muffle furnace.  The calcined product 

obtained as flakes was then ground into a fine powder before proceeding for 

characterization.  

3.2.2. Characterization 

 To ascertain whether the attempted biosynthesis resulted in the formation of 

ZnO nanoparticles, the finely ground calcined products were individually subjected 

to a primary screening employing XRD and FESEM techniques.  Based on the 

results of this screening, subsequent to confirmation of the successful formation of 

biogenic ZnONPs, each of the samples was evaluated by other aforementioned 

techniques. 

3.2.2.1.   X-ray diffraction (XRD) analysis 

The purity, crystallinity and average grain size of both of the chemical and 

biosynthesized versions of nanoparticles were analyzed by X-ray Diffraction studies 
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using X-ray diffractometer (Rigaku miniflex) with Cu-Kα radiation (λ = 0.15406 

nm) scanning in a 2θ ranging from 20-80°.   The pattern of XRD peaks obtained was 

then compared with those of the standard JCPDS card Nos. 36-1451 and 80-0075 to 

evaluate morphology of nanoparticles.  The average particle size was calculated 

using Debye-Scherrer’s formula, D = 0.89 λ /βcosӨ: wherein, D represents the 

crystal size, 0.89 denotes Scherrer’s constant,  λ is the wavelength of X-rays used 

and β is the full-width-at-half-maximum (FWHM) of the diffraction peak ( Ali et al., 

2016; Shamhari et al., 2018).    

3.2.2.2. Field Emission Scanning Electron Microscopy (FESEM) & Energy 

Dispersive X-ray spectroscopy (EDX) 

 The overall morphology and structural characterization of both types of 

nanoparticles were carried out using FESEM analysis; elemental analysis was 

accomplished by EDX technique.  The data was procured using Hitachi SEM 

instrument-S46600 connected to Horiba EDX system and CARL-Zeiss Gemini 300.  

For FESEM, samples were mounted on a stub with adhesive carbon tape and 

sputtered with gold for analysis (Parthasarathy and Thilagavathi, 2011).  EDX data 

confirmed the sample chemistry and purity in terms of the elemental percentage 

composition.  The data is dependent on X-ray beam energy and the atomic number 

of sample constituents within a restricted area (1.0 µm3) (Scimeca et al., 2018).   

3.2.2.3.   Fourier Transform Infrared (FTIR) spectroscopy 

FTIR analysis was carried out using Jasco 4100 spectrophotometer at 

wavelengths ranging from 4000-400 cm-1.  The spectrum  thus obtained reveals the 

presence of functional groups, adsorbed onto the surface of nanomaterial, involved 

in the reduction, capping and stabilization of nanoparticles.  For this, each sample of 

ZnO nanomaterial was mixed and pelletized with spectroscopic grade potassium 

bromide and the percentage transmittance was recorded ( Khalil et al., 2014).   

3.2.2.4. UV-visible (UV-vis) spectroscopy 

 The surface Plasmon resonance (SPR) of ZnONPs was determined from the 

absorption peak of UV-Vis spectrum of each ZnONPs.  For this, the biosynthesized 
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particles were subjected to brief pulses of sonication using a Branson-150 Sonifier to 

achieve a homogeneous aqueous dispersion. SPR was then recorded using a λ25 -

Perkin Elmer UV-Vis spectrophotometer in a wavelength range of 200-700 nm and 

band gap energy was calculated using the formula, E=hc/ λ(absorption), where h is 

Planck’s constant (6.626 × 10−34 Js), c is the velocity of light (3 × 108 ms−1) and λ is 

the absorption wavelength of the biogenic ZnONPs. The intensity of absorption was 

also indicative of its monodispersity (Talam et al., 2012; Mahamuni et al., 2019; 

Singh et al., 2019).  

3.2.2.5.   Photoluminescence (PL) spectroscopy 

 The luminescence of ZnONPs is yet another optical property which is 

determinable in the UV and visible region at room temperature.  This property is 

dependent on the surface defects of the particle (Rauwel et al., 2016).  

Biosynthesized and chemical ZnONP powders were subjected to PL analysis with an 

excitonic wavelength of 340 nm in Perkin-Elmer LS-55 luminescence spectrometer 

and the emission peaks were analyzed.  

3.2.2.6.   High Resolution Transmission Electron Microscopy (HRTEM) 

 This microscopic technique is utilized to gather information on the fine 

structure and morphology of nanoparticles.  Utilizing a water bath sonicator, the 

nanoparticles were dispersed in isopropanol for 15 minutes and the samples were 

then mounted on a copper grid and dried. The analysis was done using Joel/JEM 

2100 equipped with ‘selected area electron diffraction’ (SAED) setup.  The 

crystallinity is determined from the SAED pattern based on the image resulting from 

the interaction of electrons through the specimen (Wahab et al., 2007). 

3.3.  Results and discussion 

3.3.1.  Phyto-assisted sol-gel synthesis of  ZnONPs 

 The calcined powders obtained from individual plant extracts using sol-gel 

method (section 3.2.1.3.) were subjected to XRD and FESEM to confirm the 

presence of biosynthesized ZnONPs.  Using a trial and error method, the factors 
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affecting phyto-mediated biosynthesis were empirically determined for 10 plants and 

parts thereof.  The results obtained have been summarized in Table 3.1.  

 Table 3.1. Optimization of factors affecting biosynthesis of phyto-derived zinc 

oxide nanoparticles. 

 

 

 

 

Factors 
affecting 

biosynthesis 

Parameters 
tested 

Range tested 
Optimized 
conditions 

Occurrence of biosynthesis 
using plants and parts thereof 

(?) 

Yes No 

Concentration 
of Zn(NO3)2. 

6H2O 

4 – 12 % 
(w/v) 

5 % (w/v) 
A.muricata   

(roots*, 
fruits and 
seeds*) 

S. pinnata 
(leaves) 

M. zapota 
(leaves) 

P. obtuse (leaves) 

C.maxima (leaves) 

C. verum (leaves) 
C.fistula (fresh 

flowers) A. 
squamosa (leaves) 

A. reticulate 
(leaves) C. 

zedoaria (rhizome) 

Temperature of 
calcination 

400 – 800 ºC 600 ºC 

Duration of 
calcination 

1 – 3 h 2 h 

* indicates coarse texture of nanoparticles relative to the finer and softer 

preparation obtained with the remaining plant parts.  

Based on the optimization of parameters involved in the sol-gel method 

adopted, it was found that successful synthesis of phyto-derived nanoparticles could 

be obtained at a concentration of  5 % (w/v) of the metal precursor, calcination at 

600 ºC for 2 h.  Incidently, all these three parameters were found to be independent 

of external pH regulation.  Attempts to optimize pH in acidic/alkaline range resulted 

in total failure of biosynthesis.  Presumably, the inherent pH conditions prevalent in 

the individual aqueous extracts with their specific phytochemical compositions play 

a critical role in the bioreduction/redox and capping reactions underlying 

nanoparticle biosynthesis.   
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Fig. 3.1. Phyto-derived zinc oxide nanoparticles placed in a ceramic crucible. 

The abbreviations used to denote the respective nanoparticles are - 

AmFZnONPs, AmRZnONPs, AmSZnONPs, SpLZnONPs and MzLZnONPs – 

wherein the first two letters represent the genus and species (Am: A.muricata, Sp: S. 

pinnata, Mz: M. zapota) followed by the third letter representing the plant part (F: 

fruit, R: root, S: seed, L: leaf) and ZnONPs represent zinc oxide nanoparticles as 

mentioned elsewhere.   

Successful biosynthesis of ZnONPs by the sol-gel method employing fruits 

of Citrus aurantifolia and gum tragacanth have been previously reported (Samat 

and Nor, 2012; Darroudi et al., 2013).  It has been observed that sol-gel chemistry 

critically influences morphology and size of complex inorganic particles in the 

presence of biopolymers (Danks et al., 2016).  Plant based ‘green’ synthesis of zinc 

oxide nanoparticles enjoys better public acceptance as it is deemed to be safe 

biological method devoid of the usage of harmful chemicals used in nanoparticle 

fabrications  by the conventional chemical route (Mohammadi and Ghasemi, 2018).  

Plants are highly enriched in various phyto-biomolecules capable of effecting 

reduction of zinc ions to nanoparticles and functioning as capping agents.  The role 
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of different proteins present in plant extracts in stabilization of formed nanoparticles 

has also been highlighted (Happy et al., 2019).  The variation in composition and 

concentration of these active biomolecules between different plants and their 

subsequent interaction with aqueous metal ions are believed to be the main 

contributing factors  to the diversity of nanoparticle sizes and shapes produced (Shah 

et al., 2015).   For example, Trifolium pratense flower extract is a rich source of 

anthocyanins, phenolic acids, tannins, carotenes, essential oil which induce small 

agglomerated ZnONPs,  whilst the flower extract of Anchusa italic possessing 

triterpenes, saponins and flavonoids cause reduction of zinc ions to form hexagonal 

nanoparticles (Dobrucka et al., 2015; Azizi et al., 2016).  Although the exact 

mechanism of biosynthesis  ZnONPs is not completely understood, it is thought that 

synthesis involves reduction of a zinc salt into Zn2+, followed by the formation of a 

complex with the most active and abundant phytochemicals present in the plant. 

Hydrolysis then results in the separation of the phytochemical and Zn2+, wherein the 

ion forms Zn(OH)2 which on calcination ultimately leads to the formation of ZnO 

nanoparticles (Basnet et al., 2018).  A plethora of several aqueous plant extracts 

have been used for the biosynthesis of ZnO nanoparticles (Yuvakkumar et al., 2016; 

Rajeshkumar et al., 2018; Kumar et al., 2019). 

As mentioned above, the temperature and duration of calcination greatly 

influences the surface properties of biogenic zinc oxide nanoparticles.  In the present 

study, a temperature of 600 ºC for 2 h was found to be the optima for the formation 

of ZnONPs beyond which a drastic increase in the crystalline size of the particle was 

observed.  This is in line with several recent reports (Al Hada et al., 2014; Kayani et 

al., 2015; Baharudin et al., 2018; Belay et al., 2018).  Ashraf et al. (2015) have 

shown that decrement in particle size occurs below 300 ºC whilst size increment 

occurs above the latter temperature.   Contrastingly, Mornani et al. (2016) on the 

other hand, reports that increase in calcination temperature resulted in decrease in 

particle size.  ZnO nanoparticles calcined at 600 °C exhibited the highest conversion 

efficiency because of its higher dye adsorption ability and lower recombination rate 

compared to the others was also recently reported (Golsheik et al., 2017).  Likewise, 

the dependence of morphology of ZnONPs has been shown to be highly sensitive to 
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the concentration of reducing agent and calcination temperature (Raji and 

Gopchandran, 2017).  Yet another study on ZnONPs biosynthesis reported increase 

in integrity of crystalline structure on calcination at 600 °C for 3 h (Hussain et al., 

2019).   

3.3.2. Physico-chemical characterization 

3.3.2.1. X-ray diffraction (XRD) analysis 

 XRD technique generates reliable data on particle grain size, crystallinity and 

crystal phase-lattice parameter.  The diffraction peaks assist in computation of 

average size by well known Debye-Scherrer equation and the crystal structure can 

be referred from International Centre for Diffraction Data (ICDD) previously known 

as JCPDS (Mourdikoudis et al., 2018).  XRD pattern obtained for all samples could 

be indexed as the ZnO wurtzite hexagonal structure which agreed well with standard 

bulk ZnO using JCPDS card and the broadening of peaks observed indicated that the 

particles were in the nanoscale size range (Cao et al., 2019).  Fig.3.2a-e shows XRD 

profile for characteristic diffraction peaks of various plant derived ZnONPs at 2-

theta corresponding to the planes (100), (002), (101), (102), (110), (103), (200), 

(112) and (201).  The slight variations in peak intensities showing polycrystalline 

nature were attributable to differences in the plant constituents involved in synthesis.  

However, the chemically synthesized cZnONPs taken as controls showed additional 

peaks at (004) and (202) planes (Fig.3.2f).  

The average crystalline size calculated by Scherrer’s formula based on the 

first four intense diffraction peaks fitted to the Lorentzian peak shapes at the plane 

100, 002, 101 and 102 ( Panda et al.,2017).  Thus the mean size of biosynthesized 

AmFZnONPs, AmRZnONPs, AmSZnONPs, SpLZnONPs and MzLZnONPs 

obtained were 28±2nm, 46±2.5 nm, 61±3.5nm, 30±1.4 nm and 31±0.5nm 

respectively whilst the crystal size of cZnONPs was found to be 48.5±2.1 nm.     
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Fig. 3.2.  X-ray diffraction patterns of (a) AmFZnONPs (b) AmRZnONPs (c) 
AmSZnONPs (d) SpLZnONPs (e) MzLZnONPs and (f) cZnONPs [control NPs] 
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All the nanoparticles displayed a preferred plane of orientation along (101) 

with a d-spacing in lattice fringes belonging to the same plane (Vimala et al., 2014; 

choudhary et al., 2019).  The characteristic strong and narrow peaks devoid of any 

other interfering (unwanted) peaks demonstrated the purity of the phyto-derived 

ZnONPs as well as those of the commercial samples both displaying their crystalline 

hexagonal structure (Vanathi et al., 2014).         

3.3.2.2. Field Emission Scanning Electron Microscopy (FESEM) & Energy   

Dispersive X-ray spectroscopy (EDX) 

 Fig. 3.3 a–f represents the FESEM micrographs obtained from the individual 

preparations of the different biosynthesized samples and the chemical version of 

ZnONPs taken as control. The picture clearly depicts the discrete/embedded/particle 

nature of ZnONPs with an average size similar to that obtained with XRD 

computations.   A mixture of polycrystalline morphologies could be observed with a 

predominance of hexagonal structure which matched with the XRD data.  This is in 

line with the observations made by previous researchers (Akhtar et al., 2017; Das 

and Rabecca, 2017; Khatami et al., 2018).  Interestingly, the image of AmSZnONPs 

clearly showed formations of nanostructures such as hexagonal rods having the 

biggest size in comparison to all other biosynthesized and the control nanoparticles.  

The AmR and SpL derived ZnONPs were notable due to their well defined 

polygonal and hexagonal particle shapes. The presence of phyto-derived material 

was also evident as bulkier particles associated with the smaller nanoparticles 

indicative of capping agents adsorbed.  A recent report by Alves et al. (2019) 

discusses the influence of charged phytomolecules on nanocrystal nucleation 

involving negatively charged sugars leading to formation of rod-like zinc 

nanoparticles and the presence of high density sugars resulting in platelet-like 

particles. In the present study, the use of three different extracts prepared from the 

roots, fruits and seeds of the same plant A.muricata resulted in three 

morphologically distinctive particle types.  This clearly emphasizes on the influence 

of specific cocktails of phyto-derived bioreductants in shaping and tuning of the 

nanoparticles.  
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Fig. 3.3. FESEM images of (a) AmFZnONPs (b) AmRZnONPs (c) AmSZnONPs (d) 
MzLZnONPs (e) SpLZnONPs and (f) cZnONPs (scale bars represent 50 nm).  

 

  The elemental compositions of the biosynthesized and the purchased 

chemical version of   ZnONPs were determined by EDX analysis to confirm their 

purity as evidenced by the signals emanating from elemental zinc and oxygen (Fig 

3.4). Notably, AmRZnONPs and AmSZnONPs showed the presence of minute 

amounts of potassium ion, a vital plant macronutrient likely to have been adsorbed 

from the plant extract. Table 3.2 gives a profile of the percentage weight of 

individual elements in the different types of nanoparticles used in this study.  The 

highest percentage of atomic Zn was found to be present in SpLZnONPs followed 

by that in cZnONPs and MzLZnONPs.  All of the three types of A. muricata based 

nanoparticles were found to possess relatively lower amounts of Zn with minor 

variations. A concomitant variation in the amounts of elemental oxygen is also 

evident from the EDX profile.  
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 Fig.  3.4. EDX spectrum of (a) AmFZnONPs (b) AmRZnONPs (c) AmSZnONPs 
(d) MzLZnONPs (e) SpLZnONPs and (f) cZnONPs 

 

Table 3.2.  Zn and O atom compositional profile of EDX analysis 

Sample Weight% 
(Zn) 

Weight%(O) Atomic% 
(Zn) 

Atomic% (O) 

AmFZnONPs 74.34 25.66 41.49 58.51 

AmRZnONPs 74.84 23.65 43.01 55.53 

AmSZnONPs 74.87 23.41 43.18 55.16 

MzLZnONPs 82.03 17.97 52.77 47.23 

SpLZnONPs 90.59 9.41 70.20 29.80 

cZnONPs 83.13 16.87 54.67 45.33 
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3.3.2.3. Fourier Transform Infrared (FTIR) spectroscopy 

FTIR spectrum reveals the molecular fingerprint of the sample components 

based on absorption and transmission of infrared radiations. The unique spectrum 

with absorption peaks corresponding to the frequencies of vibrations between the 

bonds of the atoms making up the material provides useful information to identify 

the unknown compounds.  Since the sol-gel method of ZnONP synthesis in this 

study was carried out in the presence of individual extracts with distinctive phyto-

chemical composition, FTIR was carried out to analyze the extract-derived 

compounds such as those involved in stabilizing/ capping or still others adsorbed or 

associated with the nanoparticles.    Such a recorded spectrum gives the position of 

bands related to the strength and nature of bonds, and specific functional groups, 

thus providing valuable information concerning molecular structures and 

interactions (Mourdikoudis et al., 2018).   Fig. 3.5.  is a graphical representation of 

the results of the FTIR analysis of the biosynthesized as well as that of chemical 

version of ZnONPs.   The stretching vibrations below 600 cm-1 are characteristic of 

the spectral representation of metal-oxygen bonding; hence the sharp peaks observed 

below 500 cm-1 are attributable to Zn-O bond bending as reported in previous 

studies (Yuvakkumar et al., 2014;  Parthiban and Sundaramurthy, 2015;  

Sundrarajan et al., 2015).   

In the case of the chemically synthesized ZnONPs, apart from the main 

fingerprint peak of Zn-O below 500 cm-1 mentioned above, very few other 

functional peaks were observed - those at  3455 cm-1, 1616 cm-1 , 1375 cm-1 and 700 

cm-1 corresponding to the vibrations of OH group, alkenyl CC stretch, CN of 

aromatic amines and phenyl group respectively.  However, all phyto-assisted 

nanoparticles were found to exhibit the presence of abundant organic moieties 

decorating them (Table 3.3).  Broad and intense peaks between 3420 cm-1 – 3443 

cm-1 in biogenic ZnONPs represented OH stretching.  AmFZnONPs, AmRZnONPs, 

AmSZnONPs. SpLZnONPs and MzLZnONPs showed vibrational peaks around 

2921-2923 cm-1  , 2304-2363 cm-1 and 1022-1023 cm-1  apparently due to OH 
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stretching of carboxylic acid  and symmetric/asymmetric stretch of CH in alkyl 

groups, CH stretching of aromatic aldehydes and CN stretch of primary amine.  The 

band observed at 1541 cm-1  and 1508 cm-1  in AmRZnONPs denoted CO groups of 

flavonoids whilst sharp peaks around 1630 cm-1   in  AmFZnONPs,  AmSZnONPs. 

SpLZnONPs and MzLZnONPs were attributable to NH bend of primary amine.  The 

moderate absorption peak in the region between 1457 cm-1 to 1384 cm-1 implicated 

the presence of aromatic ring on all biosynthesized ZnONPs.   Except AmFZnONPs, 

other green nanoparticles showed a good stretching peak of polypeptide amide bond 

around 1633 cm-1.  Mono and poly-fluorinated compounds accounted for the peaks 

around 1110 cm-1 in all particles except SpLZnONPs.  AmFZnONPs, AmRZnONPs 

and SpLZnONPs displayed aliphatic phosphate stretches around 800 cm-1 

(Samzadeh-Kermani et al., 2016; Salari et al., 2017;  Suresh et al., 2018; 

Mourdikoudis et al., 2018).  The bands centered at and around 1730 cm-1  in AmR, 

AmS and MzL derived ZnONPs are attributable to free – COOH whereas the peak at 

2854 cm-1  denote the presence of methyl or methoxy groups (Kumar et al., 2014). 
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Fig.  3.5. FTIR spectra of  (a) AmFZnONPs (b) AmRZnONPs (c) AmSZnONPs (d) 
MzLZnONPs (e) SpLZnONPs and (f) cZnONPs 
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Table 3.3.  Major FTIR peaks (in cm-1) and vibration modes assigned for phyto-derived and chemical ZnONPs 

Vibration mode AmFZnONPs AmRZnONPs AmSZnONPs SpLZnONPs MzLZnONPs cZnONPs 

OH stretching 3433 3420 3432 3433 3443 3455 
CH stretch in alkyl 
group 

2924 2923 2923 2921 2922 - 

CH stretch in methyl or 
methoxy group 

2854 - 2854 2844 2851 - 

CH stretch in aromatic 
aldehydes 

2361 2343 2304 2363,2333 2356 - 

CO stretching - 1749 1747 - 1746 - 
 - 1716 - - - - 
CO-NH bond in 
polypeptide 

1630 - 1630 1637 1633 - 

CC stretch, NH2 

deformation 

- - - - - 1616 

Aromatic skeletal CO 
stretching 

- 1541,1508 - - - - 

CH2 stretching of 
aromatic rings 

1457 1456, 1418 - 1421 - - 

Aliphatic CH stretch 1384 - 1384 - 1384 - 
CN stretch of aromatic 
amines 

- - - - - 1375 

COC, CO stretch in 
fluorinated compounds 

1108 1110 1152 - 1113 - 

CN stretch of primary 
amine 

1032 1033 1022 - - 1023 

Aliphatic phosphate 838 873 - 874 - - 
Phenyl group - - - - - 700 
Zn-O bond stretching 475 448,414 456 422 485 478 



 66

FTIR spectrum of the biosynthesized ZnONPs thus provides evidence of the 

presence of plant derived compounds in these nanoparticles which are conspicuous by 

their absence in the case of the chemically derived particles (Table 3.3).  In this context, 

it is relevant to point out that Lukman et al. (2011) has reported that the adsorption of 

reducing agents on the surface of metallic nanoparticles is due to the presence of π-

electrons and the carbonyl groups present in their molecular structures.  Ebadi et al. 

(2019) has proposed that nanoparticle is synthesized and stabilized by replacing the 

acids with methyl and hydroxyl groups.  The aforementioned FTIR analysis of the 

biosynthesized nanoparticles is in agreement with several recent reports on 

biosynthesized zinc oxide nanoparticles (Ezealisiji et al., 2019; Ogunyemi et al., 2019).  

3.3.2.4. UV-visible (UV-vis) spectroscopy 

 The absorbance spectra of biogenic and non-biogenic nanoparticles are shown 

in Fig. 3.6. The area under surface plasmon resonance (SPR) peaks depends on shape, 

size, dielectric constant and surrounding medium.  Conducting electrons oscillate at a 

certain wavelength range due to the SPR effect and this excitonic absorbance clearly 

demonstrates the quantum confinement effect of small nanoparticles (Rao et al., 2015; 

Kumar and Dixit, 2017; Mohammadi and Ghasemi, 2018).  The intrinsic band gap 

absorption of biosynthesized AmFZnONPs, AmRZnONPs, AmSZnONPs, SpLZnONPs 

and MzLZnONPs was obtained at 374-384 nm, 373 nm, 372 nm, 372 nm and 384 nm 

respectively due to their electron transitions from valence to conduction band (O2p to 

Zn3d).  The band gap energy was calculated as 3.31 & 3.23 eV, 3.33 eV, 3.33eV and 

3.23 eV and this red shift in band gap is also shown by other biosynthesized ZnONPs 

(Saha et al., 2018; Yadav et al., 2019).  The sharp peaks obtained at this UV absorption 

region corresponded to zinc oxide nanoparticles and is indicative of their 

monodispersity.  cZnONPs, however,  showed a less intense blue shift absorption peak 

at 334 nm followed by a red shift at 384 nm.    
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Fig. 3.6. Uv-vis absorption spectrum of (a) AmFZnONPs (b) AmRZnONPs (c) MzLZnONPs 
(d) SpLZnONPs (e) AmSZnONPs and (f) cZnONPs 
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3.3.2.5. Photoluminescence (PL) spectroscopy 

 PL is the emission of light as a result of excitation of the sample material by a 

monochromatic light source. The sample absorbs photons from a source such as laser 

resulting in electron excitation from valence to conduction band.  Excited electrons 

may lose their energy either by a non-radiative or a radiative recombination process. 

The radiative recombination of free carriers results in photoluminescence.   

Semiconductor ZnO can itself luminesce in UV and visible regions which strongly 

depends on the excitonic recombination and intrinsic defects.  According to a previous 

study by Rauwel et al. (2016), luminescence emission at visible region of a substance is 

a characteristic of the method used for synthesis and the structural complexities 

associated with the surface defects.  However, in the present study, the results of PL 

spectroscopy revealed that all five biosynthesized as well as the commercial ZnONPs 

displayed an emission spectrum  only in the visible region which is in agreement with 

some previous reports (Hazra et al., 2012; Ansari et al., 2013) [Fig. 3.7].  The absence 

of UV emission in both types of nanoparticles may be due to the short lifespan of free 

exciton arising from the high oscillator strength of the transition and the fast non-

radiative trapping of excited charge carriers (Bindu and Thomas, 2014).  Fu and Fu 

(2014) showed both UV and visible range emission in P.amboinicus leaf extract 

assisted-ZnO nanoparticles. 

AmFZnONPs showed only blue emission at 480 nm whilst all others displayed 

multiple peaks showing broad blue emissions around 420 nm and 480 nm.  However, 

cZnONPs showed an additional green emission band at 540 nm.  This green emission is 

attributed to singly ionized oxygen vacancy resulting from the recombination of a 

photo-generated hole with a singly ionized charge state (Zhou et al., 2006).  The peaks 

around 420 nm indicated the presence of interstitial zinc (Zni) as well as shallow donors 

and acceptors.  A weak band at 460nm in PL spectra of SpLZnONPs and cZnONPs 

indicated Zn vacancies, interstitial oxygen (Oi) and Zni which is similar to the case of 

fenugreek-derived and seaweed-based ZnONPs (Alshehri et al., 2019; Itroutwar et al., 

2019).  According to Velsankar et al. (2020), the weak emission band at 480 nm 

emerges due to the surface defects and also the passage of the electron from shallow 

donor Zni to valence top band.  The emission observed at the visible range is also 
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caused by the decrease in surface to volume ratio as a result of by huge flaws in the 

surface (Gupta et al., 2018).  These aspects of nanoparticles have greatly contributed 

towards several biomedical and photocatalytic applications.    

 
Fig. 3.7. Photoluminescence spectrum of  (a) AmFZnONPs (b) AmRZnONPs (c) 
AmSZnONPs (d) SpLZnONPs (e) MzLZnONPs and (f) cZnONPs  

 

3.3.2.6. High Resolution Transmission Electron Microscopy (HRTEM) 

 The images obtained with HRTEM technique were found to be in agreement 

with and a reconfirmation of the results obtained with FESEM and XRD analysis.  

Monodispersed and   polycrystalline nature of both types of ZnONPs could be observed 
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both in the micrographs as well as the SAED pattern (Fig. 3.8.).  Also, the presence of 

thin hazy cappings of phyto-constituents was observed as a dark thin layer over 

clustered nanocubes, nanorods, polyhedral and hexagonal crystal structures of biogenic 

nanoparticles.  The average particle size obtained from TEM analysis of AmFZnONPs, 

AmRZnONPs, AmSZnONPs, SpLZnONPs, MzLZnONPs and cZnONPs were 33±0.8 

nm, 42.77±3.1 nm, 58±4.5 nm, 39.23±3.0, 34.89±2.3 nm and 32.48 ± 4.2 nm 

respectively.   The minor size variations observed here compared with the results of 

XRD may be due to the nature of sample preparation and presentation associated with 

the individual instrumental set up.  The SAED ring pattern showed bright spots which 

displayed polycrystallinity with randomly oriented ZnONPs as reported by previous 

researchers (Khalil et al., 2014; Suresh et al., 2016).   The distinct lattice fringes (0.24 

nm in biogenic ZnONPs and 0.28 nm for cZnONPs) corresponding to (101) plane 

supported the XRD analysis and hence distance between crystalline planes are 

consistent with standard pattern of wurtzite ZnO structure in agreement with some 

recent reports (Asik et al., 2019; Kadam et al., 2019).  

 

Fig. 3.8.  HRTEM images of  (a) AmFZnONPs (b) AmRZnONPs (c) AmSZnONPs (d) 
MzLZnONPs (e) SpLZnONPs and (f) cZnONPs.  Scale bars for lattice fringes and SAED 
patterns are 2 nm and 5 1/nm respectively. 
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Taken together, the above results revealed that pure and crystalline ZnONPs can 

be biosynthesized in situ in a simple, sol-gel procedure with the aid of suitable aqueous 

plant extracts and metal precursors using an environmental-friendly manner devoid of 

the use of any perilous chemicals.  The characterization of these particles further lends 

credence to the fact that nanoparticles can be moulded and packed without any 

assistance from external chemical stabilizers.  It was also interesting to note that the 

biofunctionalized nanoparticles showed structural properties similar to that of the 

chemically synthesized commercial version.  The following chapters of this Thesis 

scientifically document a comparison of the multifaceted potential of these phyto-

derived zinc oxide nanoparticles with their chemical counterparts, in the light of 

interesting results obtained during the course of the present study.      
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CELLULAR AND MOLECULAR INVESTIGATIONS TO 
ASSESS THE ANTICANCER POTENTIAL AND 

BIOCOMPATIBILITY OF PHYTO-DERIVED AND THE 
CHEMICALLY SYNTHESIZED ZnONPs 

 

4.1. Introduction  

 Nanomedicine embodies nanotechnology based applications in medicine, such 

as the use of nanoparticles with variable surface chemistry and architecture for cancer 

imaging and treatment.  Numerous investigations have shown that both tissue and cell 

distribution profiles of anticancer drugs can be controlled by their entrapment in 

submicronic nanoparticle systems. The rationale behind this approach is to increase 

antitumor efficacy, while reducing systemic side-effects (Wang et al., 2010; Brigger et 

al., 2012).  Recently, inorganic metal oxides like ZnONPs have received much attention 

for their implications in cancer therapy, due to their well-defined physico-chemical 

nature that enhances interactive potential with biological components (Kang et al., 

2015; Jiang et al., 2018; Limo et al., 2018; Ebadi et al., 2019).  Studies have shown that 

ZnONPs induce cytotoxicity in a cell-specific and proliferation-dependent manner, with 

rapidly dividing cancer cells being the most susceptible and quiescent cells the least 

sensitive (Premanathan et al., 2011; Akhtar et al., 2012).  Controlled synthesis and 

variations in capping agents of these nanoparticles with specific morphological and 

surface properties are known to contribute towards improved activities relavent to 

biomedical applications including differences in cytotoxicity (Siddiquah et al., 2018).  

The latter report also mentions the role of capping agents in increasing the shelf life of 

nanoparticles upto several hours thereby extending their bioavailability.  Recently, 

several studies were published on the anticancer potential of ZnONPs synthesized in 

the presence of various plant extracts (Prashanth et al., 2017; Ngoepe et al., 2018; Rauf 

et al., 2019).  Interestingly, the selective nature of cytotoxicity of seaweed derived-

ZnONPs against cancer cells without affecting normal cells has been reported by 

Namvar et al. (2015), which assumes significance of these particles in cancer 

therapeutics. 



 73

 A critical approach in cancer therapy involves activation of key genes 

responsible for induction of apoptotic death.  Apoptosis is a highly conserved 

mechanism by which eukaryotic cells commit suicide, thereby preventing cancer.    The 

ability of cancer cells to bypass this molecular mechanism underlies cancerous 

transformation of cells and their metastatic progression.  Induction of caspase-mediated 

apoptosis by zinc oxide nanoparticles in cancer cells has been recently reported (Bai et 

al., 2017; Kadhem et al., 2019).  ZnONPs have been shown to affect cellular redox 

homeostasis by inducing formation of ‘reactive oxygen species’ (ROS) leading to 

oxidative stress. This stress, in turn, harms mitochondrial membrane potential causing 

release of cytochrome c and activation of intrinsic apoptotic pathway. The elevated 

ROS levels pose severe threat to DNA resulting in cell cycle arrest or apoptosis (Bisht 

et al., 2016). 

 In view of the above, a set of experiments was conducted to assess the 

comparative cytotoxicities of the phyto-derived zinc oxide nanoparticles with that of 

the chemically synthesized commercial version, against selected human cancer cell 

lines such as chronic myelogenous leukemic K562, colon carcinoma HCT 116 and lung 

adenocarcinoma A549 cells.  Normal human peripheral blood lymphocytes, 

erythrocytes and a plant cell model - root tip cells of Allium cepa L., were also 

employed to evaluate the biocompatibility and selective action of both types of 

nanoparticles.   The cytotoxicity screening of individual nanoparticle types was based 

on 3-(4, 5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay.  It is 

relevant to note here that previous reports on cytotoxic effects of biogenic ZnONPs on 

HCT 116 and K562 cells were found lacking in published literature.  Of the four reports 

encountered on the action of phyto-derived ZnONPs against the third cell line, A549,  

by  Zhang et al. (2017), Ngoepe et al. (2018), Dobrucka et al. (2018) and Husssain et al. 

(2019), barring the first, the latter furnished only scanty information on their cellular 

toxicity.  In this context, detailed investigations were undertaken at the cellular and 

molecular levels to unravel the mode of action of the biosynthesized and characterized 

zinc oxide nanoparticles on selected cancer cell types.  The experimental methodology 

adopted and the results obtained have been included in the subsequent sections of this 

chapter.   
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4.2. Materials and methods 

4.2.1. Chemicals and reagents 

Dulbecco’s Modified Eagle’s Medium (DMEM), Roswell Park Memorial 

Institute (RPMI-1640) medium, HiKaryoXLTM RPMI(PHA-P), 3-(4,5-

dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT), Bovine serum albumin 

(BSA), penicillin, streptomycin and acetocarmine were procured from Himedia 

Laboratories Pvt. Ltd., Mumbai, India.  Zinc oxide nanopowder designated as 

cZnONPs (<50nm), 5-Bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium 

(BCIP/NBT), dimethyl sulfoxide (DMSO), dichloro-dihydro-fluorescein-diacetate 

(DCFH-DA), Rhodamine123, Flou-3AM, Hoechst 33258,  propidium iodide, TRI® 

reagent, and crystal violet were purchased from Sigma-Aldrich (USA).  Alexa 

Fluor®488-Annexin V/Dead cell apoptosis kit, fetal bovine serum (FBS) and 0.25 % 

Trypsin-EDTA were obtained from Gibco (Thermo Fisher Scientific, USA).  Positively 

charged nylon membrane was purchased from BDH laboratory supplies, England.  

SYBR Green PCR Master Mix was purchased from TAKARA (Japan).  Tris base, 

glycine, RNase, acridine orange (AO), ethidium bromide (EtBr), colchicine and heparin 

were purchased from SRL Pvt. Ltd., (Mumbai, India).  Primary rabbit monoclonal 

antibodies against β-actin, cleaved caspase-3, cleaved PARP, cleaved caspase-8, cyclin 

B1, cytochrome c were purchased from Cell Signalling Technology, USA.  Goat anti-

rabbit IgG-alkaline phosphatase (ALP)-conjugate, agarose powder, RNase inhibitor, 

oligo-(dT)18 primer, DTT, and reverse transcriptase enzyme were purchased from 

Bangalore Genei (Merck Life Sciences, Mumbai, India).  All the other reagents used 

were of analytical grade. 

4.2.2. Human cancer cell lines employed in the present study 

   Three human cell lines - chronic myelogenous leukemic K562, colon carcinoma 

HCT 116   and lung adenocarcinoma A549 - used in this study were obtained from 

National Centre for Cell Sciences (NCCS), Pune, India.  The salient features of these 

cell lines have been outlined in the subsections given below. 
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4.2.2.1. Chronic myelogenous leukemic K562 cells  

 This cell line has been derived from pleural fluid of a 53-year old female patient 

during terminal blast crisis. It is the first human immortalized 

myelogenous leukemia cell line  of erythroleukemia type (Lozzio and Lozzio, 1975; 

Drexler, 2000).  K562 cells grow as suspension cells and have no B markers of immune 

globulins, traces of Epstein-Barr virus and Herpes virus ( Koeffler and Golde, 1980).  

K562 resembles undifferentiated and granulocytic leukemic round and smooth cells and 

also narrow ridge like and small ruffles in some cells with some T cell properties.  

Karyotyping of K562 cells revealed the presence of  68 to 73 chromosomes, a near 

triploid state (Klein et al., 1976).  These myeloid cells lack MHC complex and are also 

found to have downregulated bcr: abl gene that reduces adhesiveness (Drexler, 2000; 

Jongen-Lavrencic, 2005).  A major hallmark of this cancer cell line is the presence of 

t(9;22)(q34;q11) ‘Philadelphia reciprocal translocation’.  This genetic abnormality 

creates a fusion gene BCR-ABL1, expressed as a hybrid protein tyrosine kinase which 

signals constitutively resulting in genomic instability and uncontrolled cell division 

(Luchetti et al., 1998).  In these cells, death occurs mainly due to activation of 

mitochondrial apoptosis (Chunhui et al., 2016).      

4.2.2.2. Colon carcinoma HCT 116 cells 

HCT 116 is a human colon cancer cell line having pseudo-diploid karyotype is 

used highly in cancer research, immunity and inflammatory studies of intestine and 

drug screening.    According to American Cancer Society, 1 in 22 men and 1 in 24 

women are at risk of colorectal cancer and it has become the third most common type 

of cancer in American society.  The cells have a mutation in codon 13 of KRAS proto-

oncogene and are potentially useful for studies on targeted gene therapy (Rajput et al., 

2008).  Under in vitro  conditions, these cells are adherent, epithelial, growth factor 

independent, invasive, highly motile and tumorigenic (Jiang et al., 1998; Howell et al., 

1998; Sawhney et al., 2002; Awwad et al.,2003).   Cell signaling molecules like inositol 

pyrophosphate crammed around an eight carbon inositol scaffold, InsP8, was found in 

higher levels in HCT 116 cell variants compared to other mammalian cell lines (Gu et 

al., 2016).  CRISPR/Cas9-mediated knock out of membrane-associated RING-CH 
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protein 2 (MARCH2)  in these cells caused endoplasmic reticulum - mediated stress 

followed by suppressed cell proliferation, apoptosis, autophagy and also increased 

sensitivity  towards drugs such as etoposide and cisplatin ( Xia et al., 2017).  Metastasis 

and invasion of HCT 116 cells was reportedly inhibited by 5-Fluorouracil-loaded 

pluronic P85 copolymer micelles in in vitro and in vivo studies (Zhu et al., 2016). 

4.2.2.3. Lung adenocarcinoma A549 cells 

 This is a human, non-small lung cancer-derived alveolar cell line developed 

from a 58-year old Caucasian male cancerous lung tissue (Giard et al., 1973). The cells 

possess type II alveolar phenotype with a diameter averaging 10.59 µm (Jiang et al., 

2010).  A549 cells are known to harbour K-RAS mutation, epidermal growth factor 

receptor gene amplification, morphological heterogeneity with varying proliferative 

activity (Kondo et al., 2015).  Long term culture of these cells induces multilamellar 

body formation following differentiation into an alveolar, type II pneumocyte 

phenotype.   Also, SOX2, SOX9 and NANOG progenitor cell marker expression is 

found increased in these cells indicative of cancer stem cell population (Cooper et al., 

2016).  It was reported that survivin protein expression could improve sensitivity of 

A549 to vincristine therapy (Zhou et al., 2017).   An intravenous anesthetic drug, 

propofol, was found to induce apoptosis by upregulation of p53 and p16 expression, 

downregulation of cyclin D1, Bcl-2 and increase in expression of Bax, cleaved caspase-

3,-9 in these cells.  Also, inhibition of metastasis and invasion of these lung cancer cells 

was found to be inhibited by propofol through decreased expression of MMP-9 and 

vimentin.   Downregulation of miR-372 by the same drug also caused inactivation of 

Wnt/β-catenin and mTOR pathways, thereby inhibiting their proliferation (Vasileiou et 

al., 2009, Sun and Gao, 2018).   

4.2.2.4. Culturing and maintenance of cell lines 

K562 cells were cultured as a suspension in RPMI 1640 medium whilst the 

adherent HCT 116 and A549 cells were grown as monolayer in DMEM medium in T25 

tissue culture flasks. The growth medium was supplemented with 10% (v/v) FBS, 

streptomycin (100 µg/mL) and penicillin (100 U/mL) and maintained in 5% CO2 

humidified incubator at 37 ºC.  The medium was replenished based on cell growth and 



 77

also was monitored regularly for any possibility of contamination.  Trypsinization was 

done to release the adherent cells in order to collect them for subculturing and seeding 

whilst suspension cells required only simple harvesting by centrifugation. 

4.2.3. Cytotoxicity evaluation of  ZnONPs against human cancer cells 

4.2.3.1. MTT assay  

This rapid and convenient colorimetric assay was performed to assess the 

cytotoxicity of biogenic and chemical zinc oxide nanoparticles against all the three cell 

lines, essentially as described previously by Florento et al. (2012).   For this, HCT 116, 

A549 cells (2.5 x 104 no./mL) and K562 cells (5.0 x 104 no./mL) were seeded 

individually into 96-well microtitre plates and grown for 24 h.  After attaining enough 

growth, all cell types were individually treated with varying concentrations (25 µg/mL - 

150 µg/mL) of each of the phyto-derived nanoparticles - AmFZnONPs, AmRZnONPs, 

AmSZnONPs, MzLZnONPs and SpLZnONPs - along with the chemically derived 

cZnONPs, from a stock solution (5 mg/mL).  Similar aliqouts of untreated cells of each 

type as well as those treated with appropriate concentrations of the different plant 

extracts were also maintained as controls.   Following treatment of cells for a period of 

24, 48 and 72 h,  the culture medium was replaced with MTT (500 µg/mL) solution and 

incubated in the dark for 3 h at 37 ºC.  The purple formazan crystals resulting from 

reduction of MTT by mitochondrial dehydrogenase within viable cells were dissolved 

in DMSO and the absorbance was then measured at 570 nm using a Multiskan EX plate 

reader (Thermo Scientific, USA).  Percentage cell death was determined based on the 

difference in absorbance values of the treated and control samples (Namvar et al., 

2015).  The half-maximal inhibitory concentration (IC50) for each type of nanoparticle 

was experimentally derived from the dose-response curve.  All subsequent experiments 

were carried out at three different concentrations - below, at and above the IC50 

concentrations – were determined for individual cell and nanoparticle types. 

4.2.3.2. Trypan blue dye exclusion assay 

 This cell viability assay was performed as described by Piccinini et al. 2017.  

Trypan blue is a cell impermeable dye that enters the cell only when membranes are 
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compromised in their integrity, thus distinguishing live and dead ones.  Briefly, all 

three cell types were seeded separately at a density of 1 x 105 cells /mL.  Following a 

24 h growth period, the cells were treated with the nanoparticles for a further 48 h.  The 

cells were then collected by centrifugation (1200 rpm, 5 min) and resuspended in 

culture medium.  A 1:1 dilution of cell suspension was made with 0.4 % trypan blue 

stain and observed under a light microscope to determine percentage viability; the non-

viable cells stained blue whilst the viable intact cells remained colorless due to 

exclusion of dye.  

4.2.4. Clonogenic assay 

 Ability of cancer cells to form colonies can be assessed under in vitro 

conditions by clonogenic assay.   In brief, 500 cells/mL each of HCT 116, A549 and 

300 cells/mL of K562 were separately seeded into 6-well plates along with the different 

nanoparticle types and then incubated for a period of 48 h.  Following replacement of 

culture medium, the cells were grown further for 7 days in a CO2 incubator. The 

colonies were then stained using crystal violet (0.5%w/v in 6 % glutaraldehyde) for 30 

minutes. Excess stain was rinsed out and the air-dried colonies were counted to obtain 

the survival percentage (Franken et al., 2006).  Survival fraction was determined as 

percentage of the plating efficiency of the treated cells in comparison to the untreated 

controls (Wang et al., 2017).       

4.2.5. Evaluation of cell death by microscopy 

Cytomorphological changes of both of the treated and untreated cells were 

analyzed employing light, scanning electron and fluorescence microscopy.  

4.2.5.1. Light microscopy 

  The culture plates containing the untreated control and ZnONP-treated cells      

(1 X 105 cells/mL) were observed under a phase contrast, inverted microscope (Carton 

N100 FS) following a 48 h exposure period.  
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4.2.5.2. Scanning electron microscopy   

Electron microscopy was carried out using a CARL-Zeiss Gemini 300 scanning 

electron microscope to study the cytomorphological alterations induced by 

nanoparticles in cancer cells.  For this, all the three cancer cell types (1 X 105 cells/mL) 

were treated with biogenic / chemical ZnONPs for 48 h.  The control and treated cells 

were then fixed in 4 % gluteraldehyde prepared in PBS for 3 min.  Following two 

washes with PBS, the cells were then dehydrated by passing through an ascending 

series of 75-100% acetone (Sreekanth et al., 2007).   The dried cells were then spread 

onto a carbon tape and sputtered with gold for observation through microscope. 

4.2.5.3. Fluorescence microscopy 

4.2.5.3.1. Hoechst 33258 staining 

Nuclei-specific Hoechst 33258 staining (1mg/mL) was carried out essentially as 

described by Sahu et al. (2013).  Briefly, both control and treated cells were harvested 

by centrifugation, washed and re-suspended with PBS and stained for 15 min at 37 ºC.  

The enhanced fluorescence of fragmented chromatin within nuclei was observed and 

photographed on a fluorescence microscope.   

4.2.5.3.2. Acridine orange-ethidium bromide dual staining 

Apoptotic cells can be visualized by differential staining using 100µg/mL of 

acridine orange (AO) and ethidium bromide (EtBr).  Following a treatment period of  

48 h, the control and treated cells (1 X 105cells/mL) were washed with cold PBS and 

dual-stained with AO-EtBr for 5 min prior to observation under a fluorescence 

microscope.  Non-apoptotic cells were detectable due to the presence of characteristic 

green nuclei under a blue filter whilst the apoptotic cells displayed orange to red nuclei 

(Kang et al., 2015).  Percentage of apoptotic cells were then quantified with respect to 

the untreated control cells.    
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4.2.6. Assessment of intracellular biochemical changes: Reactive oxygen species 

(ROS), mitochondrial membrane potential (MMP) and Ca2+ ion release 

 The levels of  cellular reactive oxygen species (ROS), mitochondrial membrane 

potential (MMP) and Ca2+ ion release are some of the well established biochemical 

parameters useful for the assessment of  apoptotic induction.  Dyes such as dichloro-

dihydro-fluorescein diacetate (DCFH-DA), rhodamine 123 and fluo-3AM have been 

successfully employed for the purpose.  The oxidation of non-fluorescent DCFH-DA 

by intracellular ROS generates, a green, membrane permeable molecule - 2,7, dichloro 

flourescein (DCF)  - which fluoresces at 530 nm (Eruslanov et al., 2009).  All three 

types of cells were seeded and treated as described earlier followed by incubation with 

DCFH-DA (10µM) at 37 ºC for 30 minutes in the dark. Images of cellular fluorescence 

were captured.  Likewise, variations in green fluorescence intensity of cationic, 

lipophilic rhodamine 123 (10µg/mL) dye following incubation with ZnONPs indicated 

depolarization of mitochondrial membranes of cells undergoing apoptosis (Mathuram 

et al., 2016).   Calcium release is also another key event triggering apoptosis induction 

which is quantifiable by the fluorescence resulting from binding of Ca2+ ions to fluo-

3AM.  Briefly, both control and treated cells were incubated with 5 µM of this dye for 

30 minutes at 37 ºC and green fluorescence was monitored and photographed.  

4.2.7. Flow cytometric analysis of apoptosis 

 Cell cycle distribution of control and treated cell population was carried out by 

propidium iodide staining followed by flow cytometric (FACS) analysis.  Alexa fluor 

conjugated annexin V fluorescent staining was carried out according to manufacturer’s 

protocol for detection of externalized phosphatidylserine, characteristic of apoptotic 

cells emitting green fluorescence.  The results obtained with both these techniques were 

recorded on a BD Bioscience FACS ARIA II cytometer.  The cell populations used to 

analyze cell cycle phase distribution were washed with PBS and fixed in 70% ethanol.   

Traces of ethanol were eliminated by two washings with PBS, a 30 min RNase A 

treatment to remove interfering RNA followed by propidium iodide staining (Wang et 

al., 2016).  
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4.2.8. Genotoxicity analysis 

 The damaging  effects of both types of ZnONPs on the cellular genome was 

carried out by using (i) ethidium bromide staining following single cell gel 

electrophoresis (comet assay) and (ii) observation of DNA breaks on agarose gels. 

4.2.8.1. Comet assay 

DNA strand breaks can be visualized as a comet tail by nuclear staining with 

ethidium bromide under fluorescence microscope. This assay was carried out as 

described by Ng et al. (2017) by mixing the treated cells with low melting agarose 

followed by electrophoresis under alkaline conditions. The fragmented DNA, a 

hallmark of apoptosis, is observable as a ‘comet tail’ emanating from the affected 

nuclei (Aviello et al., 2011).   

4.2.8.2. DNA fragmentation 

The harvested control and treated cells were incubated in the lysis buffer for 3 h 

at 37 ºC. The reaction mixture was then purified by organic solvent extraction and the 

DNA was finally precipitated using distilled ethanol by standard procedures (Sahu et 

al., 2013).  The genomic samples were then mixed in TE buffer and electrophoresed on 

2.0 % agarose gels at 100 V following detection and photography on a gel 

documentation system. 

4.2.9. Gene expression profiling by reverse transcription-quantitative polymerase 

chain reaction (RT - qPCR). 

RT-qPCR was performed to detect changes in the expression of genes involved 

in apoptotic induction on exposure to ZnONPs in HCT 116, A549 and K562 cells.  

Relative expression of a set of key transcripts involved in apoptosis induction, 

including pro- and anti-apoptotic genes, was studied using ten pairs of primers (Table 

4.1.).  Using SYBR green dye-detection method, quantitative assessment of the 

transcripts of these selected genes was carried out relative to the expression of 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which is conventionally 
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employed as a representative of a housekeeping gene (Chandra et al.,2002; Ahamed et 

al., 2011; Kuppusamy et al., 2016).    

Table 4.1. RT-qPCR primer sets used for quantification of relative gene expresson 

Primers  Oligonucleotides 5´-3′ sequence 

GAPDH Forward: AATCCCATCACCATCTTCCA 

Reverse: CCTGCTTCACCACCTTCTTG 

P53 Forward: CCCAGCCAAAGAAGAAACCA 

Reverse: TTCCAAGGCCTCATTCAGCT 

PUMA Forward: GACCTCAACGACAGTACGA 

Reverse: GAGATTGTACAGGACCCTCCA 

Caspase-8 Forward: CATCCAGTCACTTTGCCAGA 

Reverse: GCATCTGTTTCCCCATGTTT 

Caspase-9 Forward: TTCCCAGGTTTTGTTTCCTG 

Reverse: CCTTTCACCGAAACAGCATT 

Caspase-3 Forward: TGGCATACTCCACAGCACCTGGTTA 

 Reverse:CATGGCACACAAAGCGACTGGATGAA 

Cytochrome c Forward:  TTTGGATCCAATGGGTGATGTTGAG 

Reverse:TTTGAATTCCTCATTAGTAGCTTTTTTGAG 

 

Bax 

Forward:  TGCTTCAGGGTTTCATCCAG 

Reverse: GGCGGCAATCATCCTCTG 

 

Bcl-2 

Forward: TATAAGCTGTCGCAGAGGGGCTA 

Reverse: GTACTCAGTCATCCACAGGGCGAT 

 

Survivin 

Forward:  AGAACTGGCCCTTCTTGGAGG 

Reverse:  CTTTTTATGTTCCTCTATGGGGTC 

 

PARP-1 

Forward:  GCGCCCGCTCTTAGCGTACT 

Reverse: CGACACGTTAGCGGAGCGGAC 

 

The levels of individual gene transcripts were determined essentially as 

described by Khazaei et al. (2017) using the 2-∆∆Ct method, wherein  

                             2ΔΔCt = 2Ct (treated cells) – Ct (control cells) 

factor 2 denotes amplification efficiency of template doubling in each cycle during 

exponential amplification.   

Briefly, total RNA was isolated using TRI®reagent from the control and the 

treated cells  according to the manufacturer’s protocol.  RNA was then quantified using 

a microvolume spectrophotometer (Eppendorf Biospectrometer®).   For cDNA 

synthesis, a 5.0 μL reaction containing 1.0 μg/ μL RNA, 1.0 μL of oligo dT(100 ng/μL) 
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and RNAase-free water was incubated at 65 °C for 10 min.  The mixture was then 

made upto 10 μL with sterile nuclease-free water containing 1.0 μL of 10 mM dNTP 

mix, 2.0 μL of 10x M-MLV reverse transcriptase buffer, 1.0 μL of M-MLV reverse 

transcriptase, 0.5 μL of RNasin and 0.5 μL DTT (20 mM),.  The reaction mixture was 

incubated at 37 °C for 1 h, heated to 95 °C for 10 min and the cDNA obtained was 

stored at −20 °C until use.  The RT-qPCR was performed on an real-time PCR 

machine, Illumina Eco™. 

4.2.10. Protein immunoblot analysis 

Immunostaining of key apoptosis-related proteins was carried out by western 

blot analysis essentially as described previously (Lakshmipriya et al., 2018) to monitor 

their expression in HCT 116, A549 and K562 cells.  The untreated control and ZnONP-

treated cells were washed with cold PBS, lysed in RIPA buffer and incubated on ice for 

30 min.  The cellular lysates were centrifuged at 10,000×g for 10 min and their protein 

concentrations determined using Bradford method.  Protein samples (50 μg) in 2x 

sample buffer were electrophoresed on a 12.5% SDS-PAGE gel and then transferred 

onto positively charged nylon membrane at 15 V overnight.  Membranes were washed 

with Tris-buffered saline Tween-20 (TBST) and blocked with 5% BSA in TBST for  

1 h.  They were then separately incubated overnight at 4°C with rabbit-derived primary 

monoclonal antibodies (dilution 1:1000) against cleaved caspase-3, -8 and PARP, 

cyclin B1, cytochrome c and  the house-keeping protein - β actin - as the loading 

control.  Following three washes with TBST, the membranes were further incubated 

with ALP- conjugated secondary antibody (1:2000 dilutions) for 1h.  The primary and 

secondary antibodies were both diluted in blocking buffer.   Following washes with 

TBST, the blots were exposed to BCIP/NBT solution to visualize the immunostained, 

purple colored, polypeptide bands. 
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4.2.11. Cytotoxicity evaluation of ZnONPs against normal human cells 

4.2.11.1. Peripheral blood-derived lymphocytes (hPBLs)  

4.2.11.1.1.   MTT assay 

Lymphocytes offer an inexpensive surrogate cell culture system amenable to 

analysis of cytotoxicity of various natural and synthetic agents (Montoro et al., 2012).  

Self-donated blood (5.0 mL) collected in a heparinised centrifuge tube, was used to 

check cytotoxicity of nanoparticles on hPBLs by MTT assay.  For this, 200 µl of 

plasma was added to 5.0 mL RPMI HiKaryo medium containing PHA 

(phytohemagglutinin).   Following completion of 48 h of incubation at 37 °C, hPBLs 

were treated with nanoparticles (20 – 100 μg/mL); untreated lymphocyte culture served 

as control.   The MTT assay was carried out as described for cancer cells (subsection 

4.2.3.1.) and percentage cell survival was calculated from optical density values at 570 

nm using the formula, 

 Cell viability (%) = [ODtreated / ODcontrol] x 100          

4.2.11.1.2. Mitotic index (MI) analysis 

  Lymphocytes were cultured by adding 200 µl of blood to 5.0 mL RPMI 

HiKaryo medium and incubated for 48 h.  Following incubation, the hPBLs were 

treated with nanoparticles for further 24 h.  To arrest cells at metaphase, colchicine (10 

µg/mL) was added 2 h prior to harvest. The cells were then fixed in methanol: acetic 

acid (3:1 v/v) following hypotonic treatment with pre-warmed 0.075 M KCl and 

dropped onto clean, frozen and labeled slides.  Air-dried slides were stained with 

Giemsa for 30 min and viewed under a light microscope.  MI was calculated by scoring 

500 cells of both control and treated samples using the formula,  

MI (%) = (Total metaphases / Total cells counted) x 100 

The Relative Mitotic Index was also determined as 

                                        RMI (%) = [MI treated/MI control] X 100 
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4.2.11.2. Erythrocytes  

4.2.11.2.1.Hemolysis 

Cytotoxicity on erythrocytes was spectrophotometrically determined based on 

release of hemoglobin from the lysed plasma membranes.  Blood was centrifuged with 

an equal volume of PBS (pH 7.4) to remove the buffy coat which was further washed 

thrice with PBS at 3000 rpm for 5 min.  An aliquot of the resultant RBC suspension 

(0.6 mL) was treated individually with nanoparticles for 90 min at 37 ◦C.  Distilled 

water and PBS served as positive and negative controls respectively.  Following 

treatment, samples were centrifuged and optical densities of the supernatants were 

measured at 540 nm (Khan et al., 2015; Raguvaran et al., 2015) and percentage 

hemolysis was calculated using the formula, 

Hemolysis (%) = [OD test sample - OD PBS / OD distilled water - OD PBS] x 100 

Morphological examination of treated erythrocytes was then carried out using 

May-Grunwald-Giemsa method (Junqueira and Carneiro, 2004; WHO, 2016).  Briefly, 

a thin blood smear was prepared on a clean slide, air-dried, fixed in methanol and 

stained with Giemsa for 30 min and observed under 40 x magnifications.   

4.2.12.  Cytotoxicity evaluation of ZnONPs against plant cell model : Allium cepa L.    

root-tip cells 

 4.2.12.1. Mitotic Index analysis and trypan blue viability assay 

Allium cepa root tips, an easily available plant source of dividing apical 

meristmatic cells, have been commonly used to evaluate cellular/genotoxic effects of 

various physico-chemical and biological agents (Pandey et al., 2014; Taranath et al., 

2015; Obute et al., 2016).   Briefly, after removal of dry scales, healthy bulbs of A. cepa 

were soaked in distilled water for root initiation.  On reaching a root length of 1-2 cm, 

the seedlings were placed individually in distilled water containing ZnONPs at 

concentrations of 20, 60 and 100 µg/mL.  Roots grown in distilled water alone were 

taken as control.  After an overnight exposure to nanoparticles, the root tips were fixed 

in Carnoy’s solution (3:1 v/v of absolute alcohol: glacial acetic acid).  The roots were 

then hydrolyzed with 1.0 N HCl for 10 min followed by acetocarmine staining, 

destaining with 45 % acetic acid to remove excess dye and further rinsed with distilled 

water (Bhagyanathan and Thoppil, 2015).  A squash preparation of the root-tip 
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meristem on a clean glass slide was visualized under 40 x objectives.  MI was scored as 

percentage of dividing cells in a total of 500 cells.   

     For assessment of cell death, control and treated bulbs with intact roots were 

placed in 0.25 % (w/v) aqueous solution of trypan blue for 15 min.  The roots were then 

washed in running tap water, stained and photographed.  Blue coloration in root tips 

was indicative of the presence of dead cells (Bhagyanathan and Thoppil, 2015). 

4.3. Statistical analysis 

All results are expressed as the mean ± S.D from independent experiments 

carried out in triplicate.  Significance was analyzed by one-way ANOVA using SPSS 

software (version 20.0) by Dunnett’s multiple comparison tests.  Differences with P < 

0.05 with respect to control were considered as significant.  The levels of significance 

are denoted as *P ≤ 0.05, # P ≤ 0.01, $ P ≤ 0.001).  

4.4. Ethical statement 

Self-donated blood samples of the researcher were used for culturing of 

peripheral blood derived lymphocytes for assessment of cytotoxicity and hemolysis.  

Ethical approval for this study was not necessary according to guidelines (Chapter-II, 

page no. 11-12) of the Indian Council for Medical Research (New Delhi, India) which 

grants exemption from ethical review of proposals presenting less than minimal risks. 

4.5. Results and discussion 

I.  Evaluation of cytotoxicity of phyto-mediated and the chemically derived 

ZnONPs on three human cancer cell lines –HCT 116, A549 and K562. 

4.5.1. MTT assay 

 A total of five phyto-derived ZnONPs synthesized in the present study - 

AmFZnONPs,  AmRZnONPs, AmSZnONPs, SpLZnONPs and MzLZnONPs - along 

with the chemically synthesized commercial version (cZnONPs)  taken as the control 

nanoparticle were subjected to cytotoxicity evaluation using the MTT method.   

Nanoparticle concentrations ranged from 25-150 µg/mL for a period of 24, 48 and 72 h 

(Fig. 4.1 – 4.3).   All IC50 values computed have been given in Table. 4.2.  Of the 

above, three particle types - AmRZnONPs,  SpLZnONPs and MzLZnONPs – were 
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found to exhibit consistent cytotoxicity against all the three cell lines tested in a time 

and dose-dependent manner.  However, AmFZnONPs displayed toxicity only against 

HCT 116 and K562 cells but failed to kill A549 even at the highest concentration 

tested.   AmSZnONPs, on the other hand, displayed relatively poor cytotoxicty on both 

adherent cells (HCT 116, A549) while being toxic only to leukemic K562 suspension 

cells.  Notably, the chemical nanoparticles  not only displayed a dose-independent 

cytotoxicity against HCT cells, their IC50 values against K562 cells were also beyond 

the tested range (>150 µg/mL).   However,  IC50 concentrations in respect of AmR, SpL 

and MzL-derived nanoparticles against  HCT 116 and A549 cells was found to reduce 

drastically following 24 h to 48 h treatment beyond which no appreciable change was 

observed.  SpLZnONPs showed highest activity  against colon carcinoma cells with a 

reduction of ~73 % in IC50 value from 24 to 48 h followed by an additional reduction of 

~ 12 %   for a further 24 h treatment period (Fig. 4.1.a, b and c).  AmRZnONPs and 

MzLZnONPs also showed significant dose-dependent cytotoxicty against HCT cells.  

 

Fig. 4.1. Cytotoxicity evaluation of phyto-derived/chemical ZnONPs against HCT 116 cells 
for (a) 24 h (b) 48 h and (c) 72 h treatment period.   Values represent mean ± S.D. of three 
experiments; p<0.05. 
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In the case of adenocarcinoma cells, both SpLZnONPs and cZnONPs showed a 

decrement of ~69 % in IC50 value for a 48 h treatment period with a further reduction of 

~15 % for 72 hours of exposure to nanoparticles.  The decrease in cytotoxicities was 

also observed in respect of AmRZnONPs and MzLZnONPs as evidenced by increasing 

IC50 values (Fig. 4.2 a, b and c).  Against the suspension cultures of K562, SpL-derived 

particles exhibited the lowest IC50 values at the 48th and 72nd hour compared to all other 

phyto-derived particles (Fig. 4.3 b and c.).   

 

 

Fig. 4.2. Cytotoxicity evaluation of phyto-derived/chemical ZnONPs against A549 cells for 
(a) 24 h (b) 48 h and (c) 72 h treatment period.   Values represent mean ± S.D. of three 
experiments; p<0.05. 
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Fig. 4.3. Cytotoxicity evaluation of phyto-derived ZnONPs/chemical against K562 cells for 
(a) 24 h (b) 48 h and (c) 72 h treatment period.   Values represent mean ± S.D. of three 
experiments; p<0.05. 

 

It is worth mentioning that the results of cytotoxicity  evaluation of individual 

plant extracts per se, within the concentration range of 25 -150 μg/mL  against all the 

three cell lines,  were found to be negative.  All cells exposed to the different extracts 

were found to be viable and observed to be cytomorphologically normal.  This clearly 

indicated that the phytochemical composition of the extract, when administered alone, 

failed to kill the cells.  In other words, the recruitment of all or most likely a subset of 

phytoconstituents responsible for capping and stabilization of the biogenic ZnONPs, 

apparently play a critical role in conferring cytotoxicity to the nanoparticles.  

Variabilities in their penetrance and surface interactions have been highlighted in 

several published reports (Rasmussen et al., 2010; Tso et al., 2010; Geetha et al., 2013; 

Venkatesan et al., 2016; Biplab et al., 2016).  This also gives a logical explanation to 
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the lack of effective cytotoxicity observed in the case of chemically synthesized 

cZnONPs.  

Table 4.2.  IC50 values of phyto-derived/chemical ZnONPs against three human 

cancer cell lines 

 

Cancer cells 

Types of ZnONPs treated 

(μg/mL) 

                   Treatment duration (h) 

 

24                     48                     72 

 

 

HCT 116 

AmFZnONPs 110 ± 1.4 68.5 ± 0.9 60 ± 0.78 

AmRZnONPs 97 ± 1.8 61± 2.1 52 ± 1.3 

AmSZnONPs 137.5 ± 1.0 88 ± 1.6 83 ± 0.56 

SpLZnONPs 82 ± 0.75 60 ± 0.3 53 ± 1.2 

MzLZnONPs 88 ± 1.5 68 ± 0.63 61 ± 1.0 

cZnONPs 140 ± 1.5 60 ± 0.5 60 ± 1.6 

 

 

A549 

AmFZnONPs >150 >150 >150 

AmRZnONPs 91 ± 0.25 64± 0.8 56±1.4 

AmSZnONPs >150 138 ± 2.2 130 ± 1.2 

SpLZnONPs 85 ± 1.0 59 ± 1.6 50±2.1 

MzLZnONPs 87 ± 1.0 63 ± 0.5 57±0.4 

cZnONPs 89 ± 1.5 58 ± 1.0 49±1.0 

 

 

 

K562 

AmFZnONPs 124 ± 0.8 70±1.2 64±0.98 

AmRZnONPs 62±1.3 58±0.75 30±1.5 

AmSZnONPs 85±0.5 68±0.5 62 ±1.5 

SpLZnONPs 55±0.5 35±0.65 24 ±2.0 

MzLZnONPs 77±1.8 56±2.1 33±1.2 

cZnONPs >150 >150 143.8±1.8 

 (Values represent mean ± S.D. of three experiments; p<0.05) 

 In all subsequent experiments, conducted to evaluate the anticancer potential, 

only three phyto-derived particles, namely, AmRZnONPs, SpLZnONPs and 

MzLZnONPs were used since they displayed significant cytotoxicity against all the 

cancer cell lines tested in this study.  Although cZnONPs showed anticancer activity 

only against two cell lines HCT 116 and A549,  it still served as a strict control for a 

comparative evaluation of cytotoxicity between the biosynthesized versus chemically 

derived particles.  Here, it may be noted that K562 cells were found to be completely 

refractory / insensitive to cZnONPs.  For both HCT 116 and A549 cells, the doses 
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selected were 40, 60 and 80 μg/mL whilst for K562 cells, the doses applicable were 20, 

40 and 60 μg/mL for a period of 48 h. 

4.5.2. Trypan blue dye exclusion assay 

The percentage of non-viable cells in each cell type following 48 h treatment 

below, at and above- IC50 concentration of nanoparticles showed dose-dependent 

cytotoxicity similar to that observed with MTT assay.  However, at IC50 concentration, 

the cell death percentage was found to be marginally higher than those observed with 

MTT assay in all three cell types.  The results are graphically represented in Fig.  4.4.  

 

Fig.  4.4. Trypan blue dye exclusion assay employing phyto-derived/chemical ZnONPs 
against (a) HCT 116 (b) A549 and (c) K562 cells. Values represent mean ± S.D. of three 
experiments; p<0.05. 

4.5.3. Clonogenic assay 

Cellular senescence is an irreversible stopping of mitotic cell division which 

inhibits colony forming capability of cancer cells.  Such inabilities are conventionally 
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expressed as percentage survival of plated cells following crystal violet staining of 

culture plates incubated for a long time after exposure to nanoparticles.  In the present 

study, a concentration-dependent decrease in cancer cell colonies was observed 

compared to those found in untreated controls.   In HCT 116 cells, 60 - 70 % of 

reduction in the colony survival rate was observed at an IC50 value of 60 µg/mL 

following treatment with all three biogenic nanoparticles compared to only 40 % 

observed with cells treated with cZnONPs (Fig. 4.5. a and b).  At the highest dose 

tested, about 20 % colony viability was observed in all particle types except those 

treated with AmRZnONPs showing only ~ 10 % colony survival.  

 
Fig. 4. 5. Inhibition of colony forming capacity of HCT 116 cells on treatment with phyto-
derived / chemical ZnONPs (a) Crystal violet stained colonies after treatment with (i) 
AmRZnONPs (ii) SpLZnONPs (iii) MzLZnONPs and (iv) cZnONPs and (b) histogram showing 
percentage reduction in colony survival. *P≤0.05, #P≤0.01, $P≤0.001 
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In the case of A549 lung cancer cells, MzLZnONPs showed least reduction in 

colony survival compared to that observed following treatment with the biogenic and 

the chemically synthesized nanoparticles even at the highest concentration tested (Fig. 

4.6 a and  b).  These cells were also found to exhibit the highest sensitivity to chemical 

ZnONPs with 21.9 % viability at the IC50 value.  However, with K562 cells, the extent 

of inhibition of colony formation was found to be relatively lower than that observed in 

HCT 116 and A549 cells.  A gradual dose-dependent reduction in colony count was 

apparent in K562 cells treated with all three biogenic nanoparticles (Fig. 4.7 a and b).   

 

Fig. 4.6.  Inhibition of colony forming capacity of A549 cells on treatment with phyto-derived 
/ chemical ZnONPs (a) Crystal violet stained colonies after treatment with (i) AmRZnONPs (ii) 
SpLZnONPs (iii) MzLZnONPs and (iv) cZnONPs  and (b) histogram showing percentage 
reduction in colony survival. *P ≤ 0.05, #P ≤ 0.01, $P ≤ 0.001 
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Fig. 4.7. Inhibition of colony forming capacity of K562 cells on treatment with phyto-derived 
ZnONPs (a) Crystal violet stained colonies after treatment with (i) AmRZnONPs (ii) 
SpLZnONPs and (iii) MzLZnONPs and (b) histogram showing percentage reduction in colony 
survival. *P ≤ 0.05, #P ≤ 0.01. 

 

It is interesting to note that for the two adherent cancer cells, treatment with 

sub-IC50 concentration of AmRZnONPs also resulted in a significant decrease in their 

colony forming ability. The dose and duration of exposure to the cytotoxic agent is 

apparently a critical determinant of the outcome of this assay (Baek et al., 2011).   
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4.5.4.  Microscopic evaluation of cytotoxicity 

4.5.4.1.  Light microscopy 

 Cytomorphological alterations followed by treatment with both types of 

nanoparticles were easily visualized through light microscopy.  The adherent colon 

HCT 116 cells showed a near complete detachment from the culture flasks (Fig. 4.8).  

This phenomenon called ‘anoikis’, the Greek term meaning ‘homeless’ (Frisch and 

Francis, 1994;  Rouslahtl and Reed, 1994) occurs due to loss of cell-matrix interactions 

resulting from disassembly of focal adhesions, which in turn occurs due to 

dephosphorylation of a non-receptor tyrosine kinase named focal adhesion kinase 

(FAK/PTK2).   Both endothelial and epithelial cell survival is critically mediated 

through focal adhesion interactions, which when disrupted, trigger anoikis,                                            

a class of apoptosis characterized by caspase-3 dependent cleavage of FAK (Kabir et 

al., 2002; Thuret et al., 2003).  In a previous report by Porter et al. (1999), the apoptotic 

death for adherent monolayer culture occurs simply by the detachment process itself.  It 

has recently been shown that the dissociation of membrane bound integrin with FAK 

induces anoikis via Rho A-JNK-Bim pathway (Haun et al., 2018).  Another recent 

report by Guha et al. (2019) links anoikis resistance to integrin and epidermal growth 

factor receptor (EGFR) related signaling in colon cancer cells.  In this context, loss of 

anchorage of the colon epithelial HCT 116 cells observed following 48 h treatment 

with both biogenic/chemical ZnONPs is indicative of the occurrence of apoptosis.  This 

was also evident in the phase contrast micrographs displaying the presence of deformed 

and shrunken cells including those with distorted / fragmented nuclei which is in line 

with previous  observations  (Johnson et al., 2000;  Hessler et al., 2005;  Hattori et al., 

2015). 

    In the present study, the induction of conspicuously large, single bubble-like 

colon cancer cells following treatment with ZnONPs was clearly observable under the 

phase contrast microscope.  An earlier study on HeLa cells treated with the 

photosensitiser zinc (II)-phthalocyanine, showed induction of many small evaginations 

or bubbles, converging later into a macrobubble, finally detaching from the cell surface.  

The loss of control of water influx has been reported to be the cause of these membrane 

evaginations (Rello et al., 2005).  Similar observations of single enlarged bubbles have 

been shown to be induced in HCT 116 cells by alismol, a compound purified from 
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Curcuma zedoaria (Abdul Rahman et al., 2013).  Extensive organelle/cell swelling, 

dilatation of nuclear membrane and condensation of chromatin are well established 

characteristics of cell necrosis.   

 
Fig. 4.8.  Light microscopic images showing cytomorphological changes in HCT 116 cells 
after 48 h treatment with (a) AmRZnONPs (b) SpLZnONPs (c) MzLZnONPs and (d) 
cZnONPs. Scale bars represent 20 μm.  Coloured arrows indicate cell swelling (red), 
membrane bubbling (blue) and condensed chromatin (green). 
 

Taken together, the cytomorphological changes observed in ZnONP-treated 

HCT 116 cells in the present study is highly suggestive of the occurrence of both 

apoptosis and necrosis as evidenced by massive loss of cell anchorage and the presence 

of many extensively swollen cells. In this context, it is relevant to note the mounting 

evidence of a common biochemical network of highly regulated and genetically 

controlled apoptosis-necrosis continuum (‘necroptosis’) (Rello et al., 2005; Berghe et 

al., 2014; Lin et al., 2016; Han et al., 2018).  In agreement with the results obtained in 
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the present study, Farasat et al., 2019 also provides compelling evidence of induction of 

necroptosis in MCF-7 cells by zinc oxide nanoparticles.   

UnIike the above mentioned effects of biogenic ZnONPs, the observations 

made in respect of the adherent lung carcinoma A549 cells and the suspension culture 

of leukemic K562 cells were distinctive.  A549 cells exhibited anchorage loss only in 

response to AmRZnONP treatment (Fig. 4.9.). Cellular damage as evidenced by 

reduction in cell number, deformations in cell membrane and nuclear morphologies 

were observed to be dose-dependent in this cell type.  On the other hand, the scenario 

was quite different with the K562 cells which showed signs of increased granularity 

apparently due to chromatin condensation following treatment with SpLZnONPs and 

MzLZnONPs (Fig. 4.10).  The cells were also found to display rough and irregular 

surface morphology similar to observations associated with grandisin-induced 

apoptosis reported in K562 cells by Cortez et al. (2017).   

 

Fig.  4.9. Light microscopic images showing cytomorphological changes in A549 cells after 
48 h treatment with (a) AmRZnONPs (b) SpLZnONPs (c) MzLZnONPs and (d) cZnONPs. 
Scale bars represent 30 μm. 
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Fig. 4.10. Light microscopic images showing cytomorphological changes in K562 cells after 
48 h treatment with (a) AmRZnONPs (b) SpLZnONPs and (c) MzLZnONPs. Scale bars 
represent 15μm.   

 

4.5.4.2.  Scanning electron microscopy (SEM) 

 The three types of cancer cells were subjected to SEM technique to obtain high-

resolution surface images for a detailed analysis of cytomorphological changes induced 

by exposure to the different types of ZnONPs.  Fig. 4.11. shows images of dose-

dependent changes in HCT 116 cells, exposed to varying concentrations of 

nanoparticles.  Small evaginations (bubbles) and invaginations were clearly visible in 

cells treated with AmRZnONPs, MzLZnONPs and SpL-derived particles at sub-IC50 

concentration (40 μg/mL).  Cells treated with chemical cZnONPs displayed numerous 

cavities on the plasma membrane surface. A progressive size reduction due to 

shrinkage was apparent in cells treated with higher concentrations (60 and 80 μg/mL) 

of all nanoparticle types, providing a visual clue of apoptosis induction.    

Cavities/perforations were also observed on cellular surfaces which are known to result 
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from ruptured bubbles or evaginations caused during the process of regulated necrosis 

or ‘necroptosis’ mentioned earlier ( sub-section 4.5.4.1.). 

 

Fig. 4.11.  Scanning  electron  microscopic  images  of  HCT 116  cells  treated  with  (a) 
AmRZnONPs  (b) SpLZnONPs (c) MzLZnONPs and  (d) cZnONPs. Scale bars represent 
2μm.  

 

The SEM images of adherent lung cancer cells A549 and the suspension 

cultures of leukemic K562 cells exposed to different types of nanoparticles exhibited 

distinctive changes in cellular morphology (Fig. 4.12, 4.13).  For instance, an overall 

dose-dependent shrinkage of cells was apparent with extreme reduction in size and 

integrity.  Membrane perforations and cavities were also clearly visible on cell surfaces.   

Taken together, the SEM images provided ample evidence to support the occurrence of 

both necrosis and apoptosis.   



 100

 

Fig. 4.12. Scanning electron microscopic images of A549 cells after treatment with 
(a) AmRZnONPs (b) SpLZnONPs (c) MzLZnONPs and (d) cZnONPs. Scale bars 
represent 2μm. 

 
Fig. 4.13. Scanning electron microscopic images of K562 cells after treatment with 
(a) AmRZnONPs (b) SpLZnONPs and (c) MzLZnONPs. Scale bars represent 2μm. 
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4.5.4.3.   Fluorescence microscopy 

4.5.4.3.1.   Hoechst 33258 staining 

Hoechst 33258 is a membrane permeable blue dye that stains 

condensed/fragmented chromatin characteristic of cells undergoing apoptosis.  Cells 

treated with phyto-derived and chemical ZnONPs were stained with the dye and 

observed under a fluorescence microscope.  Nuclear fragmentation associated with 

apoptosis induction was found to occur in a dose dependent manner in all the three cell 

types exposed to ZnONPs (Fig. 4.14).  The chromatin condensation was clearly evident 

in HCT 116 and K562 cells at and above the IC50 concentrations.  However, in A549 

cells, except those treated with SpLZnONPs, this phenomenon was observable only at a 

concentration above the IC50 value (Fig. 4.14 b).  

 
Fig. 4.14. Fluorescence microscopy images of Hoechst 33258 stained (a) HCT 116 (b) A549 
and (c) K562 cells after treatment with (i) AmRZnONPs (ii) SpLZnONPs (iii) MzLZnONPs 
and (iv) cZnONPs (arrow heads indicate apoptotic nuclear condensation and DNA 
fragmentation).  Scale bars represent 20 μm. 
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4.5.4.3.2. AO/EtBr dual-staining  

In AO/EtBr dual-staining method, the fluorescence visualized can be used to 

distinguish / identify different stages of apoptosis-associated cells (Liu et al., 2015).  

The uniform bright green nuclear fluorescence due to AO is emitted from the intact 

nuclei of live cells whilst nuclei with irregular green fluorescence denote early phase of 

apoptotic chromatin condensation.  During late apoptosis, EtBr-stained nuclei display 

irregular orange fluorescence due to nuclear fragmentation; uniform orange to red 

nuclei are indicative of necrosis (Kosmider et al., 2004).  Dual-stained HCT 116 cells 

exposed to ZnONPs exhibited a dose dependent increase in the number of 

apoptotic/necrotic cells (Fig. 4.15).  Cells treated at 80 μg/mL,  above-IC50 value, of the 

chemically synthesized cZnONPs and the biogenic AmR and SpL-derived ZnONPs, 

showed a drastic increase in the percentage of necrotic cells (~90 %) whereas exposure 

to MzLZnONPs resulted in increase of late apoptotic cells (~75 %).   
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Fig. 4.15. Induction of apoptosis in HCT 116 cells on treatment with phyto-derived / 
chemical ZnONPs and stained with AO/EtBr (a) Fluorescence microscopic images of 
AO/EtBr stained cells after treatment with (i) AmRZnONPs (ii) SpLZnONPs (iii) MzLZnONPs 
and (iv) cZnONPs and (b) histogram showing quantification of late apoptotic cell percentage. 
Scale bars represent 20 μm.  *P ≤ 0.05, #P ≤ 0.01, $P ≤ 0.001 
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Interestingly, A549 cells treated with SpLZnONPs and AmRZnONPs showed 

high numbers of large, swollen cells with characteristic membrane blebbings and 

apoptotic bodies (Fig. 4.16).  These observations are in agreement with an earlier report 

on colon cells treated with methanolic extract of L.vulgare (Ćurčić et al., 2012).  

Although cells treated with either cZnONPs or MzL-derived particles showed signs of 

apoptosis induction, they failed to display increase in size.   

 
Fig.  4.16. Induction of apoptosis in A549 cells on treatment with phyto-derived / chemical 
ZnONPs and stained with AO/EtBr (a) Fluorescence microscopic images of of AO/EtBr 
stained cells after treatment with (i) AmRZnONPs (ii) SpLZnONPs (iii) MzLZnONPs and (iv) 
cZnONPs and  (b) histogram showing quantification of late apoptotic cell percentage. Scale 
bars represent 20 μm. *P ≤ 0.05, #P ≤ 0.01, $P ≤ 0.001. Arrow heads in colour indicate 
membrane blebbings (red); apoptotic bodies (yellow); swollen cells (blue). 
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In the case of K562 cells, treatments with AmRZnONPs and SpLZnONPs at  40 

and  60 μg/mL resulted in induction of apoptosis (Fig. 4.17) which was in agreement 

with the results obtained previously researchers with chemically derived zinc oxide 

nanoparticle treated Caco-2 cells by Kang et al. (2015).  MzLZnONPs were found to 

induce apoptosis only at the highest concentration of 60 μg/mL (Fig. 4.17).  However, 

cells treated with the phyto-derived AmRZnONPs and MzLZnONPs at low 

concentration failed to induce apoptosis as evidenced by their display of green nuclear 

fluorescence emanating from viable cells. 

 

Fig. 4.17. Induction of apoptosis in K562 cells on treatment with phyto-derived ZnONPs and 
stained with AO/EtBr (a) Fluorescence microscopic images of AO/EtBr stained cells after 
treatment with (i) AmRZnONPs (ii) SpLZnONPs and (iii) MzLZnONPs and (b) histogram 
showing quantification of late apoptotic cell percentage.  Scale bars represent 30 μm. *P ≤ 
0.05, #P ≤ 0.01, $P ≤ 0.001 
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4.5.5. Effect of phyto-derived/chemical ZnONPs on release of  intracellular Ca2+, 

generation of reactive oxygen species (ROS)  and loss of mitochondrial membrane 

potential (MMP) 

Intracellular Ca2+ maintains proper cell function and signal transduction 

between the endoplasmic reticulum (ER) and the mitochondria for normal cell 

physiology.  Perturbation of this homeostasis causes calcium ions to act as a second 

messenger to trigger a series of downstream signals in the cell.  Calcium overload 

induced production and accumulation of ROS in mitochondria is known to result in 

either apoptosis or necrotic cell death (Smaili et al., 2003).   In this context, levels of 

intracellular calcium ions were assessed in the present study employing the Ca2+ 

indicator Fluo-3AM.  This dye when cleaved by non-specific intracellular esterases to 

Fluo-3 which fluoresces green on binding to cellular calcium ions.  In all the three cell 

lines treated with both types of ZnONPs a dose-dependent increase in green 

fluorescence was clearly evident.   Fig. 4.18. includes a common representative image 

of cells exposed to different concentrations of all types of ZnONPs along with separate 

histograms depicting results obtained with the three cell types.  Table 4.3 shows dose-

dependent increase in the percentage of fluorescing cells in all the three cell types 

treated with different ZnONPs.  SpLZnONPs induced Ca2+ release was found to be 

highest in HCT 116 (93 %) and K562 (79 %) cells whereas in A549 cells, treatment 

with cZnONPs displayed the maximum fluorescence intensity (88%).   Increased 

intracellular calcium levels and disrupted homeostasis leading to cell death has been 

reported by Guo et al. (2013) in rat retinal ganglion cells treated with ZnONPs.  

Likewise, zinc oxide nanoparticle-induced calcium signaling dependent lysosomal 

apoptosis and autophagy was also reported recently in MCF-7 and MDA-MB-468 cells 

(Mozdoori et al., 2017).  Treatment with silver nanoparticles also reportedly induced 

dose-dependent calcium ion overload in various cell lines (Zhang et al., 2016; 

Mameneh et al., 2019).  
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Fig. 4.18. Measurement of intracellular calcium release in cells treated with phyto-derived / 
chemical ZnONPs using Ca2+ indicator Fluo 3-AM (a) representative fluorescence 
microscopic image of cells exposed to different concentrations of all types of ZnONPs. 
Histograms represent mean fluorescence intensity of ZnONP-treated (b) HCT 116 (c) A549 
and (d) K562 cells.  Scale bars represent 20 μm. *P ≤ 0.05, #P ≤ 0.01, $P ≤ 0.001. 
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Table 4.3.  Mean percentage fluorescence intensity of cells  stained with 
intracellular Ca2+ indicator Fluo 3-AM  
 

 
Type of ZnONPs 

 

 
Concentration 

(μg/mL) 

 
HCT 116 cells 

 

 
A549 cells 

 
Concentration 

(μg/mL) 

 
K562 cells 

AmRZnONPs 40 36 ± 0.4 27 ± 0.6 20 16 ± 0.4 

60 58 ± 1.4 42 ± 1.2 40 37 ± 1.4 

80 73 ± 0.5 65 ± 0.7 60 59 ± 0.5 

SpLZnONPs 40 47 ± 0.5 42 ± 0.5 20 24 ± 1.2 

60 79 ± 1.6 56 ± 1.8 40 53 ± 1.6 

80 93 ± 0.5 82 ± 0.5 60 79 ± 0.8 

MzLZnONPs 40 24 ± 1.4 39 ± 1.3 20 14 ± 1.4 

60 41 ± 2.4 53 ± 2.6 40 35 ± 2.4 

80 77 ± 0.4 75 ± 0.6 60 69 ± 0.4 

cZnONPs 40 34 ± 2.3 41 ± 2.0 - - 

60 52 ± 2.7 63 ± 3.1 - - 

80 84 ± 0.5 88 ± 1.1 - - 

 (The values highlighted in blue boxes denote maximal cell-specific intracellular Ca2+ 
release. Values represent mean ± S.D. of three experiments,) 
   

Free radicals such as reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) are short-lived, unstable and highly reactive atoms and molecules 

containing one or more unpaired electrons in valency shell.  The cellular sites of their 

generation include mitochondria, peroxisomes, endoplasmic reticulum and phagocytic 

cells (Phaniendra et al., 2014). These radicals can alter the redox status of nucleic acids, 

lipids and proteins, thereby increasing oxidative stress causing cellular injuries and a 

wide array of diseases including various cancers.  Various types of nanoparticles 

including zinc oxide have been reported to cause ROS-mediated oxidative stress which 

in turn triggers apoptotic cell death (Ma and Yang, 2016; Patel et al., 2016; Bai et al., 

2017; Aswathnarayan et al., 2018).   

In the present study,  following a 48 h exposure to both biogenic and the 

chemical cZnONPs, a dose-dependent increase in ROS production was observed in all 

the three cell lines (Fig. 4.19 - 4.21) even at the lowest concentration tested.  The 

maximum ROS production (~90 %) in HCT 116 and K562 cells was induced by 

SpLZnONPs and in A549 cells following treatment with both the biogenic MzL-

derived and the chemically synthesized ZnONPs (Table 4.4).  However, lowest ROS 

production was induced by AmRZnONPs in all the three cell types. 
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Fig. 4.19. Measurement of ROS in HCT 116 cells treated with phyto-derived / chemical 
ZnONPs (a) Fluorescence microscopic images of cells treated with (i) AmRZnONPs (ii) 
SpLZnONPs (iii) MzLZnONPs and (iv) cZnONPs and (b) histogram showing mean 
fluorescence intensity of cells stained with ROS indicator DCFH-DA. #P ≤ 0.01, $P ≤ 0.001.  
Scale bars represent 20μm 

 

Fig. 4.20. Measurement of ROS in A549 cells treated with phyto-derived/chemical ZnONPs 
(a) Fluorescence images of cells treated with (i) AmRZnONPs (ii) SpLZnONPs (iii) 
MzLZnONPs and(iv) cZnONPs and (b) histogram showing mean fluorescent intensity of cells 
stained with ROS indicator DCFH-DA. *P ≤ 0.05,  #P ≤ 0.01.   Scale bars represent 20 μm 
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Fig.  4.21. Measurement of ROS in K562 cells treated with phyto-derived ZnONPs (a) 
Fluorescence microscopic images of cells treated with (i) AmRZnONPs (ii) SpLZnONPs (iii) 
and MzLZnONPs and (b) histogram showing mean fluorescence intensity of cells stained with 
ROS indicator DCFH-DA. $P ≤ 0.001.   Scale bars represent 20 μm. 

 

Table 4.4.  Dose-dependent variations in mean fluorescence intensity(%) of cells  
stained with ROS indicator DCFH-DA 

 

Types of 
ZnONPs 

 

Concentration 

(μg/mL) 

 

HCT 
116 cells 

 

 

A549 
cells 

 

Concentration 

(μg/mL) 

 

K562 
cells 

AmRZnONPs 40 38 ± 1.2 18 ± 0.6 20 20 ± 0.5 

60 75 ± 0.5 47 ± 1.1 40 40 ± 0.4 

80 82 ± 0.4 61 ± 0.5 60 54 ± 0.7 

SpLZnONPs 40 45 ± 0.6 25 ± 0.7 20 41 ± 1.0 

60 78 ± 1.5 62 ± 0.5 40 73 ± 0.5 

80 90 ± 1.6 72 ± 0.4 60 82 ± 0.6 

MzLZnONPs 40 30 ± 0.8 34 ± 0.8 20 35 ± 1.5 

60 76 ± 0.3 75 ± 0.6 40 68 ± 0.8 

80 85 ± 0.9 88 ± 0.3 60 71 ± 0.2 

cZnONPs 40 40 ± 0.9 35 ± 0.5 - - 

60 68 ± 0.8 75 ± 0.8 - - 

80 85 ± 0.7 88 ± 0.2 - - 

(The values highlighted in blue boxes denote maximal cell-specific ROS production. Values represent 
mean ± S.D. of three experiments)  
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The entry of lipophilic, cationic dye Rhodamine-123 (RH-123) into the 

mitochondrial matrix and its association with the inner membrane is reflective of the 

mitochondrial transmembrane potential (MMP).  Mitochondrial energization induces 

quenching of RH-123 fluorescence and the rate of decay of green fluorescence is 

proportional to the loss of MMP (Baracca et al., 2003).  ZnONP-treated HCT 116, 

A549 and K562 cells showed a concentration dependent reduction in fluorescent 

intensity/ MMP compared with that observed in the untreated control cells (Fig. 4.22-

4.24).  HCT 116 and K562 cells exhibited the highest reduction in MMP following 

treatment with SpLZnONPs indicative of a high vulnerability of the cells towards these 

particles (Table 4.5).  A549 cells,  on the other hand were found to be relatively more 

susceptible to loss of MMP when exposed to chemically derived cZnONPs.   A dose-

dependent decrease in green fluorescence due to loss of MMP in A549 cells following 

exposure to Sesuvium portulacastrum L. derived gold nanoparticles, recently reported 

by Ramalingam et al. (2016) is in line with the results mentioned above.   
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Fig. 4. 22.  Measurement of mitochondrial membrane potential in HCT 116 cells  treated 
with phyto-derived/chemical ZnONPs (a) Fluorescence microscopic images following 
treatment with (i) AmRZnONPs (ii) SpLZnONPs (iii) MzLZnONPs and (iv) cZnONPs. and (b) 
histogram showing mean fluorescent intensity of cells stained with Rhodamine-123.  $P  ≤  
0.001.  Scale bars represent 20 μm. 
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Fig.  4.23.   Measurement of mitochondrial membrane potential in A549 cells  treated with 
phyto-derived / chemical ZnONPs (a) Fluorescence microscopic images following treatment 
with (i) AmRZnONPs (ii) SpLZnONPs (iii) MzLZnONPs and (iv) cZnONPs and (b) histogram 
showing mean fluorescent intensity of cells stained with Rhodamine-123.     *P ≤ 0.05, #P ≤0.01, 
$P ≤ 0.001.   Scale bars represent 20 μm. 

 
Fig. 4.24. Measurement of mitochondrial membrane potential in K562 cells  treated with 
phyto-derived ZnONPs (a) Fluorescence microscopic images following treatment with (i) 
AmRZnONPs (ii) SpLZnONPs (iii) and MzLZnONPs and (b) histogram showing mean 
fluorescent intensity of cells stained with Rhodamine-123.  #P ≤ 0.01, $P ≤ 0.001.   Scale bars 
represent 20 μm. 
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Table. 4.5. Mean fluorescence intensity of cells (%) stained with Rhodamine-123 
  

 

Types of ZnONPs 

Concentration 

(μg/mL) 

HCT 116 

cells 

A549 

cells 

Concentration 

(μg/mL) 

 

K562 

cells 

AmRZnONPs 

40 58 ± 0.2 65 ± 0.2 20 78 ± 1.2 

60 36 ± 0.8 55 ± 0.8 40 34 ± 0.2 

80 22 ± 0.4 43 ± 0.4 60 36 ± 0.5 

SpLZnONPs 

40 52 ± 0.5 48 ± 0.5 20 52 ± 0.9 

60 35 ± 0.6 40 ± 0.6 40 28 ± 1.3 

80 18 ± 0.9 25 ± 0.9 60 15 ± 0.7 

MzLZnONPs 

40 55 ± 0.6 68 ± 0.6 20 65 ± 0.7 

60 32 ± 1.2 50 ± 1.2 40 38 ± 0.5 

80 20 ± 0.6 33 ± 0.6 60 20 ± 0.6 

cZnONPs 

40 69 ± 0.3 52 ± 0.3 - - 

60 48 ± 0.5 35 ± 0.5 - - 

80 35 ± 0.4 20 ± 0.4 - - 

(The values highlighted in blue boxes denote maximal cell-specific reduction in 
mitochondrial membrane potential. Values represent mean ± S.D. of three experiments)  

 

It is evident from the results mentioned above that the phyto-derived 

SpLZnONPs were relatively more effective against colon and leukemic cells and 

chemical cZnONPs against lung cancer cells. Taken together, all the three crucial inter-

related biochemical determinants of the cell fate analyzed in the present study – levels 

of intracellular Ca2+ / ROS and loss of MMP - were indicative of cell-specific induction 

of apoptosis by phyto-derived and chemical ZnONPs.  Nanoparticles including ZnO 

reportedly induce oxidative stress, sensitization of calcium storage compartments (ER 

and mitochondria) leading to apoptosis induction.  Nanoparticle size, concentration and 

the target cell type are factors influencing this phenomenon (Zhang et al., 2012; Chen et 

al., 2016; Cao et al., 2017).   
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4.5.6.  Flow cytometric (FACS) analysis of apoptosis  

4.5.6.1.   Effect of ZnONPs on cell cycle progression  

Cell cycle is a set of highly ordered, complex series of events involving 

duplication and division of its contents for cell growth and reproduction.  Most of the 

currently used anti-cancer drugs perturb cancer cells either by inhibiting or by 

disrupting cell cycle related events including checkpoint activation, arrest cells and 

induce apoptosis (Chan et al., 2012;  Senese et al., 2014;  Wenzel and Singh, 2018;  

Mills et al., 2018).  In this context, an analysis of the cell cycle phase-specific 

distribution of cancer cell populations treated with the different ZnONPs was carried 

out. The treated cancer cell population at various stages of cell cycle, permeabilized 

with 70 % ethanol and stained with propidium iodide, was subjected to DNA content 

quantification by flow cytometric analysis.  FACS data representing the DNA profiles, 

showing the variations in percentage of cells in G1, S and G2/M phases with 

hypodiploid apoptotic cells represented by a sub G1 population (Kajstura et al., 2007), 

are graphically represented as histograms.   Fig. 4.25 and Table 4.6 show data 

pertaining to HCT 116 cells treated with AmRZnONPs, SpLZnONPs, MzLZnONPs 

and chemical cZnONPs.   Exposure to the highest dose of phyto-derived AmRZnONPs 

and the chemically synthesized cZnONPs resulted in 5 and 3-fold increase in the 

apoptotic sub-G1cell-fraction compared to that found in the untreated (control) cell 

population.   On the other hand, treatment with SpL and MzL-derived ZnONPs within 

the 40 - 80 µg/mL dose range tested was found to induce G2/M phase arrest in ~38 and 

54 % cells respectively preventing entry into a new division cycle.   
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Fig. 4.25. Histograms  showing cell cycle distribution of HCT 116 cells following 48 h 
treatment with phyto-derived / chemical ZnONPs 
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Table 4.6.  Cell cycle phase-specific distribution of HCT 116 cells following 48 h 
treatment with phyto-derived/chemicalZnONPs 

Types of ZnONPs 
Concentration  

(μg/mL) 

Sub G1 
(%) 

 

G0/G1 (%) 
 

S (%) 
 

G2/M (%) 
 

Control (HCT 116) 0 9.0 ± 0.5 60.6 ± 1.2 20.6 ± 0.7 9.0 ± 1.3 

AmRZnONPs 
40 
60 
80 

21.1±0.6 
24.5±1.5 
42.5±0.5 

67.6±2.5 
63.3±1.6 
35.2±1.8 

5.6±1.0 
4.0±0.5 
9.9±1.5 

3.4±1.4 
5.0±1.3 
9.1±1.6 

SpLZnONPs 
40 
60 
80 

8.2 ± 0.3 
7.7±1.1 
6.0±2.4 

50.8 ± 0.5 
52.1±1.4 
51.6±1.3 

12.1 ± 0.4 
9.5±2.2 

10.7±2.5 

28.9 ± 0.7 
30.6±0.9 
31.7±0.8 

MzLZnONPs 
40 
60 
80 

12.0±2.3 
6.3±1.8 
8.4±1.4 

 

47.7 ±0.5 
48.5±0.5 
53.7±1.5 

26.8±1.3 
12.5±1.7 
11.1±2.0 

13.4±0.5 
28.8±0.5 
30.6±0.5 

 

cZnONPs 
40 
60 
80 

27.9±0.7 
31.2±0.6 
32.4±0.2 

44.6±1.9 
38.3±2.7 
38.4±2.5 

10.1±1.0 
11.7±0.9 
11.5±0.8 

17.4±1.0 
18.8±1.6 
17.6±0.7 

Values given in blue colour denote the highest percentage of cells at a given phase of the cell cycle. 
Values represent mean ± S.D. of three experiments; p < 0.05. 

 

The cell cycle distribution pattern of A549 cells treated with zinc oxide 

nanoparticles showed arrest in multiple phases of cell progression (Fig. 4.26, Table 

4.7).  Treatment with phyto-derived and commercial ZnONPs resulted in a dose-

dependent increase in cell fractions undergoing S-phase and sub-G1 sub population.  An 

increase in G2/M arrest in comparison to the control cell population was observed in 

treated A549 cells. AmRZnONP treated cells displayed 2-fold increase in the number 

cells found in S and a 3-fold increase in cells undergoing  G2/ M transition without any 

increase in the percentage of apoptotic cells.  In cells treated with MzLZnONPs and 

cZnONPs, at a concentration above IC50 value, a 3 - 4 fold increase in the apoptotic cell 

population was observed whereas the latter nanoparticle type was also found to induce 

arrest in S and G2/M phase.   SpLZnONP-treatment induced maximal G2/M arrest in 

cells, which was about 4-folds higher than that found in the untreated control cell 

population besides inducing a 3-fold increase in the percentage of A549 cells at the S 

and sub-G1 phase.  Hence, both types of ZnONPs were found to induce cell cycle arrest 

in the  DNA synthetic and the G2/M phases concomitant with induction of apoptosis in 

a sub-population of cells.   
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Fig. 4.26. Histograms showing cell cycle distribution of A549 cells following 48 h of 
treatment with phyto-derived / chemical ZnONPs 

ZnONPs-induced G2/M arrest has been reported recently in human epidermal 

keratinocytes, HaCaT cells, breast cancer cell lines and human tenon fibroblasts (Gao et 

al., 2016; Sanad et al., 2018; Vallabani et al., 2019; Yin et al., 2019).  Yeast-derived 

ZnO nanoparticles have also been reported to induce S phase arrest and increase in 

apoptotic sub-G1 population in MCF-7 (breast cancer) cells (Moghaddam et al., 2017).    

A natural flavonoid, biochanin A-induced S-phase arrest and apoptosis was reported 

recently in A549 lung cancer cells by Li et al. (2018).  Biogenic gold nanoparticle-

induced arrest of A549 cells in multiple phases was also reported recently (Ramalingam 

et al., 2016)  
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Table 4.7. Cell cycle phase-specific distribution of A549 cells cycle following 48 h 

of treatment with phyto-derived/chemical ZnONPs 

Types of ZnONPs Concentration  
(μg/mL) 

Sub G1 (%) 
 

G0/G1 (%) 
 

S (%) 
 

G2/M (%) 
 

Control (A549) 0 6.5±0.1 83.6±0.4 4.1±1.3 4.7±0.9 

AmRZnONPs 40   
60          
80 

12.6± 0.5 
9.8±1.1 
6.2±1.5 

73.7±1.2 
70.4±1.5 
70.7±1.8 

6.3±0.9 
9.6±1.4 
8.9±0.2 

6.1±0.7 
9.2±0.9 
11.9±0.9 
 

SpLZnONPs 40   
60          
80 

8.9±0.4 
9.1±1.7 
13.2±2.5 

72.2±0.8 
66.1±0.8 
57.4±0.7 

7.6±0.8 
9.5±0.6 
11.3±0.4 

9.7±0.4 
12.8±0.5 
15.3±0.1 

MzLZnONPs 40   
60          
80 

6.0±0.5 
18.5±1.4 
21.1±0.7 

76.5±1.0 
54.8±1.3 
52.9±1.5 

6.7±1.4 
11.9±1.1 
11.9±0.3 

9.1±1.0 
11.5±0.3 
11.8±0.4 

cZnONPs 40   
60          
80 

13.5±1.5 
17.2±0.9 
26.4±0.3 

61.5±2.0 
9.8±1.9 
11.7±0.5 

9.8±0.5 
9.8±0.5 
10.2±0.2 

11.7±0.6 
13.1±0.6 
13.1±1.0 

Values given in blue colour denote the highest percentage of cells at a given phase of the cell cycle. 
Values represent mean ± S.D. of three experiments; p<0.05 

 

K562 cells exposed to all the three phyto-derived nanoparticles for 48 h 

displayed a dose-dependent increase in the percentage of apoptotic sub-G1 cell 

population (Fig. 4.27, Table 4.8).  These leukemic cells on exposure to AmRZnONPs 

displayed a 5-fold increase in the number of apoptotic sub-G1 cells with a 2-fold hike in 

G2/M cells when treated at a concentration above IC50 value.  Cells treated with SpL 

and MzL-derived particles exhibited 4-fold and 3-fold increase in apoptotic cell 

fraction respectively.  Interestingly, the overall results derived from FACS data 

revealed that the cellular effects of each type of nanoparticle were distinctive with 

respect to all cell cycle phases except G1.  Patel et al. (2016) reported that the uptake of 

ZnONPs by A431 cells was reduced in G0/G1 phase but was found to be highest during 

G2/M phase followed by S phase, an observation which is in agreement with the results 

discussed above.  Well known chemotherapeutic agents such as docetaxal and 

paclitaxel were also reported to arrest cells in G2/M phase ( Hernández-Vargas, 2007; 

Han and Lee, 2016) lending credence to the drug potential of phyto-derived ZnONPs 

generated in the present study.  
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Fig. 4.27. Histograms showing cell cycle distribution of K562 cells following 48 h of 
treatment with phyto-derived ZnONPs 
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Table 4.8. Cell cycle phase-specific distribution of K562 cells following 48 h of 
treatment with phyto-derived ZnONPs 

       
 Types of ZnONPs 
 

Concentration  
(μg/mL) 

Sub G1 
(%) 

G0/G1  
(%) 

 

S 
(%) 

 

G2/M 
(%) 

 

Control  (K562) 0 5.7±0.2 65.1±0.5 15.5±0.4 12.2±0.3 

 
AmRZnONPs 

40   
60          
80 

16.2±0.4 
22.1±0.3 
23.7±0.7 

57.3±0.1 
51.3±0.3 
31.5±0.2 

13.2±0.5 
13.4±0.5 
15.7±0.5 

11.5±1.1 
11.8±0.7 
22.4±0.5 

 
SpLZnONPs 

40   
60          
80 

15.0±0.4 
17.8±0.5 
20.7±0.9 

49.7±1.2 
48.9±1.5 
49.8±0.9 

14.1±1.2 
13.9±1.3 
15.1±0.6 

18.6±0.3 
17.0±0.5 
13.1±0.5 

 
MzLZnONPs 

40   
60          
80 

3.4±0.3 
13.8±0.6 
17.4±0.5 

60.8±0.3 
55.4±0.8 
49.1±1.0 

18.6±0.1 
15.6±0.4 
15.8±0.3 

15.8±0.3 
13.7±0.6 
15.6±0.7 

Values given in blue colour denote the highest percentage of cells at a given phase of the  cell cycle.  
Values represent mean ± S.D. of  three experiments; p<0.05 

 

 4.5.6.2   Effect of ZnONPs on phosphatidyl serine externalization 

One of the hallmarks of cellular apoptosis is an early translocation of inner 

phosphatidylserine (PS) to the outer leaflet of the cell membrane, which flags the cells 

for clearance by phagocytosis (Birge et al., 2016). The cellular protein, annexin V binds 

to externalized PS with high affinity in the presence of calcium ions.   For detection, 

Annexin V tagged with green fluorescent dye Alexa® Fluor 488 was used along with 

propidium iodide (PI) staining.  Dead cells with increased membrane permeability 

allow entry of propidium iodide which fluoresces red when bound to DNA (Namvar et 

al., 2015).   

All the three cancer cell types, treated with phyto-derived and chemical 

ZnONPs, showed dose-dependent increase in annexin V positive apoptotic cells 

emanating green fluorescence.  Fig. 4.28 summarizes the results obtained following 

staining with annexin V/PI, wherein the percentage of fluorescing HCT 116 cells 

treated with ZnONPs is included. An overwhelming induction of apoptosis was 

detected in ~97 % cells exposed to SpLZnONPs the highest concentration (80 µg/mL) 

tested, in comparison with ~32 % of apoptotic cells following treatment with 

AmRZnONPs and MzLZnONPs.  Notably, the percentage of apoptotic cells was found 

to be the lowest, at ~26 %, following treatment with the commercial cZnONPs.  
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Fig.  4.28.   Apoptogenic effect of phyto-derived /chemical ZnONPs on HCT 116 cells after 
48 h treatment and stained with annexin V / PI (a) Representative fluorescence microscopic 
images of cells exposed to all ZnONP types (b) quantitative analysis of total apoptotic cells and 
(c) flow cytometric analysis of cells.  Scale bars represent 20μm.    $p ≤ 0.001 

 

 A549 cells treated with AmRZnONPs and cZnONPs at the IC50 concentration 

of 60 μg/mL, were found to display apoptosis in a staggering majority of cells (~97 %) 

with the lowest percentage of ~16 % apoptosis found in the cell population exposed to 

MzLZnONPs (Fig.4.29).  A dose-dependent increase in the number of apoptotic cells 

was found in leukemic K562 cells treated with phyto-derived particles with the highest 

induction at ~ 76 % observed on exposure to SpLZnONPs followed by incidence of 

~60 % and ~34 % on exposure to MzLZnONPs and AmRZnONPs respectively 

(Fig.4.30).  The results are in line with several recent reports on the action of 

biosynthesized ZnONPs (Sanaeimehr et al., 2018) as well as chemically derived ZnO 
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particles against various cell types (Ryu et al., 2014; Kim et al., 2015; Jain et al., 2019; 

Vallabani et al., 2019).   

 

 

Fig. 4.29. Apoptogenic effect of phyto-derived /chemical ZnONPs on A549 cells after 48 h of 
treatment at IC50 concentration and stained with annexin V / PI  (a) Representative 
fluorescence microscopic images of A549 cells exposed to all ZnONP types (b) quantitative 
analysis of total apoptotic cells and (c) flow cytometric analysis of cells. Scale bars represent 
20μm. *p ≤ 0.05 
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Fig. 4.30. Apoptogenic effect of phyto-derived ZnONPs on K562 cells after 48 h treatment 
and stained with annexin V/PI  (a) Representative fluorescence microscopic images of K562 
cells exposed to all ZnONP types (b) quantitative analysis of total apoptotic cells and (c) flow 
cytometric analysis of cells. Scale bars represent 20μm.  #p ≤ 0.01, $p ≤ 0.001. 

 

4.5.7.  Genotoxic effects of phyto-derived/chemical ZnONPs  

4.5.7.1. Comet assay 

This ‘single cell gel electrophoresis’ assay is a sensitive method to determine 

DNA damage at the level of individual cells.  When subjected to an electric field, the 

cell harbouring a damaged genome displays single strand breaks/fragments in DNA 

migrating out of the nucleus as a ‘comet tail’ oriented towards anode.  The extent of 

DNA migration depends directly on the amount of cellular DNA damage (Kumaravel et 

al., 2009).   Increases in comet tail length were observed in a dose-dependent manner in 
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HCT 116 and K562 cells, following treatment with ZnONPs, indicating the genotoxic 

effect of nanoparticles.  However, A549 cells, treated with both types of ZnONPs, 

failed to display any comet tails.  In HCT 116 cells treated with SpLZnONPs, the 

extent of DNA damage was apparently higher than that elicited by cZnONPs treatment 

(Fig.4.31a).  In the case of K562 cells, exposure to all the three biogenic nanoparticle 

types induced relatively prominent comets in a concentration dependent manner (Fig. 

4.31b).  A similar observation of extensive DNA damage caused by Marsdenia 

tenacissima-derived ZnONPs in laryngeal Hep-2 cancer cells has been recently 

reported (Wang et al., 2019). 

 

Fig. 4.31.  Alkaline comet assay: Detection  of DNA strand breaks following treatment with 
(i) AmRZnONPs (ii) SpLZnONPs (iii) MzLZnONPs and (iv) cZnONPs on (a) HCT 116 cells 
and (b) K562 cells. Scale bar represents 5 μm.  

 

4.5.7.2. DNA fragmentation 

DNA extracted from HCT 116, A549 and K562 cells, treated with ZnONPs, 

were electrophoresed and visualized under UV light after ethidium bromide staining.  

In cells undergoing apoptosis/necroptosis, DNA is cleaved by an endonuclease - 

caspase-activated DNase (CAD) - at internucleosomal linker sites that fragments the 

chromatin into nucleosomal units of 180 – 200 bp oligomers (Matassov et al., 2004; 

Larsen and Sorensen, 2016).  Appearance of such ‘nucleosomal ladders’ were observed 

in DNA isolated from treated colon and leukemic cells (Fig. 4.32).  It was interesting to 

note that ZnONP-treated A549 cells failed to display DNA fragmentation very similar 
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to the lack of induction of comet tails in these cells as mentioned earlier.   The 

electrophoresed DNA, isolated from HCT 116 cells treated with SpLZnONPs, showed 

a higher intensity band at 500 bp position.  Such a disparity in the band intensity was 

also observed at 700 bp positions in the DNA obtained from colon cells exposed to 

AmR and MzL-derived particles (Fig. 4.32a).  The DNA ladders obtained from HCT 

116 cells treated with chemically derived cZnONPs were observed to be bereft of such 

high intensity bands. DNA laddering was observed to be well defined in the case of 

SpLZnONPs and MzLZnONP- treated K562 cells (Fig.4.32 b).  Notably, along with the 

DNA laddering, a background smear indicative of non-specific DNA degradation was 

also evident on the gels.   Likewise, DNA isolated from shikonin-induced glioma cells 

were also found to produce a smear as reported recently by Ding et al. (2019) 

attributing it to a process of  necroptosis triggered by chromatinolysis.   Interestingly, 

DNA isolated from tanshinone A treated Hep G2 cells were also reported to display 

both laddering and smearing on agarose gels suggestive of the co-occurrence of 

apoptosis and necroptosis (Lin et al., 2016).  In yet another latest report, Yousef et al. 

(2019) discusses on the mixed pattern of smearing and laddering of DNA.  This 

observation relates to DNA isolated from rat liver and kidney tissues exposed to 

ZnONPs resulting in non-specific degradation and inter-nucleosomal cleavage.   

Necrotic DNA degradation is thought to be a later event following injury / rupture of 

cells leading to proteolytic digestion of chromatin proteins including histones thereby 

exposing DNA to endonucleases.  ZnONP-induced genotoxic effects on cultured 

macrophages isolated from mouse as well as on brain tissue of rat have been recently 

reported (Pati et al., 2016; Attia et al., 2018).  Oral squamous carcinoma cells treated 

with adrenergic agonists have also been found to display DNA smearing following 

necrotic cell death (Uchida et al., 2019). 
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Fig. 4.32. Analysis of DNA fragmentation induced by phyto-derived / chemical ZnONPs in 
HCT 116 and K562 cells. Red arrow heads denote bands with higher intensity. 

 

4.5.8. Gene expression analysis by Reverse Transcription-quantitative polymerase 

chain reaction (RT- qPCR). 

RT-qPCR is a rapid, sensitive and robust method of gene expression profiling 

capable of quantifying mRNA levels to study differentially expressed genes (Amatori 

et al., 2017).   Cells undergo apoptosis through two major pathways, the death receptor 

extrinsic pathway or the mitochondrial intrinsic pathway.  Apoptosis is interplay 

between a set of various pro- and anti-apopotic molecules as detailed in section 2.5.2.   

Hence, a selection of eight pro-apoptotic [caspase-8, caspase-9, caspase-3,      

cytochrome c (Cyt c), DNA repair enzyme Poly(ADP-ribose) polymerase (PARP),  

tumour suppressor gene - p53,  p53-upregulated modulator of apoptosis (PUMA) and 

Bax] and two anti-apoptotic ( Bcl-2 and survivin) genes were taken up for assessment.  

ZnONP-induced changes in the transcription levels of the above-mentioned genes, 

expressed as fold-changes relative to that of the housekeeping gene, GAPDH, has been 
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determined individually and tabulated for all the three cell types studied (Tables 4.9 – 

4.11).   The transcriptional variations beyond 3 folds of the values computed for the 

control gene have been considered for analysis. 

In HCT 116 cells, maximum number of pro-apoptotic genes ( 6 out of 8) were 

upregulated on treatment with SpLZnONPs followed by AMRZnONPs (4 out of 8) and 

MzLZnONPs (3 out of 8) (Table 4.9).  Notably, the lowest number was recorded with 

the use of chemically derived cZnONPs upregulating only 2 out of the 8 genes 

assessed.  Although the highest upregulation by 24-folds was observed in the case of 

the executioner caspase-3, the Cyt c transcription was found to be consistently 

upregulated by treatment with all categories of ZnONPs including the chemical version.  

Incidentally, treatment with all particle types elicited a minimal downregulation of the 

two anti-apoptotic genes assessed; control cZnONPs were found to induce maximal 

downregulation of both Bcl-2 (19-folds) and survivin (8-folds) genes.  However, the 

highest downregulation of Bcl-2 gene transcription (23-folds) was observed following 

treatment with SpLZnONPs. 

In the case of A549 and K562 cells, phyto-derived ZnONP treatment resulted in 

upregulation of Cyt c (Table 4.10 and 4.11) as observed above in colorectal cells.  

Interestingly, exposure to SpLZnONPs resulted in maximal expression of pro-apoptotic 

genes (7 out of 8) in these two cell lines.  Again, in both cell types, the highest 

transcriptional hike was observed in the case of caspase-3 gene.  In A549 cells, 

treatment with biogenic and chemical ZnONPs showed increased expression of PARP 

but phyto-derived ZnONPs induced transcriptional upregulation of caspase-8. 

However, in K562 cells, treatments with all ZnONP types failed to express p53 and 

PUMA genes. A minimal downregulation of anti-apoptotic genes was found in 

ZnONP-treated A549 and K562 cells; the latter cell type also displayed the highest 

inhibition of survivin expression by ~4 folds when treated with MzLZnONPs.  

Incidently, a similar depression of survivin expression has been previously reported by 

Tomicic et al. (2010) in p53 null cells undergoing mitochondrial apoptosis. 
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Table 4.9. The relative quantitation of mRNA expression of apoptosis-related genes using RT-qPCR in HCT 116 cells treated 
with phyto-derived/chemical ZnONPs 

Fold Changes in mRNA expression 

 

      ZnONPs 

 

 Conc. 

(μg/mL) 

Pro-apoptotic genes  Anti-apoptotic genes 

 

p53 

 

PUMA 

 

Bax 

 

Cyt c 

 

Cas-9 

 

Cas-8 

 

Cas-3 

 

PARP 

 

Bcl-2 

 

Survivin 

 

 

AmRZnONPs 

40 0.5±0.1 1.35±0.20 1.1±0.2 2.3±0.2 3.2±1.6 1.3±0.64 0.6±0.3 1.8±.9 1.8±.7 1.7±0.6 

60 0.85±0.3 2.10±0.32 1.8±0.6 3.1±0.3 4.7±0.8 1.5±0.75 0.8±0.4 2.2±1.0 1.9±0.4 1.8±0.53 

80 1.30±0.2 3.80±0.50 2.1±0.9 3.8±0.4 4.9±0.9 1.7±1.0 1.6±0.7 3.3±1.0 2±0.32 1.8±0.4 

 

SpLZnONPs 

40 1.32±0.75 2.94±0.62 1.14±0.3 3.8±1.0 1.8±0.2 2.3±1.1 5.4±2.1 2±1.2 10.5±.9 0.63±0.2 

60 2.63±0.9 5.89±0.22 4.05±1.2 8.8±1.1 3.1±0.7 2.3±0.8 23.5±.8 5.8±.3 23.4±.4 1.08±0.6 

80 2.80±1.0 9.58±1.31 7.36±0.4 8.9±0.5 4.0±2.2 2.3±1.2 24.1±.1 6.7±.4 4.9±.2 1.9±0.54 

 

MzLZnONPs 

40 0.93±0.2 1.32±0.32 1.7±0.5 0.5±0.4 0.9±0.1 1.3±0.1 3.8±0.5 1.4±.2 0.66±.22 0.6±0.1 

60 1.30±0.21 1.91±0.56 2.8±0.32 1.7±0.4 1.7±0.3 1.5±0.1 7.2±0.2 1.9±.7 1.2±.0.5 0.5±0.1 

80 1.80±0.33 2.30±0.72 3.6±0.41 3.1±0.4 2.9±0.1 1.5±0.1 13.5±1 2.5±.6 1.4±0.5 0.5±0.1 

 

cZnONPs 

40 1.20±0.12 1.30±0.32 0.32±0.2 3.8±0.5 0.9±0.3 0.54±0.4 1.8±0.7 6.1±1 8.5±.9 6.4±0.31 

60 1.50±0.15 1.50±0.18 0.86±0.5 4.3±0.6 0.95±0.1 0.75±0.3 1.8±0.1 7.7±.5 19.4±.4 8.4±0.52 

80 2.20±0.23 2.00±0.45 0.92±0.7 4.5±0.2 0.95±0.3 0.75±0.4 2.2±0.4 8.2±.4 6.4±.2 8.4±1.2 

Values are expressed as mean ± S.D. p < 0.05.  Green boxes indicate downregulation of gene expression and boxes devoid of colour 
represent upregulation. Highest folds of up/down regulated gene expressions are indicated in bold numbers 
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Table  4.10. The relative quantitation of mRNA expression of apoptosis-related genes using RT-qPCR in A549 cells treated with 
phyto-derived / chemical ZnONPs 

Fold changes in mRNA expression 

 

 

ZnONPs 

 

  

 

 

Conc. 

(μg/mL) 

Pro-apoptotic genes          Anti-apoptotic genes 

 

p53 

 

PUMA 

 

Bax 

 

Cyt c 

 

Cas-9 

 

Cas-8 

 

Cas-3 

 

PARP 

 

Bcl-2 

 

Survivin 

 

 

AmRZnONPs 

40 0.61±0.2 1.3±0.1 0.5±0.2 2.45±0.7 1.2±0.5 2.3±0.45 0.55±0.3 2.6±1.2 1.25±0.6 1.8±0.3 

60 0.8±0.2 1.0±0.00 0.9±0.1 3.5±1.1 1.3±0.2 2.8±0.32 0.75±0.0 3.2±0.9 1.5±0.3 2.1±0.4 

80 1.0±0.12 0.9±0.1 0.9±0.0 5.0±1.2 1.3±0.2 3.5±0.12 2.5±0.2 3.8±1.0 1.54±0.2 2.3±0.6 

 

SpLZnONPs 

40 2.12±0.31 2.24±0.62 1.20±0.5 3.15±0.9 2.49±0.7 3.12±0.2 4.13±0.7 3.8±1.3 1.2±0.2 0.92±0.1 

60 3.14±0.51 5.60±1.5 3.24±0.33 7.39±1.5 2.58±0.2 4.13±0.11 5.25±0.6 4.6±0.8 1.3±0.5 0.95±0 

80 4.12±0.85 7.4±1.3 3.76±0.7 8.52±0.3 2.75±0.2 4.4±1.0 12.2±0.8 6.1±1.2 1.3±0.1 1.5±0.2 

 

MzLZnONPs 

40 1.62±0.3 1.9±0.2 1.8±0.2 2.2±1.0 1.95±0.4 1.5±0.34 1.0±0.2 1.8±0.4 0.56±0.1 1.5±0.6 

60 1.8±0.21 2.2±0.3 2.2±0.14 3.2±1.1 2.4±0.3 1.8±0.18 1.5±0.3 2.1±0.2 1.6±0.5 1.5±0.2 

80 2.2±0.3 3.9±0.7 2.4±0.1 3.8±0.5 3.8±0.1 3.2±0.15 3.6±0.1 3.4±0.5 2.1±0.4 1.9±0.1 

 

cZnONPs 

40 1.3±0.6 0.81±0.1 1.2±0.3 1.4±0.1 1.5±0.4 0.8±0.0 1.6±0.2 3.4±1.2 0.23±0.0 0.5±0.1 

60 2.5±0.3 0.67±0.3 1.8±0.4 1.7±0.5 2.6±1.1 1.2±0.3 1.9±0.3 4.8±0.6 0.89±0.2 1.1±0.34 

80 3.8±0.2 0.72±0.1 1.8±0.1 2.1±0.1 2.9±0.8 1.5±0.2 6.0±0.4 5.4±0.3 1.88±0.4 1.3±0.43 

Values are expressed as mean ± S.D. p < 0.05.  Green boxes indicate downregulation of gene expression and boxes devoid of colour 
represent upregulation. Highest folds of up/down regulated gene expressions are indicated in bold numbers 
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Table 4.11. The relative quantitation of mRNA expression of apoptosis-related genes using RT-qPCR in K562 cells treated with 

phyto-derived ZnONPs  

Fold changes in mRNA expression 

 

   ZnONPs 

 

  

Conc. 

(μg/mL) 

Pro-apoptotic genes Anti-apoptotic genes 

 

Cyt c 

 

Cas-9 

 

Cas-3 

 

Cas-8 

 

PARP 

 

Bax 

 

Bcl-2 

 

Survivin 

 

AmRZnONPs 

20 2.1±0.3 0.75±0.3 0.95±0.1 - 1.8±0.4 0.78±0.0 0.31±0 1.1±0.2 

40 2.5±0.5 1.4±0.2 1.7±0.5 - 2.1±0.3 1.5±0.3 0.95±.1 1.3±0.3 

60 3.5±0.2 2.4±0.1 2.4±0.8 - 2.8±0.2 1.5±0.1 1.3±.2 1.9±0.1 

 

SpLZnONPs 

20 2.31±.8 9.18±1.2 17.5±1.2 1.23±.6 1.5±0.2 1.34±0.1 1.15±.5 2.62±0.2 

40 2.14±.4 8.51±.42 30±2.0 1.59±.2 1.5±0.5 2.34±.21 0.72±.9 2.6±0.5 

60 3.7±.21 8.5±0.66 30±1.5 1.65±.3 1.5±0.5 3.2±.42 0.72±.4 2.6±0.5 

 

MzLZnONPs 

20 2.2±1.2 4.5±0.3 1.5±0.8 1.23±.1 1.3±0.1 0.53±0.1 0.8±.1 1.8±0.42 

40 3.1±0.5 5.5±1.2 3.9±1.2 1.4±0.6 1.8±0.2 0.81±0.1 0.9±.6 3.8±0.3 

60 4.5±0.3 9.4±0.4 11.3±.9 1.3±0.4 2.8±0.3 0.9±0.1 0.9±0 3.85±0.2 

Values are expressed as mean ± S.D. p < 0.05. Green boxes indicate downregulation of gene expression and boxes devoid of colour 
represent upregulation. Highest folds of up/down regulated gene expressions are indicated in bold numbers 
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Overall, transcript quantification revealed that biogenic ZnONPs treatment 

was found to be cytotoxic to HCT 116, A549 and K562 cells since it triggered 

mitochondrial apoptosis involving elevated expression of Cyt c, cas-9, and cas-3 in a 

dose-dependent manner.   Briefly, the key events of the intrinsic apoptotic pathway 

comprise of release of mitochondrial cytochrome c to the cytosol, apoptosome 

formation and activation of caspase-9, processing of caspase-3 eventually leading to 

programmed cellular death (Jin and El-Deiry, 2005).  It may be relevant to note here 

that several reports exist on biogenic and non-biogenic ZnONP-induced intrinsic 

apoptosis in various cell lines (Akhtar et al., 2012; Namvar et al., 2015; Kavithaa et 

al., 2016; Wang et al., 2018).   A recent study by Katifelis et al. (2018) and Shaniba 

et al. (2019) have reported that apoptosis induction by silver nanoparticles in HCT 

116 colon cells occurs via p53, Bax/Bcl-2, caspase pathway.  ZnO nanorod induced 

apoptosis in A549 cells through ROS and oxidative stress via p53, survivin, bax/bcl-

2 and caspase pathways was also reported by Ahmed et al., (2011).   However, in the 

present study, apoptotic gene expressions in A549 cells treated with phyto-derived 

ZnONPs is indicative of the involvement of extrinsic pathway as evidenced by the 

significant upregulation in caspase-8 expression.  It may be recalled that caspase-8 is 

activated by dimerization inside a death receptor complex, cleaved by auto-

proteolysis and subsequently released into the cytosol. This fully processed form of 

caspase-8 is thought to cleave caspase-3, thereby inducing cell death (Beaudouin et 

al., 2013).  Induction of apoptosis by these two pathways in A549 cells exposed to 

plant based cytotoxic agents has already been reported recently (Zhou et al., 2017; 

Lee et al., 2019).  Finally, the effects of chemically derived commercial ZnONPs in 

the present study were found to be relatively insignificant when compared to the 

effects of biogenic ZnONPs on HCT 116 and A549 cells already mentioned earlier. 

4.5.9. Protein expression analysis by western blotting 

 Profiling of protein expression by SDS-PAGE was carried out to confirm 

induction of apoptosis in the three cell types exposed to phyto-derived/chemical 

ZnONPs.  Cytomorphological observations using light, fluorescence and electron 

microscopy along with flow cytometric and quantitative transcriptomic data analysis 

provided ample evidence of apoptosis induction in the above-mentioned cells.  

Hence, immunostaining was carried out using monoclonal antibodies against typical 

apoptosis-related proteins, namely, cleaved PARP, cleaved caspase-3, -8, 
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cytochrome c  and  cell cycle regulatory protein, cyclin B1.  Increased expression of 

cytochrome c, cleaved caspase-3 and PARP in immunoblots of ZnONP-treated HCT 

116 cells confirmed the induction of ROS-mediated mitochondrial apoptotic 

pathway (Fig.4.33).  Dose-dependent downregulation of mitotic marker cyclin B1 

observed in SpLZnONPs and MzLZnONPs (Fig. 4.33 b and c) treated colon cells 

corroborated well with the FACS data on cell cycle distribution including G2/M 

arrest (sub-section 4.5.6.1).  Cyclin B1 is known to play a crucial role in G2/M 

transition and its decreased or near complete lack of expression provides a rationale 

to the potent antiproliferative efficacy of the particles observed in earlier 

experiments.  Interestingly, the absence of the active form of caspase-8 (an initiator 

caspase of the extrinsic pathway) in colon cells, in line with the observed failure of 

amplification of the gene transcript, confirms occurrence of cellular death through 

the intrinsic pathway.     

 

Fig. 4.33. Western blot analysis of apoptosis-related protein expression in HCT 116 cells 
following treatment with (a) AmRZnONPs (b) SpLZnONPs (c) MzLZnONPs and (d) 
cZnONPs 
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In the protein profile of A549 adenocarcinoma cells exposed to all particle 

types, a dose-dependent increase in the amount of cleaved PARP was observed   

(Fig. 4.34). A dose-dependent increment in the level of active caspase-8 was also 

evident in protein profiles obtained from cells treated with phyto-derived ZnONPs, 

thereby reconfirming involvement of the activated extrinsic apoptotic pathway as 

already observed and discussed during RT-qPCR analysis.  Treatment with both 

types of ZnONPs caused decrease in cyclin B1 expression which thus provides a 

valid explanation to the FACS data showing G2/M arrest.   Incidently, the failure of 

expression of cleaved caspase-3 and cytochrome c on the western blots, despite the 

observed presence of high levels of these gene transcripts (Section 4.5.8) could 

either be due to transcript or protein instability. Schwanhӓusser et al. (2011) have 

also observed that the proteins involved in cellular homeostasis and defense 

responses may have stable mRNA and unstable proteins, which may be the reason 

for the absence of the concerned protein bands.  Mathuram et al. (2016) attributes 

such a discrepancy between the relative mRNA and protein expression levels to 

degradation of apoptotic proteins.  

 

Fig. 4.34. Western blot analysis of apoptosis-related protein expression in A549 cells 
following treatment with (a) AmRZnONPs (b) SpLZnONPs (c) MzLZnONPs and (d) 
cZnONPs 
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Exposure of suspension cultures of K562 to ZnONPs resulted in dose-

dependent increase in the expression of cytochrome c, cleaved caspase-3 and PARP 

(Fig. 4.35).  These results also confirmed occurrence of cell death through 

mitochondrial pathway thereby lending credence to the conclusions drawn during 

the analyses of transcription (RT-qPCR) and cell cycle (FACS) data.  

 

Fig.  4.35.  Western blot analysis of apoptosis-related protein expression in K562 cells 
following treatment with (a) AmRZnONPs (b) SpLZnONPs and (c) MzLZnONPs 

 

II.  Evaluation of cytotoxicity / biocompatibility of the phyto-mediated and the 

chemically-derived ZnONPs employing normal human and plant cell models 

4.5.10. Effect of ZnONPs on human peripheral blood derived lymphocytes 

(hPBLs) and erythrocytes 

 MTT assay:  This assay was performed using hPBLs to evaluate the 

cytotoxicity of all of the five phyto-derived ZnONPs synthesized (Chapter 3) during 

the present study along with that of the  commercial version of ZnONPs.  The results 

given in Fig. 4.36 showed that predominantly the phyto-derived particles are non-

toxic to normal human lymphocytes with only marginal cytotoxicity, at and below 
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the IC50 concentration. Beyond the IC50 value, following treatment with 

AmSZnONPs at the highest concentration tested (100 μg/mL), the cell viability was 

found to decrease to 42 %.  It is worth mentioning that even at the highest test 

concentration, all of the other four biogenic ZnONPs could elicit only upto about 20 

% reduction in cell viability.  In comparison, the chemical ZnONPs showed 

relatively very high cytotoxicity inducing cellular death ranging from ~ 40 to 88 % 

at or above the IC50 value (60, 100 μg/mL) . 

 
Fig.  4.36.  Cytotoxicity evaluation of phyto-derived / chemical ZnONPs against hPBLs.   
Values represent mean ± S.D. of three experiments. p < 0.05 

 

Determination of Mitotic Index (MI):  The chromosome spreads, prepared as 

described earlier (sub-section 4.2.11.1.2.) were examined to determine the MI and 

relative mitotic index (RMI) of treated and unreated control lymphocytes.  A 

reduction of 50% and above in RMI values is considered to be indicative of 

cytotoxicity (Health effects test guidelines, USA, 1998). The results showed that 

hPBLs treated with biogenic nanoparticles except AmSZnONPs, showed a dose-

dependent decrease in RMI ranging from ~7% - 36% as against a drastic reduction 

of ~ 46% - 94% observed in cells exposed to the chemically-derived cZnONPs 

(Table 4.12).  Lymphocytes treated with AmS-derived nanoparticles displayed a 

depression in RMI ranging from ~ 22 % - 52 %.  In other words, biogenic 
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nanoparticles were well within the biosafety limits even at the highest concentration 

tested (100 μg/ml) compared to their chemically derived counterparts which were 

found to be highly toxic beyond 20 μg/ml.                

Table  4.12.    MI and RMI of phyto-derived/chemical ZnONPs treated hPBLs 

 

Type of ZnONPs 

MI (%) RMI (%) 

Concentration (μg/mL) Concentration (μg/mL) 

20 60 100 20 60 100 

AmFZnONPs 6.95 ± 0.32 6.40 ± 0.58 5.80±0.21 93.8 86.4 78.3 

AmRZnONPs 7.00±0.2 6.00±0.5 4.80±1.0 94.6 81.08 64.8 

AmSZnONPs 5.8± 0.5 5.40±0.4 3.6±1.2 78.4 73 48.6 

SpLZnONPs 6.6±0.5 6.2±0.4 5.6±0.7 89.2 83.7 75.7 

MzLZnONPs 6.00±1.1 5.6±0.5 5.2±0.3 81.08 75.7 71 

cZnONPs 4.8±0.78 2.1±0.55 0.5±0.32 64.8 28.3 6.7 

MI of untreated control cells (7.41 ± 0.93) was taken as 100% to compute the RMI values. Values are 
expressed as mean ± S.D., P < 0.05 compared to controls.  Values shown in blue colour denote the 
lowest MI / RMI.  

Light microscopy of cZnONPs treated cells clearly revealed extensive 

damage to cellular morphology as evidenced by the loss of well defined cell shape, 

apparently due to membrane disruption with near complete absence of metaphase 

chromosomes (Fig. 4.37).  

 

Fig. 4.37.  Cytotoxicity against hPBLs studied by preparation of Giemsa stained 
metaphase spread  (a)untreated control cells (b)phyto-derived ZnONP (60 μg/mL) and (c) 
chemically derived cZnONP (60 μg/mL) treated cells. Red arrow heads denote metaphase 

spread, yellow for interphase and green for blast cells. Scale bar represents 15 μm. 
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These observations are in line with earlier studies on ZnONP-induced 

cellular and genotoxic effects such as decrease in MI accompanied with 

chromosomal aberrations including chromosomal breaks in hPBLs (Mussarat et al., 

2009; Gümüş et al., 2014). Lipid peroxidations leading to alterations in cell 

membrane, oxidative DNA damage and induction of mitochondria-mediated 

apoptosis have also been reported (Rikans and Hornbrook., 1997; Lin et al., 2009; 

Horie and Fujita., 2011). 

Hemolysis of erythrocytes :  Given the fact that 5% hemolysis is permissible 

for biomaterials (Das et al., 2011), significant hemolytic activity was not observed in 

cells treated with either of the two types of nanoparticles tested.  However, 

cZnONPs treatment resulted in a marginal increase of hemolytic index up to 7% at 

the highest dose tested. Noticeably, erythrocytes exposed to cZnONPs when stained 

with Giemsa, were observed to be relatively shrunken size-wise displaying sharp 

angular membrane distortions, but with minimal hemolysis (Fig. 4.38), similar to 

those described by Shirsekar et al. (2016).  Incidentally, similar structurally distorted 

erythrocytes with lost concavity, typical of echinocytes have been reportedly 

induced on exposure to certain aqueous plant extracts.  This may be attributed to the 

inherent nature of these agents to modify erythrocyte membrane-related 

ionic/osmotic transport balance (Maiworm et al., 2008).  However, such   

morphological  

 

Fig. 4.38. Morphological evaluation of erythrocytes stained with Giemsa (a) untreated 
control cells (b) phyto-derived ZnONP (60 μg/mL) and (c) chemically derived cZnONP 
(60 μg/mL)treated cells.  Scale bar represents 15 μm. 
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distortions were virtually absent in biogenic ZnONPs-treated red blood cells.  A 

recent report by Babu et al. (2017) provided supportive evidence, wherein the 

presence of natural agent ferulic acid was found to reduce the hemolytic activity of 

ZnONPs resulting in better biocompatibility.  It is quite tempting to speculate that 

the biogenic ZnONPs generated carrying infinitesimally small amounts of adsorbed 

phytoconstituents do not apparently affect the erythrocytes as evidenced by their 

normal cytomorphology. 

4.5.11. Effect of ZnONPs on Allium cepa root-tips 

A dose-dependent reduction in RMI value was observed in onion root tip 

cells treated with all of the five phyto-derived nanoparticles employed in the present 

study (Table 4.13).   Treatment with AmSZnONPs resulted in the highest decrement 

of RMI (54 %).  However, the plant cells exposed to cZnONPs exhibited signs of 

drastic cytogenotoxicity as evidenced by a near complete absence of mitotic phases 

and formation of ghost cells (Fig. 4.39). Previous reports on the cytogenetic toxicity 

of ZnONPs on onion root-tip cells mention the observation of extensive cell 

vacuolation along with ruptured nuclear and plasma membranes (Kumari et al., 

2010; Ghosh et al., 2016).  

Table 4.13.   MI and RMI of phyto-derived/chemical ZnONPs treated Allium 
cepa root-tips  

 

Type of nanoparticle 

MI (%) RMI (%) 

Concentration (μg/mL) Concentration (μg/mL) 

20 60 100 20 60 100 

AmFZnONPs 12.82 ± 0.46 11.6±0.69 9.9±0.4 90.9 82.2 70.2 

AmRZnONPs 13±0.1 11.6±0.5 10±0.2 92.9 82.3 82.9 

AmSZnONPs 10.6±0.5 9.2±0.5 7.6±1.2 75.7 65.7 54.3 

SpLZnONPs 13.4±0.2 12.2±0.1 11.2 92.8 87.1 80 

MzLZnONPs 12±0.5 11.2±0.1 9.8±0.5 87.1 80 70 

cZnONPs 0.9±1.2 - - 6.4 - - 
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MI of untreated control cells (14.1±1.03) was taken as 100% to compute the RMI values. Values are     
expressed as   mean ± SD, P < 0.05 compared to controls.  Values shown in blue colour denote the 
lowest MI / RMI.  

 
Fig. 4.39. Cytotoxicity of ZnONPs against A. cepa root-tip cells (a) untreated controls,  
cells treated with (b) phyto-derived ZnONP (60 μg/mL) and (c) chemically derived 
cZnONP (60 μg/mL).  Arrowheads indicate mitotic phases observed: Green for prophase, 
red for metaphase, blue for anaphase and yellow for telophase. 

 

Again, cells exposed to biogenic nanoparticles including AmSZnONPs, 

however, failed to display such cytological defects.  These results were visually 

confirmed employing trypan blue vital staining assay.   The root-tip cells, treated 

with chemically derived cZnONPs used as a control, were stained blue even at the 

lowest concentration tested (20 μg/mL) which was indicative of cell death.  

However, cells exposed to biogenic ZnONPs were found to be viable and bereft of 

stain due to exclusion of the vital dye and possession of intact cell membranes (Fig. 

4.40). 
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Fig.  4.40. Trypan blue staining of A.cepa roots (a) untreated controls (b) treated with 
phyto-derived ZnONPs at 60 μg/mL (c) chemically derived cZnONPs at 20 μg/mL and at 
(d) 60 μg/mL. 

    

Taken together, the present investigations have provided deeper insights into 

the selective toxicity of phyto-derived ZnONPs against cancer cells with no adverse 

effect on normal cells.  On the contrary, the chemically-derived, commercially 

available version of ZnONPs was found to be toxic to two of the three cancer cell 

types tested.  More importantly, the latter particle type caused extensive cellular 

damage to normal human and plant cell models studied.  This study also sheds light 

on distinctive properties of these biogenic nanoparticles such as their surface 

chemistry owing to the presence of a subset of specific phytochemicals derived from 

the individual plant extracts.  The results obtained clearly vouch for their overall 

biocompatibility with normal human and plant cells in addition to their cell-specific 

and superior anticancer activity.   

The detailed cell and molecular biological analyses successfully unraveled 

the pathway affecting cellular behavior.  The signs of ZnONP-induced apoptosis and 

necroptosis as revealed through microscopy and the evidence of DNA fragmentation  

on agarose gels are clear pointers to the activation of multiple pathways involved in 

cell death programmes.  It has been established that ZnONP-mediated ROS 

responses orchestrate a series of pathological events which could be delineated in 
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the study.   Based on these lines, a logical predictive model can be extrapolated.  

Cancer cells which usually carry high concentrations of anionic phospholipids and 

signaling molecules on their surface attract nanoparticles electrostatically, compared 

to normal cells. The particles are known to enter the cells directly through the lipid 

bilayer or by endocytosis into endosomes which merge with lysosomes leading to 

endosome destabilization.   Release of soluble Zn ions triggered by decreasing pH in 

the early endosomes (pH 6.3) to late endosomes (pH 5.5) further decreasing to 4.7 in 

the lysosomal compartments culminates in ROS-mediated apoptosis (Bisht and 

Rayamajhi, 2016).  Moreover, angiogenesis, a hallmark of cancer cells, leads to 

irregular and leaky walls with larger gaps than healthy blood vessels giving easy 

access to nanoparticle entry (Grossman et al., 2012).   Arguably, this also provides a 

rationale for the selective killing of cancer cell observed in the obtained results.   
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EVALUATION OF MULTIFACETED PROPERTIES: 
PHOTOCATALYTIC, ANTIBACTERIAL AND DNA-

INTERACTIVE POTENTIAL OF PHYTO-DERIVED AND THE 
CHEMICALLY SYNTHESIZED ZnONPs 

 

5.1. Introduction 

 Green nanotechnology stands for the use and production of nature-friendly 

nanomaterials.  It would be an added advantage if the nanomaterial so produced 

finds utility in applications for environmental remediation (Sivaraj et al., 2014; Das 

et al., 2018).  For instance, in a scenario of contamination of water bodies with 

organic dye pollutants from textile and printing industries and with drug-resistant 

bacteria/mutated pathogens, it is worthwhile to explore novel remedial technologies.  

Nano-based functionalized surfaces, coatings and reagents offer better avenues for 

improved catalysis, adsorption, high reactivity and mobility enabling effective 

removal of heavy metals, inorganic/organic pollutants and harmful microbes making 

them useful for water and wastewater treatment (Gehrke et al., 2015;  Guerra et al., 

2018).  

As per World Health Organization (WHO), the antimicrobial resistance was 

declared as one of the ‘biggest threats to global health’ (Davis et al., 2018).  It is 

well established that development of drug resistance in microorganisms is a cause 

and consequence of the use of high drug doses, higher toxicity treatments, longer 

stays in hospitals and an increase in mortality. There are various factors which 

contribute towards antibiotic resistance in microorganisms, such as misuse and 

overuse of antibiotics, their extensive agricultural use and availability of fewer new 

antibiotics (Ventola, 2015).  Since the antimicrobial action of nanoparticles is 

directly proportional to the surface area available for interaction with biological 

components, metallic nanoparticles have become one of the most promising choices 

to overcome the microbial resistance to drugs (Singh et al., 2018).   

In yet other frontier/futuristic platforms, nanoparticle use continues to attain 

greater attraction for diverse applications of functionally integrating DNA/nucleic 
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acids for biosensing, labeling, targeted imaging, cellular delivery, diagnostics, 

therapeutics, bioelectronics, and biocomputing (Evans et al., 2016; Chamorro-Garcia 

and Merkoci., 2016; Kairdolf et al., 2017). The multifaceted versatility of inorganic 

metal oxide nanocrystals emanate from their optical, physical and electrochemical 

properties which facilitate functional combinations for specific end-uses (Samanta et 

al., 2016).     

In view of the above, an evaluation of the multifaceted properties of the 

phyto-derived ZnONPs generated in the present study was deemed imperative and 

relevant.  Interestingly, the physico-chemical characterization of the biosynthesized 

zinc oxide nanoparticles revealed their unique surface characteristics including the 

presence of adsorbed phytochemicals and peptides. Several reports were 

encountered during a literature scan which showed the multipronged potential of 

biogenic ZnONPs (Bhuyan et al., 2015; Pandimurugan and Thambidurai, 2016; 

Khalafi et al., 2019; Chemingui et al., 2019).  This chapter highlights the findings 

obtained during a digressive exploration of their functions. In brief, a comparison 

has been made between biosynthesized ZnONPs versus their commercial chemical 

version in terms of (i) photocatalytic potential as evidenced by degradation of 

methylene blue, (ii) antibacterial activity against bacteria including MDR clinical 

strains and (iii) their interactions with DNA (plasmid / λ genome and 100 bp ladder).  

The overall results furnish a proof-of-principle of the superior nature of 

biofabricated zinc oxide nanoparticles over their chemical counterpart.    

5.2. Materials and Methods 

5.2.1. Photocatalytic dye degradation 

The photocatalytic potential of AmFZnONPs, AmRZnONPs, AmSZnONPs, 

SpLZnONPs, MzLZnONPs and cZnONPs was assessed based on the reported 

ability of nanoparticles to catalytically reduce dyes such as methyl red, methylene 

blue and many others on exposure to light.  Methylene blue (MB), for instance, can 

be reduced to its colourless leuco-form on exposure to direct sunlight (Bandekar et 

al., 2014; Kumar et al., 2014).   The following is a brief outline of the experimental 
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procedure adopted in the present study.  Aliquots of all types of ZnONPs, ranging 

from 50 µg - 2.0 mg/mL, were added individually to 50mL of methylene blue dye 

(1mg/100mL).  The solutions were then magnetically stirred for 15 minutes, to 

achieve adsorption equilibrium of the photocatalyst with dye in the dark, and then 

exposed to direct sunlight for a period of 1, 3 and 5 h respectively.  Aliquots from 

each sample were collected at the three designated time intervals for obtaining an 

absorption spectrum from 200 – 700 nm.  An aliquot of methylene blue solution 

alone (without any ZnONPs) was also included in the analysis.  The absorption at 

665 nm was used to calculate percentage dye degradation, if any, using the equation, 

                  % dye degradation = (A0 ˗ At)   × 100                                                                                                                                                       

                                                       A0       

 where A0 denoted initial absorption of dye in the presence of test samples and At 

represented absorption of  the dye following the  time ‘t’ denoted in hours (h). 

5.2.2. Antibacterial activity 

The antibacterial potential of the different nanoparticles - AmFZnONPs, 

AmRZnONPs, AmSZnONPs. SpLZnONPs, MzLZnONPs and cZnONPs - was 

determined using four clinical bacterial isolates, Escherichia coli, Klebsiella 

pneumoniae, Pseudomonas aeruginosa and Staphylococcus aureus, obtained from a 

local tertiary care centre.  Antibiotic profiling of these isolates was carried out using 

Kirby-Bauer disc-diffusion method according to CLSI (2017), employing  the 

following antibiotic discs (HiMedia Mumbai, India) : imipenem (10 mcg), 

ciprofloxacin (5 mcg), cefepime (30 mcg), gentamicin (10 mcg), ampicillin (10 

mcg), aztreonam (30 mcg), chloramphenicol (30 mcg), amikacin (30 mcg), 

meropenem (10 mcg), naldixic acid (30 mcg), polymixin B (300 units), ceftazidime 

(30 mcg) and cefoxitin (30 mcg).   

5.2.2.1. Quantitative MIC-MBC determination 

Exponentially growing cultures of clinical bacteria, serially diluted with 

Luria Bertani (LB) growth medium, were individually exposed to 100-1000 µg/mL 
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of AmFZnONPs, AmRZnONPs, AmSZnONPs, SpLZnONPs, MzLZnONPs and the 

chemically synthesized cZnONPs.  In parallel, appropriate control cultures were 

treated simultaneously with equivalent volumes of the corresponding plant extracts 

(AmF, AmR, AmS, SpL and MzL).  Following overnight growth at 37 °C, 0.1 mL 

each of the test cultures and the corresponding untreated controls were spread on 

LB-agar plates for determination of minimum inhibitory concentration (MIC) and 

minimum bacteriocidal concentration (MBC) (Reddy et al., 2014; Salem et al., 

2015). 

5.2.2.2. Qualitative well diffusion assay 

  Antibacterial activities of individual biogenic AmFZnONPs, AmRZnONPs, 

AmSZnONPs. SpLZnONPs, MzLZnONPs, their corresponding extracts and the 

chemical cZnONPs were then qualitatively confirmed using Kirby-Bauer method 

(Vani et al., 2011).  Aliquots (75 µL) of each of the test samples containing 

concentrations equivalent to MIC were inoculated into 7 mm wells punched in LB 

agar plates swabbed previously with each of the four bacterial test strains.  The zone 

of inhibition (in mm) of bacterial growth was measured following 16 h of incubation 

at 37 °C which was indicative of the susceptibility of the test organisms to the 

individual nanoparticles / extracts.   

5.2.3. Biogenic ZnO-DNA interactions  

 The interaction of phyto-derived ZnONPs with molecular DNA was 

analyzed on the basis of in vitro experiments designed essentially as described by 

Wahab et al. (2009) with minor modifications.  Briefly, in a 20 µL reaction volume, 

equal amounts of supercoiled plasmid DNA (pUC 18, 0.2 µg/µL), 100bp DNA 

ladder (0.5 µg/µL), and λ bacteriophage genomic DNA (0.3 µg/µL) were exposed to 

individual biogenic and chemical version of ZnONPs, ranging from 0.5 - 5.0 

mg/mL. All test samples were then incubated at 37 °C for 90 min.  Controls of each 

DNA type were also set, devoid of any nanoparticle treatment.  Following 

incubation, the samples were snap-chilled to arrest the reaction.   Equal volumes of 

the reaction products were gently loaded into the wells of a 2.0 % agarose gel for 



 147

electrophoretic separation followed by ethidium bromide staining for visualization 

and photography using an Alpha imagerTM 2200 (USA) gel documentation system.   

5.2.4. Statistical analysis 

All results have been expressed as mean values ± standard deviation (S.D.) 

obtained from experiments carried out in triplicate.  All data were subjected to one-

way analysis of variance (ANOVA, SPSS version 20.0) by Dunnett’s Multiple 

Comparison test.  The difference was considered as statistically significant at           

p < 0.05 with respect to control. 

5.3. Results and Discussion  

5.3.1. Photocatalytic dye degradation  

When a photocatalyst is illuminated by a light stronger than its band gap 

energy, electron migrates from valance band to conduction band thereby forming 

holes in the valance band.  These holes can generate highly oxidative hydroxyl 

radicals, which can extract electrons from dye molecules leading to their degradation 

(Elamin and Elsanousi, 2013).  Basic dyes such as methylene blue (MB) are organic 

in nature which contain benzene ring (s), a chromosphere and auxochrome group.  It 

is a cationic thiazine dye of blue color, soluble in polar solvents, which has been 

used as a model system for photocatalytic studies in analytical chemistry, medicine 

and biology.  Due to its solubility in water and ethanol, it can potentially pollute 

water bodies causing hazard to aquatic biota (Atchudan et al., 2016). Hence, 

degradation of this dye is of crucial importance for environmental protection.  In this 

context, an assessment of the photocatalytic potential, if any, of the phyto-derived 

ZnONPs in comparison to the activity displayed by chemically derived 

nanopartiocles was carried out as described earlier in section 5.2.1.   

Fig.5.1A. shows a pictorial representation of the visualized time-dependent 

photo-bleaching effects of biosynthesized ZnONPs in the presence of sunlight, 

whilst Fig. 5.1B. depicts the changes in the UV-vis absorption spectrum (200 – 700 

nm) as a function of time.  The reduction in the peak intensities in the absorption 
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spectrum are known to occur due to photo-assisted oxidative degradation of the 

large chromosphere group of methylene blue dye molecule (Zhang et al., 2014).   

 

Fig. 5.1. (A) Pictorial and (B) graphical representation of photocatalytic dye degradation 
of methylene blue by biosynthesized ZnONPs following exposure to  sunlight at (a) 0 h (b) 
1 h (c) 3 h (d) 5 h and (e) 5 h (methylene blue control) 

 

Based on the absorbance values obtained at 665 nm, a graphical 

representation of the results obtained with all nanoparticle types in a time and dose-

dependent manner is given in Fig. 5.2.  The highest rate of photocatalysis was 

exhibited by AmS-derived ZnONPs, wherein complete dye degradation was 

achieved at a concentration of 200µg/mL by 3 h; at a higher concentration of 

400µg/mL, the time for complete degradation was effectively reduced to 1 h. Such 

an almost comparable inverse dose and time dependent relationship was also 

apparent in the case of SpLZnONPs.   The lowest photocatalysis amongst the 

biosynthesized ZnONPs was exhibited by AmFZnONPs, wherein a minimum of 200 

µg/mL concentration was necessary to achieve 60 % degradation of the dye.   
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Fig. 5.2. Photocatalytic methylene blue dye degradation at time intervals of 1, 3 and 5 h 
by (a) AmFZnONPs (b) AmRZnONPs (c) AmSZnONPs (d) SpLZnONPs (e) MzLZnONPs 
and (f) cZnONPs  
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Incidently, the chemically synthesized cZnONPs taken as control failed to 

achieve complete degradation within the maximum time and dose range tested.  The 

maximum dye degradation observed was less than 90 % at 200 µg/mL for 5 h.  

Strikingly, the inverse dose-time relationship (higher the dose, lesser the time 

required for photocatalytic dye degradation) observed with biosynthesized ZnONPs, 

was not applicable to the chemical version of  zinc oxide nanoparticles.  At higher 

doses, from 400 µg/mL – 2.0 mg/mL within 1 – 5 h duration, the photocatalytic 

activity plummeted down drastically to < 10 %.  The results clearly demonstrate the 

superior and dose-dependent photocatalytic potential of the phyto-derived zinc oxide 

nanoparticles.  These findings are in agreement with the recent reports on MB 

degradation on exposure to sunlight using Tabernaemontana divaricata leaf extract 

and Ulva lactuca seaweed extract mediated ZnONPs (Ishwarya et al., 2018; Raja et 

al., 2018).   

Previous studies have shown that zinc nanoparticles owe their photocatalytic 

dye degradation potential to the surface defects like oxygen vacancies, morphology 

and size (Davar et al., 2015).  According to Raja et al.(2018) sunlight causes 

electrons and holes on nano-ZnO, which in turn, generate superoxide and hydroxyl 

radicals in the presence of water and oxygen molecules resulting in dye degradation.  

It is relevant to note here that solar irradiation is a good cost effective energy source 

compared to UV irradiation (Fatin et al., 2012).  Nirmala et al. (2010) has pointed 

out that for better photocatalytic efficiency, ZnO must absorb not only UV but also 

visible light which accounts for the 45% of solar radiation   The red shift observed in 

the UV-vis absorption spectrum (section 3.3.2.4.) of phyto-assisted ZnONPs was 

likely due to the formation of defective energy levels between the valence and 

conduction bands resulting ultimately in improving catalytic activity (Yu et al., 

2013).  Further, surface modifications such as doping on ZnONPs have been found 

to increase its effectivity as a semiconductor photocatalyst compared to the 

unmodified version (Wang et al., 2012;  Atchudan et al., 2016).  The fact that phyto-

derived ZnONPs displayed surface defects as evidenced by PL studies ( sub-section 

3.3.2.5.) as well as their decoration with phytomolecules as revealed by FTIR data 

(section 3.3.2.3.) confers enhanced photocatalytic potential to them.  This also 
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provides a rational explanation to the low or poor activity exhibited by chemically 

generated ZnONPs.  

5.3.2. Antibacterial potential  

  Based on the antibiotic profiling of the clinical bacterial isolates, carried out 

employing the Kirby-Bauer method (CLSI, 2017). S.aureus and K. pneumoniae  

were found to be multi-drug resistant, exhibiting resistance to antibiotic classes of 

beta-lactamases, quinolones, aminoglycosides and chloramphenicol. However, 

E.coli was found resistant only to beta-lactamases and quinolones, whilst 

P.aeruginosa displayed resistance against beta-lactamases and lipopeptides.  Since 

the latter two strains showed resistance against only two classes of antibiotics, 

technically, they do not strictly fulfill the criteria to be classified as ‘multi-drug 

resistant’ (MDR) which requires display of resistance against three or more classes 

of antibiotics.   

5.3.2.1. Quantitative MIC-MBC determination 

  MIC is the minimum inhibitory concentration of antimicrobial 

agent/compound capable of preventing bacterial growth whilst MBC is the 

minimum bacteriocidal concentration of the same which kills all bacteria. These two 

parameters are considered to be the ‘gold standard’ for determining in vitro 

susceptibility of microorganisms to antimicrobials. The procedure of determination 

of MIC- MBC values of the biosynthesized and the control ZnONPs is mentioned 

above in section 5.2.2.1.  The values obtained in respect of each clinical strain are 

given in Table 5.1.  The data clearly demonstrated superior antibacterial potential of 

biogenic ZnONPs against all tested strains in comparison to the chemical version.  

Notably, the chemical cZnONPs showed antibacterial activity only against 

P.aeruginosa at a very high concentration of 800µg/mL.  Incidently, K. pneumoniae 

was found to be most sensitive to MzL-derived ZnONPs with a MIC-MBC value of 

124 and 136 µg/mL respectively.  On the other hand, P. aeruginosa was found to be 

relatively the least sensitive toward biosynthetic ZnONPs as evidenced by the 

highest MICs ranging from 250 – 580 µg/mL.  Since all plant derived ZnONPs were 

cytotoxic to both drug resistant (K.pneumoniae and S. aureus) and susceptible 
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pathogens (E.coli and P. aeruginosa), they can be exploited therapeutically as 

‘nanobiotics’.  The failure of occurrence of bacterial growth inhibition or cell killing 

by the corresponding phyto-derived extracts per se reinforces the view that the 

efficacy of these zinc oxide nanoparticles emanates solely due to the biosynthetic 

mode of generation.  The poor antibacterial activity of the non-biogenic/chemical 

ZnONPs mentioned above also lends credence to this hypothesis.  

Table  5.1. MIC and MBC values of phyto-/chemically derived ZnONPs 

Types of   
ZnONPs 

E. coli K. pneumoniae P. aeruginosa S. aureus 

 MIC (µg/mL) 

AmFZnONPs 275±0.56 300±0.48 400±1.3 200±0.78 

AmRZnONPs 337± 1.6 225±0.54 250±2.4 175±1.4 

AmSZnONPs 400±0.32 400±0.42 278±1.9 190±1.3 

MzLZnONPs 260±2.4 124±1.2 580±1.7 210±0.5 

SpLZnONPs 135±1.8 315±3.0 480±0.68 225±0.5 

cZnONPs 0 0 800±1.1 0 

 MBC (µg/mL) 

AmFZnONPs 285±1.1 315±0.32 410±0.55 220±1.5 

AmRZnONPs 352±0.32 250±1.25 284±2.0 220±0.58 

AmSZnONPs 418±0.55 425±1.8 310±1.4 200±2.2 

MzLZnONPs 277±0.87 136±0.90 589±3.5 220±2.7 

SpLZnONPs 142±1.44 323±0.23 486±1.52 245±0.35 

cZnONPs 0 0 822±0.81 0 

Values are expressed as mean ± S.D.; p < 0.05 compared to respective controls 

5.3.2.2. Qualitative well diffusion assay 

 The inhibition zones obtained by the Kirby-Bauer well-diffusion method 

corroborated well with the overall inferences derived from the earlier set of 

experiments for determination of MIC-MBC values of ZnONPs (Fig.5.3, Table 5.2).  

A clear zone of bacterial growth inhibition was apparent around all wells containing 

biogenic ZnONPs against all four strains with cZnONPs showing an inhibition zone 

only against P. aeruginosa.  The aqueous extracts per se also failed to inhibit growth 

of all test strains as previously observed.   



 153

 

Fig.  5.3.   Panels  of images depicting antibacterial activity of (a) AmFZnONPs (b) 
AmRZnONPs  (c) AmSZnONPs  (d) SpLZnONPs  and (e) MzLZnONPs against four 
clinical bacterial isolates employing Kirby-Bauer well diffusion assay.  The numbers on 
the petriplates mark the wells loaded with 75 μL of test samples containing concentrations 
equivalent to MIC : 1 - phyto-derived ZnONPs, 2- chemical ZnONPs and 3 - corresponding 
plant extracts.  
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In a recent report by Gupta et al. (2018) on nanoparticles biosynthesized 

using aqueous extract of Catharanthus roseus, the diameter of the inhibition zone 

obtained was 11 mm at a very high concentration of 1.5 mg/ mL against E.coli, S. 

aureus and P. aeruginosa.   In comparison, the zone of inhibition obtained in the 

present study ranged from 13-27 mm at a concentration of 100 µg/mL to 1.0 

mg/mL, revealing thereby the higher antibacterial activity of  ZnONPs derived from 

aqueous extracts of A.muricata, S.pinnata and M.zapota. 

 

Table  5.2.  Zone of Inhibition (in mm) demonstrating antibacterial activity 

Sample E. coli K. pneumoniae P .aeruginosa S. aureus 

AmFZnONPs 20 ± 0.03 15±0.5 22±0.43 20±0.12 

AmRZnONPs 17.58±1.3 13.39±0.08 22.24±1.1 20.41±0.75 

AmSZnONPs 17.64±2.2 13.37±0.8 22.70±0.57 22.63±1.4 

MzLZnONPs 17.50±2.6 22.86±1.3 15.67±0.38 22.20±1.5 

SpLZnONPs 27.63±2.0 19.77±0.33 15.47±1.6 21.90±2.9 

cZnONPs 0 0 15±0.6 0 

Values are expressed as mean ± S.D., p < 0.05 compared to respective controls 

  Inhibition zone measurements in the present study also revealed that all 

biogenic ZnONPs were effective equally against both gram negative (P.aeruginosa) 

as well as gram positive (S.aureus) bacteria.  The chemically synthesized control 

ZnONPs were also found to be active against the gram negative P.aeruginosa strain. 

These observations are in contrast with the results of a previous study by 

Premanathan et al. (2011), wherein the chemically synthesized ZnONPs were found 

to inhibit only gram positive strains. Notably, the present study showed that 

AmSZnONPs had higher antibacterial potential against P.aeruginosa and S.aureus 

despite their larger size (61 nm) compared to the lower activity displayed by 

AmFZnONP particles of smaller size (28 nm).  This is perhaps indicative of the fact 

that surface properties of the nanoparticles are also crucial for the observed 

antibacterial effects.  The findings also showed that A. muricata derived ZnONPs 

displayed better growth inhibition of P. aeruginosa, an opportunistic microbe 
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classified as ‘critical priority pathogen’ (WHO, 2017) involved mainly in 

nosocomial ICU infections (Pachori et al., 2019).   

  A mechanistic understanding of the antibacterial activity of nanoparticles is 

not fully clear.  Studies have revealed that multiple factors - direct uptake of 

nanoparticles, ROS induction leading to impairment of cell membrane integrity and 

damage to cellular macromolecules such as DNA, RNA and protein - may all 

contribute towards bacterial death (Qidwai et al., 2018; Ali et al., 2018).   According 

to Pati et al. (2014),  the disruption of cell integrity by ZnONPs causes reduction of 

surface hydrophobicity and downregulation of oxidative stress-resistance gene 

expression thus inducing ROS production.   Other factors /processes involved in cell 

killing by nanoparticles include extracellular dissolution and release of Zn2+ ions, 

dissolution at acidic pH in lysosomes, UV induced disruptive reactions, morphology 

and composition based aspects (Siddiqi et al. 2018).  

5.3.3. Biogenic ZnO-DNA interactions 

  DNA with sugar-phosphate backbone is negatively charged in an aqueous 

environment.  It can thus act like a molecular cage capable of recruiting/binding to 

various positively charged particles (Wahab et al., 2009).  This interactive potential 

has been exploited for the development of biosensors and biomolecular targets.  

Selective bio-capture of thiolated probe DNA onto gold-seeded ZnO nanoflowers 

has found use as a biosensor of pathogenic Leptospirosis-causing strains (Perumal et 

al., 2015).  Gold coated ZnO thin films are yet another low cost - high performance 

DNA biosensors with many applications in bio-diagnosis, food and forensic analysis 

(Foo et al., 2015).   Interaction of  ZnO and calf thymus DNA have recently been 

explored by means of conductivity and electrophoretic mobility studies by Das et al. 

(2018), giving insight into the surface defects of this inorganic metal oxide.  

Nanoparticles are also known to inhibit DNA replication based on their binding 

affinity to the molecule (Li et al., 2013). Binding of zinc ions onto DNA was 

observed to cause decrease in the absorption coefficient of purine bases resulting in 

decreased intensity in gel electrophoresis as well as reduction in absorption spectra 

and melting temperature (Nejdl et al., 2014).   
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The results of the in vitro experiments performed in the present study were 

found to be distinctive with respect to the type of particle as well as the DNA sample 

involved in the reactions.  As already mentioned above, a total of six particle types 

(AmFZnONPs, AmRZnONPs, AmSZnONPs, SpLZnONPs, MzLZnONPs, 

cZnONPs) and three DNA samples (supercoiled pUC 18 plasmid DNA, genomic 

DNA of Lambda phage and a DNA ladder comprising of short DNA fragments of 

0.1 to 1.0 kb in size) were employed for reactions incubated subsequently for 90 min 

at 37 °C.  Aliquots of individual reaction products were analyzed by electrophoresis 

on 2.0 % agarose gels.   

The plasmid pUC 18 DNA sample comprised of ~ 60 % in the supercoiled 

(sc) state and ~ 40 % in the open circular (oc) form according to the manufacturer’s 

datasheet.   These DNA samples when treated with AmFZnONPs and AmSZnONPs 

showed the occurrence of a dose-dependent change in the degree of relaxation of 

negative supercoiling as evidenced by the appearance of a discrete band between the 

supercoiled and relaxed open circular forms.  This was evident only at 

concentrations of 4.0 and 5.0 mg/mL which was indicative that a definite 

concentration threshold for the phenomenon (Fig. 5.4. a and c in lanes 6, 7).  

However, DNA treated with SpLZnONPs and MzLZnONPs resulted in the 

formation of dose-dependent high molecular weight complexes with retarded 

mobility at concentrations beyond 2.0 mg/mL (Fig. 5.4. d and e in lanes 4-7).   
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Fig. 5.4. Interaction of Plasmid DNA-pUC18 (0.2µg/µL) with (a) AmFZnONPs (b) 
AmRZnONPs (c) AmSZnONPs (d) SpLZnONPs (e) MzLZnONPs and (f) cZnONPs :  
Untreated control DNA (Lane 1), DNA treated with 0.5 mg/mL (Lane 2), 1.0 mg/mL (Lane  
3),  2.0 mg/mL (Lane 4),   3.0 mg/mL (Lane 5), 4.0 mg/mL (Lane 6) and 5.0 mg/mL (Lane 
7). ‘sc’ and ‘oc’ denote supercoiled and open circular form of plasmid DNA respectively. 

 

The AmRZnONPs treated plasmid DNA failed to show any visible changes 

in the electrophoretic mobility which was suggestive of the absence of interactions 

of the particles with DNA.  Strikingly, the chemically synthesized cZnONPs showed 

a dose-dependent formation of DNA complexes which failed to move out of the 

wells.  The inhibited mobility apparently resulted from neutralization of negative 

charges on the sugar-phosphate backbone of DNA (Fig.5.4 f).  In agreement with 

these observations, Makumire et al. (2014) have reported retardation of DNA 

mobility as a result of plasmid DNA interaction with ZnONPs.  The electrostatic 

nature of interaction between ZnO tetrapod nanostructures and plasmid DNA has 

also been reported earlier (Nie et al., 2006). Likewise, Saha et al. (2014) have also 

observed that the surface nature of ZnONPs is critical for site-specific binding to 

nucleobases of the DNA.   

In the case of interactions of SpLZnONPs and MzLZnONPs with the linear λ 

bacteriophage DNA, a decrease in the intensity of the bands (Fig.5.6) were observed 
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in samples treated with 2.0 – 4.0 mg/mL  with slight increase in band intensity of 

samples treated with the highest concentration of nanoparticles (5.0 mg/mL).   In 

samples treated with 3.0 and 4.0 mg/mL of AmF and AmR derived nanoparticles, 

the genomic DNA band was nearly invisible (Fig. 5.5. a and b in lanes 5, 6)   but in 

samples exposed to 5.0 mg/mL, the band was found to reappear (Fig. 5.5 a and b in 

lane 7).  Interestingly, this intriguing phenomenon of ‘fluorescence recovery after 

quenching’ has also been reported by Ma et al. (2016), wherein the basis of this 

effect is attributed to saturation by ZnO adsorption followed by its dissolution. 

Structural deformations in calf-thymus DNA following interactions with high 

concentration of chemically synthesized copper nanoparticles have also been 

recently reported (Bhar et al., 2017).  However, none of the above mentioned 

changes were discernible in λ DNA samples treated with phyto-derived 

AmSZnONPs and chemically derived cZnONPs.                          

 
Fig. 5.5. Interaction of λ DNA (0.3 µg/µL) with (a) AmFZnONPs (b) AmRZnONPs (c) 
AmSZnONPs (d) SpLZnONPs (e) MzLZnONPs and (f) cZnONPs : Untreated control 
DNA (Lane 1), DNA treated with 0.5 mg/mL (Lane 2), 1.0 mg/mL (Lane  3),  2.0 mg/mL 
(Lane 4),   3.0 mg/mL (Lane 5), 4.0 mg/mL (Lane 6) and 5.0 mg/mL (Lane 7). 

 

The interaction of biogenic and the chemical version of zinc oxide 

nanoparticles with 100bp DNA ladder was analyzed electrophoretically (Fig. 5.6.).  

The DNA ladder was found to be more or less unaffected when exposed to 

increasing concentrations of AmF-derived ZnONP apparently due to lack of affinity 

for DNA.  In the case of interactions of higher concentrations of AmRZnONPs (3.0 
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– 5.0 mg/mL) with DNA, retardation of all bands accompanied with a smear of 

partially degraded DNA across the lane was evident (Fig. 5.6. b in lanes 5-7).   

Partial fluorescence quenching and upward band shifts due to retardation without 

any discernible DNA smearing was observed in DNA exposed to higher 

concentrations AmSZnONPs and SpLZnONPs (Fig. 5.6. c and d in lanes 6, 7).  

Increased fluorescence quenching and partial band shifts in a dose-dependent 

manner were apparent in DNA treated with chemical cZnONPs (Fig. 5.6. f in lanes 

4-7).  Since protein-free ‘naked DNA’ has been used in these studies, the resultant 

information should prove useful for future applications.    .   

 

Fig.  5. 6.  Interaction of 100 bp ladder DNA (0.5 µg/µL) with (a) AmFZnONPs (b) 
AmRZnONPs (c) AmSZnONPs (d) SpLZnONPs (e) MzLZnONPs and (f) cZnONPs. 
Untreated control DNA (Lane 1), DNA treated with 0.5 mg/mL (Lane 2), 1.0 mg/mL (Lane  
3),  2.0 mg/mL (Lane 4),   3.0 mg/mL (Lane 5), 4.0 mg/mL (Lane 6) and 5.0 mg/mL (Lane 
7). 

  Taken together the results presented in this chapter have been successful in 

highlighting multifaceted properties of the different phyto-derived ZnONPs in 

comparison with the chemical version of commercially available ZnONPs.  The 

superiority of the phytogenic nanoparticles in terms of high photocatalytic, 

antibacterial and DNA interactive properties have been demonstrated.     
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SUMMARY AND CONCLUSIONS  

 

Over the last decade, nanotechnology has been one of the fastest-growing 

areas of science and technology involved in the development of biocompatible, 

biodegradable, and functionalized nanomaterials.  The unique physicochemical 

properties of nanomaterials allow creation of new nanoplatforms / systems / or 

devices with a wide variety of potential applications in various disciplines including 

biomedical sciences.  Compared to other metal oxide nanoparticles, zinc oxide 

(ZnO) is inexpensive, biocompatible, and relatively less toxic making it an attractive 

candidate with drug potential.  Moreover, ZnO is graded as a “GRAS” (generally 

recognized as safe) substance by the US Food and Drug Administration (FDA).  

‘Green synthesis’ avoids production of unwanted or harmful by-products through 

the build-up of reliable, sustainable, and eco-friendly synthetic procedures.  The use 

of ideal natural resources (such as organic systems) is essential to achieve this goal.  

Among the available green methods of synthesis, utilization of plant extracts is a 

rather simple and easy process to produce nanoparticles at large scale relative to 

bacteria and/or fungi-mediated synthesis.   

The present study exploited the bioreduction and capping potential of 

phytoconstituents present in plant extracts for biosynthesis of zinc oxide 

nanoparticles.  A total of 10 plants were chosen randomly, following a literature 

scan, ensuring that the selected plants had not been previously exploited for the 

purpose.  Using a trial and error method, the factors affecting the phyto-mediated 

biosynthesis were empirically determined.  Confirmation of successful generation of 

phyto-derived ZnONPs was ascertained by X-ray diffraction (XRD) and Field 

emission scanning electron microscopy (FESEM) techniques. Subsequently, 

optimization of parameters involved in the sol-gel method were fine-tuned for  

successful synthesis as demonstrated by the selection of  specific conditions such as 

the use of 5 % (w/v) of zinc nitrate hexahydrate and calcination at 600 ºC for 2 h.  

Incidently, all these three parameters were found to be independent of external pH 

regulation.  The aqueous extracts selected for fabrication of biogenic particles were 
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fruits, roots and seeds of A.muricata, leaves of S.pinnata and M.zapota.  The 

abbreviations used to denote the respective nanoparticles were - AmFZnONPs, 

AmRZnONPs, AmSZnONPs, SpLZnONPs and MzLZnONPs.  The commercially 

available, chemically synthesized zinc oxide nanoparticles (denoted as ‘cZnONPs’) 

purchased from Sigma-Aldrich (USA) was used as control nanoparticles.  This was 

found necessary to provide a strict comparative evaluation of the cellular effects of 

biogenic nanoparticles versus their chemically synthesized counterparts.  

XRD pattern obtained for all phyto-derived ZnONPs was indexed as ZnO 

wurtzite hexagonal structure with a crystalline mean size of 28±2nm for 

AmFZnONPs, 30±1.4nm for SpLZnONPs, 31±0.5nm for MzLZnONPs, 46±2.5 nm 

for AmRZnONPs and 61±3.5nm for AmSZnONPs.  The mean size as determined 

for the chemically-derived cZnONPs used as controls was 48.5±2.1nm.  FESEM 

micrographs of individual preparations of the different ZnONPs clearly depicted the 

discrete/embedded/particle nature of ZnONPs with an average size close to that 

obtained with XRD computations.  The fact that each particle type displayed 

specific shape(s) underscored the influence of specific cocktails of phyto-derived 

bioreductants in shaping and tuning of the nanoparticles.  Interestingly, 

AmSZnONPs clearly showed formations of nanostructures such as hexagonal rods 

which were found to be the largest in size compared to all other biosynthesized and 

the control nanoparticles.  The elemental composition(s) of the biosynthesized and 

the chemical ZnONPs determined by EDX analysis confirmed their purity as 

evidenced by the signals emanating from elemental zinc and oxygen in which the 

highest percentage of atomic Zn was found to be present in SpLZnONPs.  FTIR 

spectral analysis revealed stretching vibrations of chemical bonds assigned to the 

presence of Zn-O in addition to phytocompounds such as flavonoids, terpenoids, 

aromatic aldehydes, carboxylic acids, phenolics and proteins.  The evidence for the 

presence of plant derived compounds involved in bio-reduction, encapsulation and 

stabilization of the biosynthesized ZnONPs was thus confirmed.  Notably, as 

expected, FTIR data obtained from the chemically derived cZnONPs failed to reveal 

the presence of such phytoconstituents.  Sharp peaks in the range of 372-384 nm 

were obtained in the UV-Visible (UV-Vis) absorbance profile of both types of 
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ZnONPs corresponding to the characteristic absorption of monodisperse zinc oxide 

nanoparticles.  The photoluminescence (PL) spectroscopy analysis revealed 

emission peaks at the visible range ascertaining defects on the particle surface. High 

resolution transmission electron microscopy (HRTEM) reconfirmed the 

monodispersed, polycrystalline and nano-sized nature of both types of ZnONPs.  

This study thus demonstrated successful in situ biosynthesis of pure and crystalline 

ZnONPs possessing structural properties similar to that of the chemically 

synthesized nanoparticles.  A simple sol-gel procedure, aided by suitable aqueous 

plant extracts and metal precursor, devoid of any perilous chemicals, was utilized in 

an environment-friendly manner. 

Detailed investigations were carried out to elucidate the dose-dependent 

cellular and molecular level effects of the the phyto-derived  and the chemical 

versions of zinc oxide nanoparticles on cancer cells such as HCT 116 colon 

carcinoma, A549 lung adenocarcinoma and chronic myelogenous leukemic K562 

cells.  Cellular cytotoxicity of the nanoparticles was evaluated by MTT assay.   Of 

the five phyto-derived ZnONPs, three particle types - AmRZnONPs, SpLZnONPs 

and MzLZnONPs – displayed cytotoxicity against all the three cancer cell lines 

tested in the study.   These particles induced a drastic increase in cytotoxicty at the 

48th hour of treatment with an IC50 value around 60 and 40 μg/mL.  Although the 

control nanoparticles, cZnONPs,  only showed anticancer activity against two cell 

lines - HCT 116 and A549, it still served as a strict control for a comparative 

evaluation of cytotoxicity between the biosynthesized and the chemical derivative.  

Inhibition of colony forming capacity was observed in all cell types treated with 

ZnONPs.  Light microscopic examination of HCT 116 cells revealed the 

cytomorphological changes induced by ZnONP treatment.  The changes 

characteristic of both the programmed apoptotic and the necroptotic cell deaths were 

found to occur as evidenced by massive loss of cell anchorage (‘anoikis’) and the 

presence of many extensively swollen cells.  A549 and K562, however, only showed 

apoptotic cellular deformations.   Scanning electron microscopic analysis  displayed 

membrane cavities and cell shrinkage in all three types of cancer cells exposed to 

ZnONPs thereby providing ample evidential support for  the occurrence of both 
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necroptosis and apoptosis.  Fluorescence imaging of  ZnONP-treated HCT 116 cells  

following AO/EtBr staining also provided visual confirmation of  the varied cellular 

death programmes.   Molecular analysis of the oxidative stress-mediated cellular 

events such as Ca2+ release, ROS generation, loss of mitochondrial membrane 

potential and externalization of phosphatidylserine in all cell types enabled a deeper 

insight on the overlapping biochemical pathways affected by nanoparticle treatment.  

Interestingly, phyto-derived SpLZnONPs were found to be relatively more effective 

in bringing about the above-mentioned changes in the functioning of colon and 

leukemic cells whilst the chemical cZnONPs displayed better activity against lung 

cancer cells.   

ZnONP-induced variations in the cell cycle distribution of each type of 

cancer cell population revealed critical information on the phase-specific sub-

populations (sub -G0, G1, S and G2/M) including induction of cell cycle arrest.  A 3-

fold increase in cell fraction in G2/M phase was observed in HCT 116 cells exposed 

to SpL and MzL-derived ZnONPs whilst in A549 cells, treatment with all types of 

ZnONPs resulted in ~2 to ~3 - fold hike in the number of cells undergoing S and 

G2/M phase.  However, ZnONP-treated K562 cells displayed increase only in 

apoptotic sub-G0 population.  Assessment of genotoxicity was based on ‘comet’ as 

well as DNA fragmentation assay.   ZnONP-treated HCT 116 and K562 cells 

displayed comet tails indicative of DNA damage by way of strand breaks as well as 

apoptotic oligonucleosomal DNA fragments together with varying levels of 

necrotic/necroptotic DNA smearing.   A549 cells failed to display any such effects. 

Quantification of specific transcripts by RT-qPCR technique revealed upregulation 

of pro-apoptotic and downregulation of anti-apoptotic genes.  In HCT 116, A549 

and K562 cells treated with ZnONPs showed a dose-dependent elevation in the 

expression of Cyt c, cas-9, and cas-3, genes involved in mitochondrial (intrinsic) 

apoptotic pathway.  Interestingly, phyto-derived ZnONP-treated A549 cells also 

showed upregulation of caspase-8 (~3-4 folds) thereby hinting at the involvement of 

extrinsic pathway.  The expression levels of apoptosis-related genes based on 

western blot analysis corroborated well with the RT-qPCR and FACS data.   A dose-

dependent increase in expression of cytochrome c, cleaved caspase-3, cleaved-
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PARP substantiated activation of intrinsic mitochondrial apoptotic pathway in 

ZnONP-treated HCT 116 and K562 cells whereas presence of cleaved caspase-8 in 

phyto-derived ZnONP treated A549 cells were suggestive of the involvement of the 

extrinsic death pathway.  A dose-dependent decrease in cyclin B1 expression was 

also observed in cells arrested at G2/M phase.    

The biocompatibility of phyto-derived and chemical ZnONPs was further 

evaluated employing normal human lymphocytes/erythrocytes and plant root-tip cell 

models to assess their cytotoxicity in general.  The results obtained from 

microscopic analysis, MTT assay, Mitotic Index calculation and hemolysis 

demonstrated the non-toxic nature of biogenic ZnONPs.   Noticeably, lymphocytes 

and A.cepa root-tip cells exposed to chemically-derived cZnONPs showed extensive 

cellular damage and near complete absence of metaphase chromosomes. However, 

erythrocytes treated with cZnONPs showed minimal hemolysis but were found to be 

shrunken size-wise with sharp angular membrane distortions. 

A comparative evaluation of the multifaceted properties of the 

biosynthesized, ‘green’ ZnONPs and their chemical counterparts revealed that the 

former possessed enhanced photocatalytic, antibacterial and DNA-interactive 

potential.  All five types of phyto-derived ZnONPs were found to be capable of 

photocatalytic degradation of methylene blue whilst the chemically synthesized 

cZnONPs, taken as control, failed to achieve a time and dose dependent degradation 

of the dye.  The highest rate of photocatalysis was exhibited by AmS-derived 

ZnONPs, wherein complete dye degradation was achieved at a concentration of 200  

µg/mL by 3h. Biosynthesized ZnONPs displayed potent, dose-dependent 

antibacterial activity against both multidrug-resistant (K.pneumoniae and S. aureus) 

as well as susceptible (E.coli and P. aeruginosa) clinical pathogens underscoring 

their ‘nanobiotic’ potential. Chemical control cZnONPs, on the other hand, were 

found to be active only against P.aeruginosa, that too at a very high concentration of 

800 μg/mL.  The results of the in vitro experiments on interactions of both types of 

nanoparticles with plasmid DNA, λ DNA and 100 bp ladder revealed distinctive 

properties of the biogenic ZnONPs in altering the mobility of both linear phage 
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DNA as well as supercoiled plasmid DNA.  However, both the biogenic and the 

chemical versions of ZnONPs displayed partial quenching of ethidium bromide 

based fluorescence and band shifts of 100 bp DNA ladder.  These results also 

reconfirm that besides the size of the particle, their surface peculiarities also confer 

specific characteristics.  Taken together, the results of the present study highlights 

the multifaceted properties of ‘green’, phyto-derived zinc oxide nanoparticles, which 

attest to their overall superior biocompatibilities and biotherapeutics, including 

anticancer potential.  

FUTURE PROSPECTS 

The present study successfully demonstrates that many more of such 

explorations in tailoring the ‘green’, biocompatible nanoparticles should prove 

worthwhile for biological, clinical and environment-friendly applications in future.   

India is a tropical country blessed with more than 50000 species of plants, including 

those with ethnomedicinal importance, enriched with diverse phyto-constituents, 

which are all exploitable for green synthesis of beneficial nanoparticles.  

Conjugation of highly pure bioactive compounds/drugs to a variety of nanoparticles, 

employing combinatorial therapeutic strategies in designing novel drugs including 

anti-neoplastic agents, is expected to overcome the major side-effects associated 

with conventional pharmaceuticals.  Coupled with animal models and clinical trials, 

validation of their drug potential should prove beneficial for future applications in 

the emerging field of nanomedicine.   
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