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Abstract 
 

Zinc oxide (ZnO) nanoparticles (NPs) have emerged as a significant area of research due to their distinctive physicochemical 
and biological properties. In this study, an eco-friendly and cost-effective synthesis of ZnO NPs was achieved using Alpinia 
officinarum (A. officinarum) rhizome extract in conjunction with Zinc nitrate hexahydrate as a precursor. The structural and 
morphological properties of the synthesized ZnO NPs were characterized using X-ray diffraction (XRD), Fourier-transform 
infrared spectroscopy (FTIR), and transmission electron microscopy (TEM). FTIR analysis confirmed the presence of functional 
groups associated with the phytochemicals involved in the synthesis process. Crystalline structure and particle size were 
validated through XRD and TEM analyses. The antimicrobial potential of the ZnO NPs was evaluated against Pseudomonas 
aeruginosa ATCC 25619, methicillin-resistant Staphylococcus aureus (MRSA) ATCC 43300, and Candida albicans ATCC 10231. 
Additionally, antibiofilm assays were conducted against the same microbial strains. The ZnO NPs demonstrated significant 
antimicrobial and antibiofilm efficacy. These findings suggest that biosynthesized ZnO NPs possess promising potential for 
application in biomedical coatings, pharmaceuticals, and cosmetic formulations. 
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1. Introduction 

Nanotechnology is an emerging area that emphasizes creating 

materials at the nanoscale (1-100 nm). It provides vast 

possibilities in numerous fields by developing innovative 

nanomaterials with distinct properties that depend on their size. 

Nanotechnology advances optics, energy generation, enables 

targeted drug delivery in medicine, and supports 

environmental science applications.[1] Since the emergence of 

nanotechnology, scientists have created a range of nanoscale 

devices employing diverse synthesis methods, such as 

physical, chemical, and eco-friendly techniques. Among these, 

green synthesis has appeared as a novel and adaptable 

approach.[2] Green synthesis has emerged as a sustainable and 

economical alternative to conventional nanoparticle 

production methods. It reduces the use of harmful chemicals 

and supports the development of nanomaterials with specific 

properties and high biocompatibility.[3] This approach utilizes 

biological entities such as plant extracts, bacteria, fungi, and 

algae as natural reducing and capping agents, enabling 

environmentally benign synthesis with controlled 

morphology.[4] This method has facilitated the fabrication of a 

wide range of nanomaterials, such as carbon nanostructures, 

metal-organic frameworks,[5] and particularly metal oxide 

nanoparticles, which are increasingly utilized in 

environmental remediation, biomedical applications, and 

energy-related technologies.[6–8] 

Among various metal oxides, ZnO NPs have attracted 

considerable interest among various metal oxides, owing to 

their versatile functionalities and unique physicochemical 

characteristics.[9] These include a wide bandgap, vigorous 

photocatalytic activity, high UV absorption capacity, and 

excellent photostability, enabling their use in electronics, 

optoelectronics, sensors, and solar energy conversion 

devices.[10] Compared to conventional physical and chemical 

synthesis techniques such as sol-gel processing, hydrothermal 

methods, and electrodeposition, the green synthesis of ZnO 
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NPs offers a cost-effective, simple, and more environmentally 

sustainable alternative. This method converts Zinc precursors 

into ZnO NPs using biologically active compounds, such as 

flavonoids, terpenoids, and phenolics, from plant extracts, 

which act as natural reductants and stabilizing agents.[11] 

ZnO NPs have a range of technological and biomedical 

applications, including drug delivery, bioimaging, wound 

healing, cancer therapy, and antimicrobial treatments. Their 

therapeutic efficacy is primarily due to their ability to generate 

reactive oxygen species (ROS), penetrate cellular membranes, 

and selectively induce cytotoxicity in microbial and cancer 

cells.[12-13] In addition to the biomedical uses, ZnO NPs also 

have potential in agroforestry and environmental sustainability, 

where they increase crop productivity, enhance soil quality, 

and support sustainable forest management.[14] ZnO NPs are 

generally regarded as safe for biomedical use, which has 

encouraged their incorporation into healthcare products. They 

are extensively used in cosmetics, especially as UV filters in 

sunscreen formulations, and are also applied as antimicrobial 

coatings on medical tools and devices.[15-16] These applications 

derive from ZnO NP's unique electronic, optical, and chemical 

properties at the nanoscale.[17] 

Despite significant progress, concerns over long-term 

biocompatibility, dose-dependent cytotoxicity, and the lack of 

standardized synthesis protocols have limited the biomedical 

application of ZnO NPs. The molecular and cellular 

interactions of ZnO NPs remain insufficiently understood.[18] 

Therefore, comprehensive studies are essential to optimize 

their synthesis, characterize their properties, and evaluate their 

biomedicine; this review proposes that green-synthesized ZnO 

NPs possess the enhanced potential for biomedical 

applications, particularly in antimicrobial and anticancer 

treatments, owing to their improved biocompatibility, 

functional adaptability, and ecological sustainability.[19] This 

study presents a comprehensive review of green synthesis 

approaches, physicochemical characteristics, and proposed 

formation mechanisms of ZnO NPs, emphasizing their 

emerging applications in the biomedical field, to evaluate this 

hypothesis.[20-21] This method creates ZnO NPs from zinc 

precursors by utilizing physiologically active substances 

present in plant extracts, such as flavonoids, terpenoids, and 

phenolics, which function as organic reducing and stabilizing 

agents.[22-23] 

This study explores the biomedical applications of ZnO 

NPs synthesized using A. officinarum rhizome extract. 

Although green synthesis of metal oxide nanoparticles has 

been extensively explored, the utilization of A. officinarum for 

the biosynthesis of ZnO NPs represents a novel approach that,  

to the best of our knowledge, has not yet been reported in the 

existing scientific literature.. This study presents a novel plant-

mediated approach employing A. officinarum rhizome, known 

for its abundance of phenolic and flavonoid compounds, 

which contribute significantly to nanoparticle formation and 

stabilization. In contrast to prior investigations that often 

examine a single biological activity, the current work offers a 

comprehensive evaluation of the synthesized ZnO NPs, 

including their antimicrobial, antioxidant, and anti-biofilm 

properties. This integrated analysis enhances the 

understanding of the potential biomedical applications of ZnO 

NPs. Furthermore, the synthesis approach is environmentally 

nontoxic, economically viable, and devoid of hazardous 

reducing or stabilizing agents, thereby adhering to the 

principles of green chemistry.  

 

2. Materials and methods 

2.1 Chemicals 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) was procured from 

Sisco Research Laboratory (India). Muller-Hinton agar, 

nutrient broth, gentamicin antibiotic solution, and 

amphotericin B antimycotic solution were obtained from 

HiMedia Laboratories (India). The microbial strains 

Pseudomonas aeruginosa (ATCC 25619), methicillin-

resistant Staphylococcus aureus (MRSA, ATCC 43300), and 

Candida albicans (ATCC 10231) were acquired from the 

Microbial Type Culture Collection (MTCC), Chandigarh, 

India. All experimental procedures were carried out using 

deionized water. 

 

2.2 Preparation of A. officinarum leaves extract 

A. officinarum is a perennial herb of the family Zingiberaceae. 

It is widely cultivated across various regions of Southeast Asia 

and the Indian subcontinent due to its medicinal and economic 

significance. The dried rhizomes of A. officinarum were 

sourced from a certified herbal supplier in Karaikal, 

Puducherry, India. The rhizomes were initially rinsed three 

times—first with tap water and subsequently with deionized 

water—to eliminate surface impurities. The cleaned samples 

were then shade-dried for a period of 20 days. Once dried, the 

rhizomes were ground into a fine powder using a mortar and 

pestle. 

To prepare the extract, 5 grams of powdered rhizome were 

mixed with 100 mL of distilled water in a conical flask. The 

mixture was heated at 60 °C for 24 hours. After cooling to 

room temperature, the extract was filtered through Whatman 

No. 1 filter paper. The resulting filtrate was stored at 4 °C and 

used in subsequent nanoparticle synthesis procedures. 

 

2.3 Synthesis of A. officinarum rhizome extract facilitated 

ZnO-NPs 

A 50 mL aliquot of A. officinarum rhizome extract was heated 

to 60–70 °C, followed by the addition of a 0.1 M zinc nitrate 

hexahydrate [Zn(NO3)2·6H2O] solution (in a 1:1 v/v ratio with 

the extract) under continuous stirring. The mixture was 

maintained at this temperature to facilitate the gradual 
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reduction of Zn2+ ions, resulting in the formation of a 

brownish-white Zn(OH)2 paste. The paste was then dried in a 

hot-air oven at 70 °C for 2 hours to remove residual moisture. 

The dried mass was calcinated in a muffle furnace at 500 °C 

for 2 hours under a constant flow of oxygen to obtain ZnO NPs 

in powder form. The final product was ground using a mortar 

and pestle and stored in an airtight container for further 

characterization.  
 
2.4 Characteristic analysis for nanoparticles  

X-ray diffraction (XRD) analysis was performed using a 

Panalytical X’Pert PRO diffractometer equipped with a Cu-

Kα radiation source (λ = 1.54056 Å). The diffraction patterns 

were recorded over a 2θ range of 20° to 80°, with a step size 

of 0.02° and a scan rate of 2°/min, to evaluate the phase purity, 

crystallinity, and average crystallite size of the synthesized 

ZnO NPs. Fourier-transform infrared spectroscopy (FTIR) 

was employed to identify the functional groups present in the 

rhizome extract of A. officinarum and its role in the synthesis 

of ZnO NPs. The analysis was carried out in the spectral range 

of 4000–400 cm⁻¹ using the KBr pellet method on a 

PerkinElmer Spectrum RX1 spectrometer. HR-TEM was 

utilized to determine the morphology and particle size of the 

ZnO NPs. The analysis was conducted using a JEOL 4000 

instrument operated at an accelerating voltage of 400 kV. 

 

2.5 Antimicrobial activity determination and minimum 

inhibitory concentration (MIC) determination 

The antibacterial and antifungal efficacy of the biosynthesized 

ZnO NPs was evaluated against Pseudomonas aeruginosa 

(ATCC 25619), methicillin-resistant Staphylococcus aureus 

(MRSA, ATCC 43300), and Candida albicans (ATCC 10231), 

representing Gram-negative bacteria, Gram-positive bacteria, 

and yeast, respectively. The agar well diffusion method was 

employed using Mueller-Hinton agar (MHA) for bacterial 

strains and Sabouraud dextrose agar (SDA) for C. albicans. 

Nutrient broth was used to culture the test organisms. Mueller-

Hinton agar was prepared by dissolving 2.8–3.0 g in deionized 

water, followed by autoclaving at 121°C for 15 minutes under 

15 psi pressure. After cooling, 20 mL of the molten medium 

was poured into sterile 100 mm Petri dishes and allowed to 

solidify. A standardized microbial suspension (OD600 ≈ 0.5) 

equivalent to 1 × 10⁵ CFU/mL was prepared and uniformly 

spread over the agar surface. Wells were punched aseptically 

and loaded with 50, 100, 200, and 500 µg/mL of ZnO NP 

suspensions. Gentamicin was used as the positive control. 

Plates were incubated at 37°C for 24 hours, and zones of 

inhibition were measured in millimeters. All experiments were 

performed in triplicate for statistical consistency. 

The minimum inhibitory concentration (MIC) of ZnO 

NPs was determined by broth microdilution in Mueller-Hinton 

broth (MHB). A series of twofold serial dilutions of ZnO NPs 

(ranging from 1 to 1000 µg/mL) were prepared in sterile 96-

well microtiter plates. Exponentially growing cultures were 

diluted 1:10 in MHB to achieve an inoculum density of 

approximately 1 × 10⁵ CFU/mL per well. After inoculation, 

plates were incubated at 37°C for 16–24 hours. Post-

incubation, bacterial growth was assessed 

spectrophotometrically by measuring absorbance at 600 nm 

using a SpectraMax M3 microplate reader (Molecular Devices, 

USA). MIC was defined as the lowest concentration of ZnO 

NPs that inhibited visible microbial growth. 

 

2.6 Biofilm biomass analysis 

The inhibitory effect of ZnO NPs on biofilm formation was 

evaluated using the microtiter plate assay method as described 

previously.[24] Briefly, Candida albicans cells were inoculated 

into a 96-well microtiter plate and incubated at room 

temperature for 18 hours in both the presence and absence of 

ZnO NPs. Following incubation, non-adherent planktonic 

cells were carefully removed, and the wells were gently rinsed 

with distilled water. Surface-adhered biofilm cells were 

stained with 0.4% crystal violet solution for 10 minutes. 

Excess stain was removed by washing with distilled water, and 

the plates were allowed to air dry. Subsequently, 1 mL of 20% 

glacial acetic acid was added to each well to solubilize the 

bound crystal violet. The absorbance of the resulting solution 

was measured at 570 nm using a UV-visible 

spectrophotometer to quantify biofilm biomass. 

For microscopic evaluation, biofilms were developed on 

sterile glass slides (1 cm × 1 cm) placed in culture media with 

and without ZnO NPs. The slides were incubated for 24 hours 

at 37 °C in triplicate. After incubation, excess media and 

loosely attached cells were removed by rinsing, and the slides 

were air-dried.  After air-drying, the prepared slides were 

observed under a Nikon Eclipse 80i microscope (Nikon 

Instruments, USA) at 400× magnification for light microscopy 

analysis. To facilitate confocal laser scanning microscopy 

(CLSM), the biofilms were stained in the dark with 0.1% 

acridine orange for two minutes. Following staining, the slides 

were gently rinsed with sterile distilled water, allowed to dry, 

and subsequently examined under CLSM. The structural 

organization of the biofilms was then evaluated using 

COMSTAT image analysis software.[25] 

 

2.7 Estimation of in vitro antioxidant property 

2.7.1 DPPH radical scavenging activity 

The free radical scavenging activity of ZnO NPs was 

evaluated using the method described.[26] Briefly, 0.1 mL of 

ZnO NP suspension was diluted with 1.5 mL of methanol. 

Subsequently, 1.5 mL of this solution was mixed with 0.2 mM 

2,2-diphenyl-1-picrylhydrazyl (DPPH) radical solution. The 

mixture was thoroughly homogenized and incubated in the 

dark at room temperature for 20 minutes. The absorbance was 

recorded at 517 nm using a UV-visible spectrophotometer. 

Rutin was employed as a positive control in the assay. 

 

3. Results and discussion 

3.1 Synthesis Mechanism of ZnO NPs using A. officinarum 

rhizome extract 
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In the present study, ZnO NPs were synthesized via a green 

approach using A officinarum rhizome extract. The bioactive 

compounds within the extract served dual roles as both 

reducing and stabilizing agents during nanoparticle formation. 

The root extract is known to contain various phytochemicals, 

notably 6-gingerol and its derivative 6-shogaol as major 

constituents.[27] Additionally, the presence of flavonoids such 

as galangin, kaempferol, and quercetin further enhances its 

bio-reducing capacity.[28] Based on the chemical composition 

of the extract, a plausible mechanism for the biosynthesis of 

ZnO NPs is proposed below: 

 

3.1.1 Dissolution of zinc nitrate hexahydrate 

Zinc nitrate hexahydrate (Zn(NO3)2·6H2O) readily dissolves 

in the extract, dissociating into zinc ions (Zn2+), nitrate ions 

(NO₃⁻), and water molecules, forming a clear aqueous solution 

Eq. (1) 

Zn(NO3)2. 6H2O  → Zn2+ + 2NO3
- + 6 H2O (1) 

 

3.1.2 Coordination and reduction by phytochemicals 

The Zn2+ ions released into solution subsequently interact with 

various phytochemicals present in the A. officinarum rhizome 

extract. Bioactive compounds like 6-gingerol, 6-shogaol, 

kaempferol, and quercetin—known for their abundance of 

hydroxyl and phenolic groups—interact with Zn²⁺ ions 

through both ionic interactions and hydrogen bonding. These 

compounds act as natural reducing agents, facilitating the 

reduction of Zn2+ and resulting in the generation of zinc 

hydroxide (Zn(OH)2) . In addition to their reductive function, 

these phytochemicals serve as capping agents, preventing 

agglomeration and assisting in the stabilization and shape 

control of the forming nanoparticles.[29] 

 

3.1.3 Development of ZnO NPs 

The intermediate compound, zinc hydroxide (Zn(OH)2), is 

subsequently exposed to heat treatment at 500 °C. This 

calcination process leads to the decomposition of Zn(OH)2 

into ZnO, accompanied by the release of water molecules.[30] 

The thermal conversion results in the formation of stable, 

crystalline ZnO NPs, as illustrated in Fig. 1 (a) and (b). 

 

3.2 X-ray Diffraction analysis 

The crystalline structure of the ZnO NPs synthesized using A. 

officinarum rhizome extract was characterized by X-ray 

diffraction (XRD) analysis. The diffraction pattern was 

recorded over a 2θ range of 10° to 80°, revealing distinct and 

sharp peaks indicative of high crystallinity and phase purity. 

The observed diffraction peaks appeared at 2θ values of 

approximately 31.75°, 34.40°, 36.25°, 47.63°, 56.61°, 62.89°, 

66.49°, 67.99°, and 69.14°, corresponding to the (100), (002), 

(101), (102), (110), (103), (200), (112), and (201) 

crystallographic planes, respectively. These values are in good 

agreement with the standard data from the Joint Committee 

on Powder Diffraction Standards (JCPDS card no. 89-1397), 

confirming the formation of a hexagonal wurtzite structure, as 

 
Fig. 1(a): Synthesis mechanism of ZnO NPsusing 6-gingerol and 6-shogaol in the root extract of A. officinarum. 

 

 
Fig. 1(b): Synthesis mechanism of ZnO NPs using shogaol, kaempferol and quercetin in the root extract of A. officinarum. 
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illustrated in Fig. 2.[31] 

D =
Kλ

β cos θ
 

(2) 

The average crystallite size of the ZnO NPs was estimated 

using the Debye–Scherrer equation (Eq. 2), based on the most 

intense diffraction peak at 2θ = 36.25°, corresponding to the 

(101) plane. The calculated crystallite size was approximately 

20 nm, indicating the successful formation of nanoscale 

particles with a well-defined hexagonal phase. 

 

 
Fig. 2: XRD pattern of ZnO NPs. 

 

3.3 FT-IR studies 

Fourier Transform Infrared (FT-IR) spectroscopy was 

employed to identify the functional groups involved in the 

synthesis of ZnO nanoparticles (ZnONPs) using A. 

officinarum rhizome extract. The FT-IR spectrum of the plant 

extract (Fig. 3a) exhibited prominent absorption bands at 3430 

cm⁻¹ and 1636 cm-1, corresponding to O–H stretching 

vibrations, indicating hydroxyl functional groups. A band 

around 2932 cm-1 was assigned to C–H stretching, while the 

absorption near 1446 cm-1 corresponded to C=O stretching, 

which are characteristics of flavonoid compounds. A distinct 

peak at 1389 cm⁻¹ suggested the presence of C=N bonds, and 

additional bands at 1113 cm-1 and 1040 cm-1 were attributed to 

C–O and C–C stretching vibrations, respectively. Furthermore, 

a peak at 1121 cm-1 indicated C–C stretching, typically 

observed in terpenoids.[32] 

The FT-IR spectrum of ZnONPs synthesized using the 

rhizome extract (Fig. 3b) displayed a broad peak at 3436 cm-1, 

assigned to O–H stretching vibrations, likely due to moisture 

adsorption from the environment.[32] A sharp peak at 869 cm⁻¹, 

along with a strong absorption at 431 cm-1, confirmed the 

presence of Zn–O stretching vibrations. Additionally, bands 

observed between 600 and 300 cm-1 are characteristic of 

metal–oxygen (M–O) bonds.[33] These findings confirm the 

participation of plant-derived compounds such as polyphenols, 

flavonoids, and terpenoids, which serve as reducing and 

stabilizing agents. These bioactive molecules facilitate the 

conversion of Zn2+ ions into ZnO and help in capping and 

stabilizing the nanoparticles during synthesis.[31] 

 

 
Fig. 3: (a) FTIR spectra of A.officinarum rhizome extract, (b) 

FTIR spectra of  ZnO NPs. 

 

3.4 HR-TEM with SAED pattern analysis 

The crystallinity, particle size, and nanostructure of the ZnO 

NPs synthesized using A. officinarum rhizome extract were 

investigated using  HR-TEM. The TEM images confirmed 

that the nanoparticles were well-dispersed and uniformly 

distributed without notable agglomeration (Fig. 4a and b).[36] 

This dispersion is attributed to the bioactive constituents 

present in the extract, which likely acted as natural capping 

and stabilizing agents during the synthesis process. 

Micrographs obtained at magnifications of 10 nm and 5 nm 

were analyzed using ImageJ software to estimate the particle 

size.[37] The particle size of the ZnO NPs ranged from 10 to 12 

nm, with an average size of 10.12 ± 0.4 nm (Fig. 4 b). The 

nanoparticles exhibited a predominantly spherical 

morphology and a polycrystalline nature.[38,39] Furthermore, 

the selected area electron diffraction (SAED) pattern exhibited 

well-defined concentric rings indexed to (103), (110), (102), 

(101), (002) and (100) lattice planes planes (Fig. 4c), 

indicating the hexagonal wurtzite phase of ZnO NPS.[38,39]. The 

interplanar spacing (d-spacing) corresponding to the most 

intense reflection was measured to be 0.26 nm, which is 

consistent with the standard JCPDS card No. 89-1397. 

 

3.5 Antimicrobial Activity determination and minimum 

inhibitory concentration (mic) determination. 

The antimicrobial activity of biosynthesized ZnO NPs was 

evaluated using the Kirby–Bauer disc diffusion method 

against two clinically relevant bacterial strains: methicillin-

resistant Staphylococcus aureus (MRSA), a gram-positive  
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Fig. 4: HR-TEM images of ZnO NPs synthesized using A. officinarum rhizome extract at (a)10 nm and (b) 5 nm 

magnifications. (c) SAED pattern . 

 

bacterium, and Pseudomonas aeruginosa, a gram-negative 

bacterium, as well as the opportunistic fungal pathogen 

Candida albicans.[40] Antibacterial activity was assessed at 

various concentrations of ZnO NPs (10, 20, 30, 40, and 50 

µg/mL), and the corresponding zones of inhibition were 

recorded. For MRSA, the inhibition zones increased 

progressively with concentration, measuring 18 mm, 22 mm, 

24 mm, 28 mm, and reaching 32 mm at 50 µg/mL. Similarly, 

P. aeruginosa exhibited strong dose-dependent inhibition, with 

zones measuring 20 mm, 26 mm, 34 mm, 36 mm, and peaking 

at 38 mm at the highest concentration. Similarly, antifungal 

activity against C. albicans revealed inhibition zones of 10 mm, 

13 mm, 18 mm, 24 mm, and 30 mm across the same 

concentration gradient.[41].These findings, summarized in 

Table 1, demonstrate that the green-synthesized ZnO NPs 

possess potent and concentration-dependent antimicrobial 

activity against both gram-positive and gram-negative 

bacterial strains, as well as fungal pathogens.[42,43] 

The antimicrobial mechanism of green-synthesized ZnO 

NPs is multifactorial and concentration-dependent. In the case 

of bacterial inhibition, electrostatic interactions play a critical 

role, wherein the positively charged Zn2+ ions are attracted to 

the negatively charged bacterial cell membranes, leading to 

membrane destabilization and increased permeability.[44] 

Furthermore, Zn2+ ions are known to form stable coordination 

complexes with amino and thiol groups present in membrane-

associated proteins. These interactions can cause protein 

denaturation, inhibition of enzymatic activity, and disruption 

of vital cellular functions such as DNA replication and 

metabolic regulation.[45] 

In addition to their antibacterial effects, ZnO NPs also 

exhibit antifungal activity, particularly against Candida 

albicans. The fungal cell wall, primarily composed of chitin 

and β-glucans, forms a highly ordered and hydrogen-bonded 

matrix that confers mechanical strength and resistance. At 

elevated nanoparticle concentrations, Zn2+ ions interfere with 

chitin biosynthesis and compromise the polymeric structure of 

the wall, resulting in weakened cell wall integrit.[46,47] 

Moreover, Zn2+ species can form coordination bonds with 

hydroxyl and amino functional groups within the cell wall, 

thereby altering its architecture. These interactions may inhibit 

the function of chitin synthase enzymes, such as those encoded 

by the CHS1 gene, disrupting septum formation and normal 

cell division.[48,49] 

The primary antimicrobial mechanism involves the 

induction of oxidative stress through reactive oxygen species  
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Table 1: ZOI values of ZnO NPs against MRSA , Pseudomonas aureginosa, and Candida albicans. 

S.No Name of the test organism Zone of inhibition (mm) 

  10µg/ml 20µg/ml 30µg/ml 40µg/ml 50µg/ml 10µg/ml 20µg/ml 

1. MRSA 18mm 22mm 24mm 28mm 32mm 18mm 22mm 

2. Pseudomonas aeruginosa 20mm 26mm 34mm 36mm 38mm 20mm 26mm 

3. Candida albicans 10mm 13mm 18mm 24mm 30mm 10mm 13mm 

 

(ROS) generation. Upon exposure to light or appropriate 

energy input, ZnO NPs facilitate the excitation of electrons 

from the valence band to the conduction band, leaving behind 

holes (h⁺) (Eq. 3). These valence band holes oxidize surface-

adsorbed water molecules, generating hydroxyl radicals (OH) 

and protons (H+) (Eq. 4), while conduction band electrons 

reduce molecular oxygen (O2) to yield superoxide radicals 

(O2
-) (Eq. 5). Through successive reactions with protons and 

electrons, these radicals can further form hydrogen peroxide 

(H2O2) (Eq. 6), which can subsequently decompose into 

additional hydroxyl radicals (•OH) (Eq. 7). Unlike other 

negatively charged ROS, H2O2 can traverse the microbial cell 

envelope due to its neutral or slightly positive charge, leading 

to oxidative damage of intracellular components, including 

lipids, proteins, and nucleic acids. This oxidative stress results 

in membrane dysfunction, impaired respiration, and eventual 

microbial cell death.[51] 

 

In Valence Band 

e⁻ + h⁺ → ZnO + H2O → H⁺ + OH⁻ (3) 

In Conduction Band 

O2 + e⁻ → O2•⁻ (4) 

O₂•⁻ + H⁺ → HO2• (5) 

HO2• + e⁻ → H₂O⁻ (6) 

H2O⁻ + H⁺ → H2O2 (7) 

Collectively, these findings underscore the synergistic 

antimicrobial action of ZnO NPs, which combines ionic 

interactions, enzymatic interference, mechanical disruption, 

and oxidative stress. The green synthesis approach employed 

in the present study offers a promising and environmentally 

benign platform for producing ZnO NPs with potent and 

broad-spectrum antimicrobial properties.[52] 

Collectively, these findings underscore the synergistic 

antimicrobial action of ZnO NPs, which combines ionic 

interactions, enzymatic interference, mechanical disruption, 

and oxidative stress. The green synthesis approach employed 

in the present study offers a promising and environmentally 

benign platform for producing ZnO NPs with potent and 

broad-spectrum antimicrobial properties.[52] 

The antimicrobial potential of the biosynthesized ZnO 

NPs was further validated through Minimum Inhibitory 

Concentration (MIC) assays, which provided quantitative 

insight into their efficacy against clinically relevant pathogens. 

The MIC values determined for Pseudomonas aeruginosa, 

methicillin-resistant Staphylococcus aureus (MRSA), and 

Candida species were 550 μg/mL, 630 μg/mL, and 325 μg/mL, 

respectively. These concentrations represent the lowest 

amounts of ZnO NPs required to achieve complete inhibition 

of microbial growth under the test conditions.[53,54] 
The comparatively lower MIC observed for Candida 

species highlights the  susceptibility of fungal cells to ZnO 

NPs, possibly due to the interaction of Zn2+ ions with 

structural polysaccharides and membrane-bound proteins. In 

contrast, the slightly higher MIC values required for bacterial 

strains may be attributed to differences in cell wall architecture 

and resistance mechanisms between gram-negative and gram-

positive bacteria. 

Overall, the MIC results substantiate the broad-spectrum 

antimicrobial activity of the green-synthesized ZnO NPs. 

Their effectiveness at relatively low concentrations, 

particularly against fungal pathogens, suggests their practical 

applicability in biomedical formulations aimed at controlling 

resistant and opportunistic infections.[55] 

 

3.6 Biofilm inhibition assays 

3.6.1 Assessment of biofilm biomass  

ZnO NPs demonstrated significant antibiofilm activity, 

exhibiting inhibition rates of approximately 35%, 55%, and  

63% against Pseudomonas aeruginosa, methicillin-resistant 

Staphylococcus aureus (MRSA), and Candida species, 

respectively, as shown in Fig. 5. These findings indicate that 

ZnO NPs are effective in disrupting both bacterial and fungal 

biofilm . Treatment with ZnO NPs resulted in the disruption 

of intracellular components in P. aeruginosa, highlighting their 

strong antimicrobial properties.[56] The study also revealed that 

increasing concentrations of ZnO NPs enhanced the 

degradation of biofilm-forming adherent cells, confirming a 

concentration-dependent antibiofilm effect. Even at low 

concentrations, biosynthesized ZnO NPs showed considerable 

antibacterial activity, with complete inhibition of multidrug-

resistant pathogens observed at the lowest concentration 

tested.[57] These results suggest that ZnO NPs possess broad-

spectrum potential as an effective antimicrobial and  
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Fig. 5: Light microscopy pictures of Crystal violet-stained biofilms after 24 h: (A–C) untreated controls; (D–F) treated with ½ MIC 

of ZnO NPs. Images captured at 100 μm magnification. 

 

 
Fig. 6: Fluorescent microscopy images of SYTO 9-stained biofilms after 24 h: (A–C) untreated controls; (D–F) treated with ½ MIC 

of ZnO NPs. Images captured at 100 μm magnification. 

 

antibiofilm agent. 

 

3.6.2 Fluorescent imaging analysis 

Fluorescence imaging revealed that untreated biofilms formed 

compact, multi-layered structures that were firmly adhered to 

the surface. In contrast, biofilms treated with ZnO NPs (ZnO 

NPs) appeared disrupted, with reduced thickness and poor 

surface attachment. The treated samples showed scattered, 

loosely arranged cell clusters, indicating weakened biofilm 

integrity (Fig. 6). Using SYTO 9 staining, strong green 

fluorescence was observed in the control group, representing 

viable cells within the biofilm. However, ZnO NP treatment at 

½ MIC concentration significantly reduced fluorescence 

intensity in P. aeruginosa, MRSA, and Candida albicans. This 

decrease in fluorescence confirmed the notable anti-biofilm 

activity of ZnO NPs.[58] 

 

3.7 Evaluation of in vitro antioxidant property 

The antioxidant potential of the green-synthesized ZnO NPs 

(ZnO NPs) was assessed using the DPPH (2,2-diphenyl-1-

picrylhydrazyl) free radical scavenging assay, a well-

established method for evaluating radical-scavenging activity. 

The DPPH scavenging effect (% inhibition) was calculated 

using Eq. (8).The notable antioxidant performance of the ZnO 

NPs can be attributed to the presence of surface-bound 

phytochemicals from the A. officinarum extract, which serve 

as capping and stabilizing agents. These bioactive compounds, 

rich in hydroxyl and phenolic groups, effectively donate 

hydrogen atoms or electrons to neutralize free radicals. 

The nanoscale dimensions and high surface area of ZnO 

NPs further enhance their reactivity, promoting stronger 

interaction with DPPH radicals. The mechanism involves the 

reduction of the deep violet DPPH radical, which shows 

maximum absorbance at 517 nm. Upon interaction with an 

antioxidant, this absorbance diminishes and shifts toward 

yellow, indicating successful free radical scavenging.[59,60] 
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𝐷𝑃𝑃𝐻 𝑠𝑐𝑎𝑣𝑒𝑛𝑔𝑖𝑛𝑔 𝑒𝑓𝑓𝑒𝑐𝑡 (% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛) =

 
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙−𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100  

(8) 

The antioxidant activity of the biosynthesized ZnO NPs 

was evaluated at various concentrations. The percentage of 

inhibition observed for ZnO NPs ranged from 39.21% at 10 

µg/mL to 68.23% at 500 µg/mL, demonstrating a 

concentration-dependent increase in radical scavenging 

activity (Table 2). 

 

Table 2: DPPH assay values (percentage of inhibition) of ZnO 

NPs. 

SI.NO Treated sample 

concentration(µg/ml) 

Percentage of 

inhibition(%) 

1 Ascorbic acid 91.21 

2 500 µg/ml 68.23 

3 250 µg/ml 56.17 

4 100 µg/ml 48.32 

5 50 µg/ml 41.17 

6 10 µg/ml 39.21 

 

 
Fig. 7: Antioxidant activity of ZnO NPs using DPPH assay. 

 

Although the antioxidant activity of the green-synthesized 

ZnO NPs was comparatively lower than that of the standard 

antioxidant, ascorbic acid (which exhibited 91.21% inhibition), 

the results presented in Fig. 7 demonstrate the notable free 

radical scavenging potential of the nanoparticles.[61] The ZnO 

NPs achieved a maximum inhibition of 68.23% at 500 µg/mL, 

with an IC50 value of 245 µg/mL, indicating moderate but 

effective antioxidant capacity. These findings support the 

potential of green-synthesized ZnO NPs as viable agents for 

mitigating oxidative stress, with relevance to various 

biomedical and therapeutic applications. 

 

4. Conclusion 

ZnO NPs were synthesized by a green and sustainable method 

employing A. officinarum rhizome extract as a bioreducing 

and stabilizing agent. The structural properties of the 

synthesized ZnO NPs were confirmed by X-ray diffraction 

(XRD), which revealed a hexagonal wurtzite crystalline phase 

with an average crystallite size of approximately 20 nm. 

Fourier-transform infrared spectroscopy (FT-IR) indicated the 

presence of functional moieties derived from the plant extract, 

suggesting their involvement in nanoparticle stabilization. 

TEM analysis revealed that the synthesized ZnO NPs were 

predominantly spherical, with an average diameter of 26 nm. 

The SAED patterns exhibited intense reflections 

corresponding to the lattice plane (101) with high intensity, 

36.25 ° as d-spacing value, which well matched with XRD 

results. 

The biosynthesized ZnO NPs displayed notable 

antimicrobial activity against both Gram-positive and Gram-

negative bacterial strains, underscoring their potential as 

antimicrobial agents, particularly in the context of multidrug-

resistant pathogens. In addition, the nanoparticles exhibited 

significant anti-biofilm activity, which is of particular 

relevance in the treatment of biofilm-associated infections that 

are resistant to conventional antibiotics. Antioxidant assays 

further demonstrated the nanoparticles' efficacy in scavenging 

free radicals, highlighting their potential application in 

biomedical fields such as wound healing, drug delivery, and 

medical textiles. 

Although the biological activity of ZnO NPs is known to 

be dose-dependent and higher concentrations may raise 

toxicity concerns, the use of a green synthesis route offers 

advantages in terms of safety and environmental sustainability. 

Future research will aim to evaluate the anticancer activity of 

these nanoparticles, with particular focus on their effects 

against the MCF-7 human breast cancer cell line, to further 

explore their therapeutic potential. This study contributes to 

the growing body of literature on plant-mediated synthesis of 

nanomaterials and their multifunctional applications in 

biomedical sciences. 
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