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In this work, zinc oxide nanoparticles (ZnO NPs) were prepared using an eco-friendly aqueous extract of Eleutherine bulbosa bulbs and 

were characterised by spectral and morphological techniques. The XRD confirmed sharp peaks with a crystallite size of 27.21 nm. 

Morphological studies showed flake-like structures in SEM and predominantly spherical particles in HR-TEM. TGA demonstrated good 

thermal stability with a weight loss from 96% to 65%. Functionally, the ZnO NPs exhibited strong antioxidant activity (IC50 = 44.15 

g/mL) and potent anticancer effects against human breast cancer cells (IC50 = 21.12 g/mL). Photocatalytic activity was also significant, 

achieving 80% methylene blue degradation under UV light within 100 min.  

 

Keywords: Green synthesis, E. bulbosa, Antioxidant activity, Anticancer activity, Photocatalysis. 
 

 

INTRODUCTION 

 In recent years, nanotechnology has experienced remark-

able growth in both development and application, emerging 

as a transformative force across various scientific domains 

[1]. As a multidisciplinary field, it plays a pivotal role in advan-

cing technologies that improve the quality of human life. Within 

this expansive domain, green nanotechnology has garnered 

significant attention for its eco-friendly and cost-effective 

approach to nanoparticle synthesis, particularly through the 

use of plant extracts [2]. This method aligns with the principles 

of sustainable chemistry, offering a simpler, safer and more 

environmentally responsible alternative to conventional physical 

and chemical synthesis techniques [3-6]. A growing body of 

research has demonstrated the successful biosynthesis of various 

metal and metal oxide nanoparticles using botanical sources, 

enabling diverse applications across biomedical, environ-

mental and industrial sectors [7-9]. Among these, zinc oxide 

nanoparticles (ZnO NPs) have emerged as especially promi-

sing due to their unique physicochemical properties. ZnO NPs 

are valued for their broad applicability in various fields, 

including energy storage, electronics, textiles, cosmetics, health-

care, sensors, semiconductors and catalysis [10]. More recently, 
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ZnO NPs have gained recognition in agriculture, where they 

show potential for enhancing crop productivity and disease 

resistance [11,12]. Their biocompatibility and relatively low 

toxicity further distinguish them from other metal-based nano-

particles, making them a safer choice for biological and environ-

mental applications [13,14]. Notably, their excellent photo-

catalytic activity enhances their effectiveness in processes 

such as wastewater treatment, underlining their versatility 

and significance in advancing sustainable technologies [15].  
 Eleutherine bulbosa, a medicinal bulb rich in bioactive 
phytochemicals such as phenolic compounds, flavonoids, alkal-
oids and terpenoids [16-18], has emerged as a promising candi-
date for the green synthesis of ZnO NPs. Owing to its well-
documented antioxidant, antimicrobial and anticancer properties, 
E. bulbosa holds significant potential in both the food 
industry and biomedical sectors [16]. Notably, ZnO NPs are 
classified as “Generally Recognised as Safe” (GRAS) by the 
U.S. FDA [19], supporting their wide-ranging applications in 
biomedicine including antioxidant and antimicrobial therapies, 
wound healing, antidiabetic treatments, cancer therapeutics 
and targeted drug delivery systems [20-22]. The integration 
of such biogenic nanoparticles marks a forward-thinking 
approach to sustainable nanotechnology with broad societal 
benefits. 
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 Maintaining a balance between free radicals and antioxi-

dants is crucial for metabolic health, as excessive free radicals 

cause oxidative stress, contributing to diseases such as diabetes, 

inflammation and cancer. Natural antioxidants are increasingly 

studied due to concerns over synthetic alternatives [23,24]. In 

this work, aqueous bulb extract of E. bulbosa was used to 

synthesize ZnO NPs, with its phytochemicals acting as 

reducing, oxidizing, and capping agents. The nanoparticles 

were characterized using FT-IR, UV-Vis, XRD, SEM and 

HR-TEM. Antioxidant activity was tested via DPPH assay, 

cytotoxicity via MTT assay against MDA-MB-231 cells and 

photocatalytic performance through methylene blue degrad-

ation under UV light. This eco-friendly, low-cost approach 

uses readily available material, mild conditions and simple 

equipment, highlighting the potential of E. bulbosa-mediated 

ZnO NPs for biomedical and environmental applications. 

EXPERIMENTAL 

 All chemicals, reagents and analytical-grade materials 

used in this study were procured from Sigma-Aldrich and 

used without further purification. 

 Extraction of plant material: Fresh bulbs of Eleutherine 

bulbosa were collected from Karivattom, India, with guid-

ance from local inhabitants. The identity of plant material 

was verified by the Department of Botany, University of 

Kerala. The bulbs were washed three times with deionised 

water, air-dried and ground into a fine powder, which was 

stored in an airtight container for further use. Portions of the 

powder were extracted using chloroform, hexane, ethyl acetate, 

methanol and water for phytochemical analysis to confirm 

the secondary metabolites. For preparation, 6 g of powdered 

bulbs were mixed with 100 mL of deionised water, stirred 

and heated at 60 ºC for 1 h, cooled and filtered twice through 

Whatman No. 1 paper. The resulting extract was stored at 

4 ºC for for further analysis [25]. 

 Green synthesis of ZnO nanoparticles: Zinc acetate 

dihydrate (Zn(CH3COO)2·2H2O) was used as precursor for 

ZnO NPs synthesis, while sodium hydroxide (NaOH) served 

as the pH-modifying agent. Initially, 4 g of zinc acetate 

dissolved in 50 mL of deionised water was added to 10 mL 

of plant extract under continuous stirring. Subsequently, 1 M 

NaOH was added dropwise to adjust the pH to 8. The reaction 

mixture was again stirred and heated at 60 ºC for 2 h using a 

magnetic stirrer until a white precipitate formed, indicating 

the formation of ZnO NPs. The resulting precipitate was 

collected by centrifugation at 4000 rpm for 10 min and dried 

overnight in a hot air oven. Finally, the dried material was 

calcined in a muffle furnace at 400 ºC for 1 h. The obtained 

powder of ZnO NPs was stored for further characterisation 

and application studies. 

 Characterisation: The successful formation of ZnO NPs 

was confirmed through a series of advanced characterisation 

techniques. UV–Visible spectroscopy (Shimadzu UV-2450 

spectrophotometer) was used to monitor the optical prop-

erties of the synthesised ZnO NPs. Fourier Transform 

Infrared Spectroscopy (FTIR) analysis was conducted in the 

range of 4000-400 cm–1 using the IR Prestige-21 (Shimadzu) 

via the KBr pellet method, identifying functional groups involved 

in the nanoparticle stabilisation. To evaluate the crystalline 

structure and estimate the average crystallite size, X-ray 

diffraction (XRD) analysis was carried out using CuK1 

radiation at a scan rate of 1º/min. Thermogravimetric analysis 

(TGA) was conducted using a Perkin-Elmer TGA 4000 system 

to investigate the thermal stability and decomposition behav-

iour of the nanoparticles. The surface morphology and struc-

tural features were examined using scanning electron micro-

scopy (SEM) on a TESCAN VEGA3 operated at 30 kV. 

Elemental composition was determined using energy disper-

sive X-ray spectroscopy (EDX), with a carbon-coated copper 

grid employed to prevent interference from elemental peaks. 

For detailed insights into particle size, shape and dispersion, 

high-resolution transmission electron microscopy (HRTEM) 

was carried out using a FEI Tecnai G2 F20 S-TWIN 

HR(S)TEM, operating at an accelerating voltage of 200 kV. 

The selected area electron diffraction (SAED) patterns were 

recorded to validate the crystalline nature of the ZnO NPs. 

 In vitro antioxidant activity: The antioxidant potential 

of the synthesised ZnO nanoparticles was evaluated using the 

DPPH (2,2-diphenyl-1-picrylhydrazyl) free radical scavenging 

assay, following the method described by Safawo et al. [26] 

with minor modifications. A 3 mL aliquot of 100 M DPPH 

solution, prepared in methanol, was mixed with 1 mL of ZnO 

NPs or plant extract solutions at varying concentrations (20, 

40, 60, 80 and 100 g/mL). The mixture was vigorously 

shaken using an orbital shaker and then incubated in a dark 

chamber at room temperature for 30 min to ensure complete 

reaction. The decrease in absorbance, indicative of DPPH 

radical scavenging, was measured at 517 nm using a UV-visible 

spectrophotometer. The percentage of radical scavenging 

activity (RSA) was calculated using the following formula: 

  c s

c

Radical scavenging act
A

ivit
A

y (%) 100
A

−
=   

where Ac and As are absorbances of the control and sample, 

respectively. 

 Cytotoxicity assay: Human triple-negative breast cancer 

cells (MDA-MB-231) were seeded at a density of 1 × 104 

cells per well in 96-well plates using Dulbecco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) and 1× antibiotic-antimycotic solution. The cells 

were incubated at 37 ºC in a humidified atmosphere contain-

ing 5% CO2 for 24 h to allow growth. Following incubation, 

the cells were gently washed with phosphate-buffered saline 

(PBS) and treated with varying concentrations of the test sample. 

Doxorubicin (IC50 = 3.8 g/mL) was used as the positive control. 

Treatments were carried out in serum-free DMEM and incu-

bated for an additional 24 h under the same conditions. After 

treatment, the medium was replaced with 0.5 mg/mL MTT 

solution prepared in PBS and the cells were incubated for 4 h 

at 37 ºC to allow for formazan crystal formation. Subsequently, 

the wells were washed with PBS and the MTT solution was 

discarded. The resulting formazan crystals were dissolved by 

adding 100 L of DMSO to each well and mixed thoroughly. 

The formation of purple-blue formazan dye indicates mitoch-

ondrial metabolic activity, correlating with cell viability. The 

absorbance of the solubilised formazan was measured at 570 nm 

using a microplate reader [27]. 
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 Photocatalytic activity: The photocatalytic efficiency 

of ZnO NPs was evaluated using methylene blue (MB) dye 

as a model pollutant. A 10 ppm MB solution was prepared by 

dissolving it in 100 mL of deionised water. Subsequently, 0.1 g 

of ZnO NPs was added to the solution and the suspension was 

magnetically stirred in dark for 15 min to achieve adsorption–

desorption equilibrium. Following this, the mixture was irra-

diated under UV light and aliquots were collected at 20 min 

intervals. The absorbance of each sample was measured using 

a UV-visible spectrophotometer to monitor dye degradation. 

The photocatalytic degradation efficiency was calculated using 

the equation: 

  o t

o

Dye removal (%)
A A

100
A

−
=   

where Ao is the initial absorbance of the dye solution and At 

is the absorbance at time t. 

RESULTS AND DISCUSSION 

 UV-visible analysis: The UV-visible absorbance spect-

rum of the green-synthesised ZnO NPs exhibited a prominent 

absorption peak at 360 nm, as exhibited in Fig. 1. This blue-

shifted absorption, typically observed within the range of 

300-400 nm, is characteristic of ZnO NPs and confirms their 

successful formation [28]. The absorption peak at 360 nm 

corresponds to an optical band gap energy (Eg) of approxi-

mately 3.44 eV. It is well known that the optical band gap of 

ZnO NPs can vary depending on factors such as synthesis 

route, particle size and surface chemistry. The calculated band 

gap in this study aligns closely with the reported values for 

standard ZnO NPs, further validating the efficacy of the green 

synthesis approach.  

 

 
Fig. 1. UV-vis spectra of plant extract and synthesised ZnO NPs 

 

 The UV-visible spectral analysis further confirms the 

biosynthesis of ZnO NPs, as evidenced by the distinct absor-

ption peak near 360 nm. The observed shift and narrowing of 

the peak compared to the plant extract support the formation 

of nanoscale ZnO with altered optical characteristics. The broad 

absorption of the plant extract highlights its role in nanoparticle 

formation through reduction and stabilisation mechanisms. 

 FT-IR studies: The FT-IR spectrum of the synthesised 

ZnO NPs, compared with the extract, as shown in Fig. 2, 

exhibits the characteristic absorption bands that confirm the 

formation and surface functionalities of ZnO NPs. Possible 

biomolecules responsible for the reduction of ZnO and the 

capping agent of bioreduced ZnO NPs through particular bond 

vibration peaks. The absorption bands at 3450, 2936, 2884, 

1645, 1465, 1354, 1252, 953 cm–1 in the plant extract are 

shifted into 3430, 1589, 1346, 935, 522, 500, 488 cm–1 in the 

synthesised ZnO NPs. Most notably, a strong and well-defined 

absorption band between 600-500 cm–1 is attributed to Zn–O 

stretching vibrations, the spectrum confirms the successful 

formation of ZnO NPs. This shows that the peak sharpness 

indicates a high degree of purity [29,30]. The peak observed 

at 3430 cm–1 corresponds to O–H stretching indicating the 

hydroxyl group on the nanoparticle surface. These –OH groups 

likely originate from adsorbed moisture or residual phyto-

chemicals derived from the plant extract used during green 

synthesis. These groups enhance photocatalytic efficiency by 

participating in ROS generation. The peak at 1589 cm–1 indi-

cates H–O–H bending vibrations, corroborating the presence 

of adsorbed water molecules. The peak around 1550-1440 

cm–1 showed the stretching of the N–H vibration [31], whereas 

peaks around 3000-2850 cm–1 represent aliphatic C–H stret-

ching. The range of 1350-1200 cm–1 is for aromatic amines 

and 1250-1000 cm–1 is assigned to C–O stretching vibrations, 

typically found in alcohols, esters or ethers, reinforcing the 

presence of bio-organic compounds interacting with the ZnO 

surface or sometimes overlapping with C-N stretches. The 

region around 1460-1400 cm–1 is rich in C–H bending modes 

in various amino acids side chains in protein molecules and 

asymmetric stretching of carboxylate ions [32]. The bands 

from the analysis confirmed the amino acid residues of carbonyl 

groups and proteins have a stronger ability to bind metal ions 

and stabilize the formation of ZnO NPs in aqueous medium 

[31]. The non-appearance of organic peaks suggests minimal 

contamination, validating a clean synthesis process and 

ensuring high photocatalytic performance. The presence of 

Zn-O stretching and OH bending vibrations in the FT-IR 

spectrum serves as evidence for the successful synthesis of 

ZnO NPs.  

 

 
Fig. 2. FTIR spectra of plant extract and synthesised ZnO NPs 
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 XRD analysis: The crystalline structure of the synthe-

sised ZnO NPs was characterised using X-ray diffraction (XRD) 

and the corresponding diffraction pattern is shown in Fig. 3. 

The diffraction peaks observed at 2θ values of 31.45º, 34.12º, 

36.2º, 47.22º, 56.34º, 62.60º, 66.14º, 67.62º, 68.76º and 

76.61º correspond to the crystal planes (100), (002), (101), 

(102), (110), (103), (200), (112) and (201), respectively. These 

peaks align precisely with the standard diffraction data reported 

in the JCPDS card No. 036-1451, confirming the formation 

of a hexagonal wurtzite structure of ZnO. Among the peaks, 

the most intense reflections were noted at 36.2º, 31.45º and 

34.12º, corresponding to the (101), (100) and (002) planes, 

respectively. The high intensity and sharpness of these peaks 

indicate excellent crystallinity and phase purity of ZnO NPs, 

with no evidence of impurity phases. The average crystallite size 

(D) of the ZnO nanoparticles was estimated using the Debye-

Scherrer equation: 

 

 
Fig. 3. XRD pattern of synthesised ZnO NPs 

  
K

Dp
cos


=
 

 

where D is the crystal size of ZnO NPs; K represents Scherrer’s 

constant (0.9);  is the wavelength of X-rays (1.541 Å);  is 

the Bragg diffraction angle; and  is the full-width at half 

maximum (FWHM) of the diffraction peak corresponding to 

the plane (101).  

 Using this formula, the calculated average crystallite size 

of the ZnO NPs was found to be approximately 27.21 nm. 

This nanoscale dimension is consistent with the particle size 

observed in HR-TEM images, which reveal individual ZnO NPs 

composed of several closely packed nanocrystallites, further 

validating the formation of well-defined, crystalline ZnO nano-

structures synthesised via E. bulbosa bulb extract. 

 Morphological studies: The surface morphology, elemental 

composition and crystalline structure of green synthesised 

ZnO NPs were thoroughly characterised using scanning electron 

microscopy (SEM), energy dispersive X-ray spectroscopy 

(EDX) and high-resolution transmission electron microscopy 

(HR-TEM), as presented in Figs. 4 and 5. SEM images (Fig. 

4a-b) reveal that the ZnO NPs exhibit thin nanoflake-like 

structures with irregularly distributed spherical particles of 

varying sizes. The EDX spectrum (Fig. 4c) confirms the 

elemental composition, indicating the presence of only zinc 

(Zn) and oxygen (O), with strong characteristic peaks observed 

at 1.2 keV, 8.8 keV and 9.5 keV for Zn and a distinct peak at 

0.6 keV for O, confirming the purity and successful formation 

of ZnO in its oxide state. HR-TEM analysis further supports 

the morphological observations, showing predominantly sphe-

rical particles with an average size in the range of 20-40 nm. 

The corresponding selected area electron diffraction (SAED) 

patterns (Fig. 5a-d) display well-defined diffraction rings, 

indicating the polycrystalline nature of the ZnO NPs. These 

results are in good agreement with the crystalline structure 

inferred from XRD analysis, thereby validating the successful 

synthesis of crystalline ZnO NPs via the green route. 

 Thermal studies: Thermogravimetric analysis (TGA) was 

conducted to evaluate the thermal stability, decomposition 

behaviour and residual content of the green-synthesised ZnO 

NPs. The analysis was carried out in a N2 atmosphere with a 

heating rate of 10 ºC/min, ranging from 30 ºC to 950 ºC, using 

approximately 9 mg of sample. The resulting thermogram is 

illustrated in Fig. 6. An initial slight weight loss observed 

below 150 ºC is attributed to the evaporation of physically  

 

 

Fig. 4. (a,b) SEM micrographs and (c) EDX spectrograph of E. bulbosa mediated ZnO NPs 
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Fig. 5. (a-c) HR-TEM micrographs and (d) SAED pattern of E. bulbosa 

mediated ZnO NPs 

 

 
Fig. 6. Thermogram of E. bulbosa mediated ZnO NPs 

 

adsorbed water and volatile phytochemical residues, indicating 

minimal surface-bound moisture [33]. Between 300 ºC and 

600 ºC, a significant weight reduction occurs, decreasing from 

approximately 96% to 65%. This sharp decrease corresponds 

to the decomposition and burnout of organic constituents 

derived from the plant extract used in the process. 

 Beyond 600 ºC, the weight stabilizes, with a final plateau 

reached at around 59%, indicating the presence of thermally 

stable inorganic content, primarily ZnO. This implies that the 

peak decomposition of the char yield occurs at 720 ºC and the 

temperatures correspond to various percentages of weight loss. 

The minimal change in weight between 600 ºC and 900 ºC 

suggests that the organic matter has completely decomposed 

and a stable ZnO crystalline structure has formed. The obse-

rved thermal behaviour is consistent with previous reports on 

plant-mediated ZnO NPs synthesis, further confirming the 

removal of organic moieties and the thermal resilience of the 

ZnO core [34]. 

 Comparative studies: The green synthesis of ZnO NPs 

using plant extracts has emerged as a sustainable approach; 

however, considerable disparities persist among the reported 

studies regarding nanoparticle size, shape, stability and func-

tional effectiveness. These differences are mainly due to the 

biochemical makeup of the plant extract used. Table-1 presents 

a comparative overview of the key parameters between the 

present study and other selected green synthesis reports. 

 
TABLE-1 

COMPARATIVE ANALYSIS OF PHYSICO-CHEMICAL 

CHARACTERISATION OF ZnO NPs SYNTHESISED  

USING DIFFERENT PLANT EXTRACTS 

Plant 
Crystallite 

size (nm) 
Morphology Ref. 

Moringa oleifera ~30-40 Rod/spherical [35] 

Aloe vera ~35-50 Irregular/spherical [36] 

Azadirachta indica ~20-30 Spherical [37] 

Eleutherine 

bulbosa  

27.21 Nanoflake/ 

spherical 

Present 

study 

 

Biological applications  

 Antioxidant activity: The biosynthesised ZnO NPs pre-

pared from E. bulbosa bulb extract were evaluated for their 

antioxidant potential using the DPPH radical scavenging assay. 

Upon interaction with ZnO NPs, ascorbic acid (standard) and 

the plant extract, the characteristic deep violet colour of the 

DPPH solution gradually faded to pale yellow. This colour 

change signifies effective radical neutralisation and was further 

validated through a UV-visible spectrophotometer at 517 nm 

[38]. A dose-dependent increase in antioxidant activity was 

observed as the ZnO NPs concentration ranged from 20 to 

100 g/mL. Comparatively, the ZnO NPs exhibited superior 

radical scavenging activity over the plant extract, though 

slightly lower than that of the ascorbic acid standard at all 

tested concentrations, as illustrated in Fig. 7. The IC50 value 

(the concentration required to inhibit 50% of DPPH radicals) 

for ZnO NPs was determined to be 44.15 µg/mL, indicating 

potent antioxidant activity, while the plant extract exhibited 

a higher IC50 value of 60 g/mL, reflecting comparatively 

lower efficacy.  

 

 
Fig. 7. Radical scavenging activity of plant extract and ZnO NPs 
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 The relation between the antioxidant and photocatalytic 

activity lies in the material’s ability to generate and quench 

reactive oxygen species (ROS). The dual behaviour demonst-

rates that ZnO NPs act both as ROS generators for environmen-

tal degradation under UV light and ROS scavengers, showing 

their biomedical potential even without light activation. So, 

the dual antioxidant and photocatalytic properties of ZnO NPs 

make them promising candidates for a range of applications, 

from protecting biological tissues against oxidative stress to 

degrading environmental pollutants.  

 Cytotoxic evaluation against breast cancer cells: The 

cytotoxic potential of green-synthesised ZnO NPs was gauged 

using the MTT assay against the human breast cancer cell line 

MDA-MB-231. Doxorubicin served as the positive control, 

while untreated cells were used as the negative control. Treat-

ment with varying concentrations of ZnO NPs revealed a 

concentration-dependent cytotoxic response, significantly red-

ucing cell viability compared to controls, as illustrated in Fig. 8. 

Notably, the IC50 value of ZnO NPs was calculated to be 

21.12 ± 0.37 g/mL, indicating potent anticancer activity. 

After 24 h of exposure, morphological changes such as cell 

shrinkage, rounding and loss of adherence were observed, 

suggestive of apoptosis or other cell death mechanisms indu- 

 

 
Fig. 8. Inhibition % of E. bulbosa mediated ZnO NPs against MDA-MB-

231 cell lines 

ced by green-synthesised ZnO NPs. The IC50 value obtained 

for ZnO NPs highlights their efficacy in targeting cells while 

minimizing toxicity thresholds.  

 These findings underscore the dual role of green-

synthesised ZnO NPs in exhibiting therapeutic efficacy while 

maintaining biocompatibility [39]. Their ability to selectively 

inhibit the proliferation of aggressive breast cancer cells 

positions them as promising candidates for future cancer 

therapies, particularly due to their sustainable synthesis route 

and favourable cytotoxic profile. 

 Photocatalytic activity: Initially, the methylene blue 

(MB) solution was stirred with ZnO NPs in the absence of 

light to distinguish the contribution of physical adsorption from 

photocatalytic activity. Minimal loss of dye concentration was 

observed, indicating negligible adsorption. The actual photo-

catalytic degradation was quantified by monitoring the reduc-

tion in absorbance at 665 nm over time, as presented in Fig. 9a. 

Upon UV exposure, a progressive decline in MB concentration 

was observed. Within the first 20 min, a degradation effici-

ency of 19.47% was recorded. The degradation rate increased 

with prolonged irradiation, reaching a maximum of approxi-

mately 80% after 100 min. At this point, the absorbance values 

approached zero, signifying near-complete decolourisation 

of the dye solution. The degradation was most rapid during 

the 20-40 min interval, as shown in Figs. 9b and 10. This 

phase likely corresponds to a surge in reactive oxygen species 

(ROS) generation, attributed to the catalytic activity of ZnO 

NPs under UV light [40]. The high availability of ROS, such 

as hydroxyl and superoxide radicals, accelerates the break-

down of dye molecules.  

 Initially, methylene blue molecules are adsorbed onto 

the surface of the ZnO NPs photocatalyst. Upon UV irradia-

tion, ZnO NPs absorbs photons with energy equal to or greater 

than its band gap (h), resulting in the excitation of electrons 

(e–) from the valence band to the conduction band, leaving 

behind positively charged holes (h⁺) in the valence band: 

  ZnO NPs + h → e− + h+ (1) 

 

 

Fig. 9. (a) Photocatalytic % degradation of ZnO NPs, (b) UV-visible absorbance spectra of photocatalytic activity using methylene blue dye 

at different time intervals 
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 These photogenerated charge carriers initiate redox reac-

tions on the catalyst’s surface. The conduction band electrons 

reduce dissolved oxygen (O2) to form superoxide radicals (O2
•–): 

  
2 2O e O− •−+ →  (2) 

 Simultaneously, valence band holes oxidize water (H2O) 

or hydroxide ions to produce hydroxyl radicals (•OH): 

  
2H O h OH H+ • ++ → +  (3) 

 Superoxide radicals can further react with protons to 

yield hydroperoxyl radicals (HO2
•): 

  
2 2O H HO•− + •+ →  (4) 

 These intermediates combine to form hydrogen peroxide 

(H2O2), which decomposes into additional hydroxyl radicals: 

  
2 2 2 2 2 2HO HO H O O 2OH O• •+ → + → +  (5) 

 The highly reactive hydroxyl radicals generated during these 

reactions play a crucial role in attacking and decomposing 

dye molecules. They oxidize the complex dye structure into 

simpler, non-toxic end products such as carbon dioxide (CO2) 

and water (H2O): 

  
2 2OH Dye CO H O (Degradable products)• + → +  

 The proposed photocatalytic degradation mechanism for 

methylene blue, as illustrated in Fig. 10a, demonstrates the 

interplay between photoexcitation, radical formation and dye 

mineralisation through oxidative and reductive pathways. 

 Comparative valuation and primacy of the present 

work with application: The ZnO nanoparticles synthesised 

in this work demonstrated pronounced anticancer efficacy, 

exhibiting an IC₅₀ value of 21.12 g/mL against MDA-MB-

231 human breast cancer cells, which is notably lower than 

values reported for most plant-mediated ZnO nanoparticle 

systems. The superior cytotoxic response may be associated 

with the reduced particle size, distinctive hybrid morphology, 

and the synergistic contribution of bioactive phytochemicals 

adsorbed on the nanoparticle surface, which collectively enh-

ance cellular interactions and oxidative stress-mediated damage. 

In parallel, the ZnO NPs showed remarkable photocatalytic 

efficiency, achieving approximately 80% degradation of 

methylene blue under UV irradiation within 100 min, outper-

forming many green-synthesised counterparts that typically 

report 60-75% degradation over longer irradiation periods. 

This enhanced photocatalytic behaviour is attributed to the 

enlarged effective surface area imparted by the hybrid morp-

hology and the abundance of surface hydroxyl functionalities, 

which promote efficient reactive oxygen species generation. 

A comparative overview of the biological and photocatalytic 

performance parameters of the present study relative to pre-

viously reported green synthesis approaches is summarized 

in Table-2. 

 
TABLE-2 

COMPARATIVE ANALYSIS OF ANTICANCER  

AND PHOTOCATALYTIC ACTIVITY OF ZnO NPs  

SYNTHESISED USING DIFFERENT PLANT EXTRACTS 

Plant 

IC50 (MDA-

MB-231, 

µg/mL) 

Photocatalytic 

degradation of 

MB (%) 

Ref. 

Moringa oleifera ~25 ~70% (120 min) [35] 

Aloe vera >40 ~65% (120 min) [36] 

Azadirachta indica ~30 ~72% (120 min) [37] 

Typical green ZnO 

reports 

30-50 60-75% in 120 

min 

 

Eleutherine bulbosa 21.12 80% (100 min)  Present 

study 

 

 Cost-effectiveness and economic superiority of the 

present work: The synthesis strategy employed in this work 

offers clear economic advantages over several previously rep-

orted plant-mediated routes for ZnO NPs production. E. bulbosa 

bulbs are inexpensive, readily available across tropical and 

subtropical regions and require minimal preprocessing, which 

substantially lowers raw material and preparatory costs. By 

 

Fig. 10.  (a) Schematic illustration of the photocatalytic degradation mechanism of methylene blue dye and (b) visual decolorisation of  

E. bulbosa mediated ZnO NPs 
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contrast, several green synthesis approaches rely on seasonal 

or edible plant parts such as fruits, seeds, or flowers, which 

are often more expensive, compete with food resources or 

demand laborious extraction procedures involving multiple 

organic solvents. Significantly, the present method relies excl-

usively on deionised water as the extraction medium, comp-

letely eliminating the use of hazardous solvents. The synthesis 

proceeds under mild conditions, operating at a moderate tem-

perature of 60 °C and ambient pressure, without the need for 

energy-intensive equipment such as autoclaves, microwave 

reactors or hydrothermal systems frequently employed in other 

green protocols. In addition, the relatively short reaction 

duration (2 h) and low calcination temperature (400 °C for 1 h) 

further reduce energy consumption while still yielding highly 

crystalline ZnO NPs with uniform nanoscale features. Taken 

together, these attributes establish the E. bulbosa-mediated 

approach as a cost-effective, energy-efficient, solvent-free, 

and scalable synthesis route. Its simplicity, affordability and 

multifunctional output position it favourably against many 

existing plant-based ZnO NP synthesis methods, particularly 

for large-scale and sustainable nanomaterial production. A 

comparative assessment of cost-effectiveness and sustaina-

bility parameters is provided in Table-3. 

Conclusion  

 The green-synthesised ZnO nanoparticles (ZnO NPs) 

using the aqueous extract of Eleutherine bulbosa bulbs were 

confirmed through comprehensive characterization techniques. 

UV-Vis spectroscopy revealed a prominent absorption peak 

at 360 nm, indicating the formation of ZnO NPs. FTIR anal-

ysis confirmed the presence of characteristic Zn-O bond 

vibrations between 600-500 cm–1, while XRD analysis revealed 

a crystalline wurtzite structure with an average crystallite size 

of 27.21 nm. SEM and HRTEM images further validated the 

hexagonal, flake-like morphology of the synthesised nano-

particles. Thermogravimetric analysis (TGA) demonstrated 

significant thermal degradation, with weight reduction from 96% 

to 65%, indicating high thermal sensitivity. The biosynthesised 

ZnO NPs exhibited notable antioxidant and anticancer acti-

vities, with IC50 values of 44.15 g/mL and 21.12 g/mL, 

respectively, underscoring their therapeutic potential. Further-

more, the ZnO NPs achieved an efficient 80% degradation of 

methylene blue, confirming their photocatalytic efficacy, 

outperforming most reported green syntheses. 
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