


Phytochemical—Mediated ZnO Nanoparticles from Chromolaena odorata: Structural Characterization and Antimicrobial Efficacy against Multidrug-Resistant Clinical Isolates from Enugu State University Teaching Hospital, Nigeria


Abstract
The rising threat of multidrug-resistant pathogens necessitates novel antimicrobial agents. This study explores the green synthesis of zinc oxide nanoparticles (ZnO NPs) using Chromolaena odorata leaf extract with zinc acetate dihydrate (Sample A), zinc sulphate (Sample S), and zinc nitrate (Sample N) as precursors. The NPs were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), Fourier-transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET) analysis, and ultraviolet-visible (UV-Vis) spectroscopy. XRD revealed wurtzite ZnO structures with crystallite sizes of 9.1–9.2 nm (A), 3.2–15.9 nm (S), and 7.5–38 nm (N). SEM showed spherical (A), irregular (S), and rod-like (N) morphologies, while EDX confirmed Zn and O as primary elements with trace phytochemical-derived elements. FTIR identified phenolic and flavonoid capping, and BET indicated high surface areas (235.505–325.475 m²/g). UV-Vis spectra displayed absorption peaks at 374–383 nm, consistent with ZnO’s bandgap. Antimicrobial assays demonstrated significant activity against multidrug-resistant clinical isolates from Enugu State University Teaching Hospital, Nigeria, including bacteria and Candida albicans, with Sample S’s high surface area correlating with enhanced efficacy. These findings highlight the role of precursor chemistry in tailoring NP properties and underscore the potential of Chromolaena odorata-mediated ZnO NPs as effective antimicrobial agents. The NPs’ biocompatibility and high surface area suggest further applications in wound healing and photocatalysis, warranting future in vivo and mechanistic studies.
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Introduction
Nanotechnology, derived from the Greek word "nano" meaning "dwarf," involves manipulating materials at scales below 100 nanometres (Hussain et al., 2020). Nanoparticles (NPs), ranging from 1–100 nm, exhibit unique properties due to their compact atomic arrangement, enhancing mechanical, electrical, magnetic, optical, catalytic, and antibacterial characteristics compared to macroscopic materials (Wu et al., 2020; Álvarez-Chimal & Arenas-Alatorre, 2023; Bahrulolum, 2021). These properties drive their applications in medicine, electronics, energy, and environmental science (Chaudhry et al., 2018; Kolahalam et al., 2019). NPs, classified by composition (e.g., metals, metal oxides, carbon-based materials, quantum dots), offer a high surface-to-volume ratio, improving efficiency with less material (Omeh et al., 2024). In environmental contexts, NPs enhance water treatment, air filtration, soil remediation, pollution reduction, and renewable energy technologies (Wilson, 2018). Medically, they improve drug delivery, imaging, and cancer therapy by targeting specific cells and reducing toxicity (Zhang et al., 2008; Khan et al., 2019). In electronics, NPs enable advanced sensors, transistors, and solar cells (Gao et al., 2009; Singh et al., 2020).
Green synthesis employs biological agents (e.g., plants, microbes) to produce NPs sustainably, minimizing waste and energy use compared to conventional methods that rely on hazardous reagents (Thapa & Choudhury, 2021; Álvarez-Chimal & Arenas-Alatorre, 2023). Factors like temperature, pH, and reaction time influence NP size, shape, and yield. Biological components—bacteria, fungi, algae, and plants—facilitate eco-friendly NP synthesis. Bacteria synthesize NPs intra- or extracellularly using enzymes like reductase (Singh et al., 2020), while fungi leverage biomolecules (e.g., proteins) for stability (Chaudhry et al., 2018). Algae reduce metals via polysaccharides and proteins (Rana et al., 2020), and plants, rich in flavonoids and terpenes, offer cost-effective synthesis (Carrillo-López et al., 2016). Solvent systems (e.g., water, supercritical fluids, reduced-hazard organics) further enhance sustainability (Ali et al., 2020).
Chromolaena odorata, a medicinal plant, exhibits antimicrobial properties due to phytochemicals like flavonoids and phenols (Devi et al., 2022; Hridhya & Kulandhaivel, 2017). Rising multidrug resistance necessitates novel antimicrobials (Khezerlou et al., 2018). This study biosynthesized zinc oxide NPs (ZnO NPs) using C. odorata leaf extract, characterized them, and evaluated their antimicrobial activity against clinical isolates of the resistant pathogens Staphylococcus aureus, Escherichia coli, Pseudomonas aeruginosa, Proteus mirabilis, Klebsiella sp, Streptococcus pneumoniae, and Candida albicans obtained from the Enugu State University Teaching Hospital, Enugu.
[bookmark: _Hlk198539066]The synthesized ZnO nanoparticles were characterised using a suite of advanced analytical techniques. X-ray diffraction (XRD) elucidated the crystallographic structure and crystallite size by analysing diffraction patterns. Scanning electron microscopy (SEM) provided insights into the surface morphology and particle shape. Energy-dispersive X-ray spectroscopy (EDX) confirmed the elemental composition, verifying the presence of zinc and oxygen. Fourier-transform infrared spectroscopy (FTIR) identified functional groups and phytochemical interactions on the nanoparticle surface. Brunauer-Emmett-Teller (BET) analysis determined the specific surface area and pore size distribution, providing insights into the nanoparticles’ textural properties.	Comment by hp: This section should be under methodology
ZnO NPs were synthesized from zinc salts and C. odorata leaf extract, confirmed by XRD (wurtzite phase), SEM (spherical morphology), EDX (zinc presence), FTIR (protein stabilization), and UV-Vis (absorption peaks at 374–383 nm). Antimicrobial assays showed significant activity against bacteria (e.g., Staphylococcus aureus) and Candida albicans, with MICs as low as 0.6 mg/ml for ZnO NPs from zinc acetate.	Comment by hp: This section would suite the discussion section
2.0. Experimental
2.1. Materials
Zinc acetate dihydrate (Zn(CH₃COO)₂·2H₂O, ≥98%), zinc nitrate (Zn(NO₃)₂·6H₂O, ≥98%), and zinc sulphate (ZnSO₄·7H₂O, ≥99%) were purchased from Sigma-Aldrich (Germany). Fresh leaves of Chromolaena odorata were collected from the Enugu State University campus, Agbani. Sodium hydroxide (NaOH, ≥97%) and ethanol (C₂H₅OH, ≥99.8%) were obtained from Merck (Germany). Deionized water was used throughout the experiments. All chemicals were of analytical grade and used without further purification.
2.2.  Methods 
2.2.1. Collections of Chromolaena odorata leaves (COL)
The leaves of Chromolaena odorata plant were freshly obtained from within the University environment of Enugu State University of Science and Technology, Agbani, Nkanu West Local Government Area of Enugu State, without causing any damage to the plant. The leaves were identified by Dr. Patrick Obi and deposited at the herbarium centre of the Department of Pharmacognosy, with a voucher number: FP/Cog/17022.
2.2.2. Preparation of COL
Fresh Chromolaena odorata leaves were thoroughly washed with deionized water to remove debris and air-dried at room temperature for 7 days. The dried leaves were ground into a fine powder using a mortar and pestle. A 10 g portion of the powder was mixed with 100 mL of deionized water and heated at 60°C for 30 min with constant stirring. The mixture was filtered through Whatman No. 1 filter paper, and the resulting leaf extract was stored at 4°C for further use.


Biosynthesis of ZnO Nanoparticles
ZnO nanoparticles were synthesized using a green synthesis approach with Chromolaena odorata leaf extract as a reducing and stabilizing agent as described in Ikeh et al. (2024) with slight modification. Three precursor salts were used to prepare distinct samples:
i. Sample A (Zinc Acetate): A 0.1 M solution of zinc acetate dihydrate (50 mL) was mixed with 20 mL of Chromolaena odorata leaf extract under constant stirring at 70°C. NaOH (1 M) was added dropwise to adjust the pH to 12, resulting in a white precipitate.
ii. Sample S (Zinc Sulphate): A 0.1 M solution of zinc sulphate (50 mL) was combined with 20 mL of leaf extract and processed similarly, with NaOH addition to form a precipitate.
iii. Sample N (Zinc Nitrate): A 0.1 M solution of zinc nitrate (50 mL) was mixed with 20 mL of leaf extract, and the pH was adjusted with NaOH to induce precipitation.
For each sample, the reaction mixture was stirred for 2 h at 70°C. The resulting precipitates were centrifuged at 5,000 rpm for 15 min, washed three times with deionized water and ethanol to remove impurities, and dried at 80°C for 12 h. The dried powders were calcined at 400°C for 2 h to obtain ZnO nanoparticles.
The biosynthesis enhanced the reduction of Zn2+ ions to Zn0 atoms from the filtrate of the enzymatic extract of COL as shown in equation 1.
 ……………………….. (1)
2.2.3. Characterization of ZnO Nanoparticles
The synthesized ZnO nanoparticles were characterized using multiple techniques to evaluate their structural, morphological, and chemical properties:
2.2.3.1. X-Ray Diffraction (XRD)
Crystallographic properties were analysed using a Bruker D8 Advance diffractometer with Cu Kα radiation (λ = 1.5406 Å) over a 2θ range of 20°–70°. Peak positions were indexed to the wurtzite ZnO structure (JCPDS 36-1451), and crystallite sizes were calculated using the Scherrer formula (equation 2)
 
 
2.2.3.2. Scanning Electron Microscopy (SEM)
Surface morphology was examined using a JEOL JSM-6390LV scanning electron microscope operated at 15 kV. Samples were coated with a thin gold layer to enhance conductivity.
2.2.3.3. Energy-Dispersive X-Ray Spectroscopy (EDX)
Elemental composition was determined using an EDX detector coupled to the SEM, confirming the presence of zinc and oxygen in the nanoparticles.
2.2.3.4. Fourier-Transform Infrared Spectroscopy (FTIR)
Functional groups and phytochemical interactions were analysed using a PerkinElmer Spectrum Two FTIR spectrometer in the range of 400–4,000 cm⁻¹. Samples were prepared as KBr pellets.
2.2.3.5. Brunauer-Emmett-Teller (BET)
Specific surface area and pore size distribution were measured using the Nova Station A instrument. Sample were degassed at  for 3 h under vacuum and nitrogen adsorption-desorption isotherm were recorded at 250 K to determine the surface area via the BET method.

2.2.4. Antimicrobial activity of zinc oxide nanoparticles
2.2.4.1. Antimicrobial activity of the agents against the test microbes
The test agents which include aqueous extract (AE), Zinc Sulphate (ZS), Zinc Acetate (ZA) and Zinc Nitrate (ZN) of Chromolaena odorata leaves were evaluated for their antimicrobial activities against some selected bacteria and Candida albicans by the method of the agar well diffusion as described by Adonu (2023) with little modification. Two-fold dilutions of the agents were prepared in DMSO ranging from 100 – 12.5 mg/ml. twenty millilitre (20 ml) each of the molten Mueller-Hinton agar and Sabourauds dextrose agar (SDA) was seeded with 0.1 ml of standardized broth cultures of the test bacteria and Candida albicans respectively.  A total of 6 wells, 8 mm in diameter were made in each of the agars using a sterile corkborer. A 0.05 ml each of the two-fold dilutions of the agent was added into each labelled hole using a sterile pipette. As a control, a 0.05 ml DMSO was put in the last well. The plates were left for 1 h at room temperature for diffusion after which they were incubated at   for 24 h. Diameters of the zones of inhibition were measured at the end of the incubation period. The mean of triplicate determinations was taken.	Comment by hp: There should be proper pagination
2.2.4.2. Evaluation of minimum inhibitory concentration (MIC) of the agent against the bacteria tested
The MIC of each of the agents was determined using agar dilution method (CLSI, 2022). Five different dilutions of each of the agents were prepared by two-fold dilution. The ranges of the concentrations of the agent against the test isolates were 0.6 – 5.0 mg/ml. With an automatic micropipette, 1.0 ml each of these different dilutions (one dilution per plate) of the agent was introduced into individual agar plates. The molten agar and the agents were mixed carefully and thoroughly and allowed to set. With the aid of a sterile wire loop, the standardized test isolates were delivered on the agar surface of the plates containing different concentrations of the agent. This was done by streaking on the surface of the set agar. These inoculated agar plates were incubated at 37oC for 24 h for bacteria and 25oC for 48 h for the fungus.  At the end of the incubations, the MICs were determined as the lowest concentration of the agent that allowed not more than one colony forming units (cfu) to grow in it.
3.0 Results and discussions 
3.1. XRD analysis of COL_ZNPs
X-ray diffraction (XRD) analysis was performed to characterize the crystallographic properties of COL_ZNPs (ZnO nanoparticles) synthesized using zinc acetate (Sample A), zinc sulphate (Sample S), and zinc nitrate (Sample N) as precursors. Diffraction peaks were indexed to the wurtzite ZnO structure (JCPDS 36-1451). The 2θ angles, d-spacing, tentative Miller indices, and crystallite sizes calculated via the Scherrer formula in equation 2. are presented in Table 1.	Comment by hp: Where is the table?
Sample A (Zinc Acetate): Diffraction peaks at 2θ = 33.23° (d = 2.6941 Å, (002)) and 59.03° (d = 1.563 Å, (110)) indicate uniform crystallite sizes of 9.1–9.2 nm. Sample S (Zinc Sulphate): Peaks at 2θ = 33.13° (d = 2.702 Å, (002)), 35.12° (d = 2.553 Å, (101)), and 58.77° (d = 1.570 Å, (110)) correspond to crystallite sizes ranging from 3.2 to 15.9 nm. Sample N (Zinc Nitrate): Peaks at 2θ = 33.01° (d = 2.711 Å, (002)), 34.75° (d = 2.5797 Å, (101)), and 36.61° (d = 2.4525 Å, (101)) yield crystallite sizes of 7.5 nm for (002) and 32–38 nm for (101).
The XRD results reveal distinct crystallographic characteristics of ZnO nanoparticles influenced by the choice of precursor salt. Sample A, synthesized from zinc acetate, exhibits consistent crystallite sizes (9.1–9.2 nm) across the (002) and (110) planes, indicative of isotropic growth. This uniformity may result from the acetate ion’s role in stabilizing nucleation, which limits particle agglomeration and promotes controlled growth (Singh et al., 2021; Okorie et al., 2025).
Sample S, derived from zinc sulphate, shows a wide range of crystallite sizes (3.2–15.9 nm) across the (002), (101), and (110) planes. This variability suggests anisotropic crystallite shapes or lattice strain, which the Scherrer equation may not fully capture due to its assumption of spherical particles (Kumar et al., 2022). The sulphate ion’s larger ionic radius and complex coordination may introduce defects or strain, contributing to size disparities (Ahmad et al., 2023).
Sample N, prepared from zinc nitrate, displays significant anisotropy, with crystallite sizes of 7.5 nm along the (002) plane and 32–38 nm along the (101) planes. This preferential growth along certain crystallographic directions likely arises from the nitrate ion’s high solubility and rapid decomposition, which can accelerate crystal growth in specific orientations (Sharma et al., 2020). The larger crystallite sizes in Sample N suggest a faster growth rate compared to Samples A and S (Okorie et al., 2025).
All samples confirm the wurtzite ZnO structure, with d-spacing values aligning closely with standard patterns. However, the Scherrer equation’s limitations, such as neglecting strain effects, may lead to inaccuracies in size estimation, particularly for anisotropic samples like S and N (Kumar et al., 2022). Recent studies emphasize that precursor chemistry significantly influences ZnO nanoparticle morphology and size, affecting their suitability for applications like photocatalysis and antimicrobial coatings (Singh et al., 2021; Ahmad et al., 2023). 
Table 1 XRD Parameters and Crystallite Sizes of ZnO Nanoparticles	Comment by hp: The table should have come immediately after the 1st of discussion
	Sample
	2θ (°)
	d-spacing (Å)
	Miller Indices (hkl)
	Crystallite Size (nm)

	A
	33.23  
	2.6941        
	(002)               
	9.1–9.2

	
	59.03  
	1.563         
	(110)               
	9.1–9.2

	S
	33.13
	2.702
	(002)
	3.2–15.9

	
	35.12  
	2.553         
	(101)               
	3.2–15.9

	
	58.77  
	1.570         
	(110)               
	3.2–15.9

	N
	33.01  
	2.711
	(002)               
	7.5                   

	
	34.75  
	2.5797        
	(101)               
	32–38                 

	
	36.61  
	2.4525        
	(101)               
	32–38                 



	[image: ]
Sample A

	[image: ]
Sample N

	[image: ]
Sample S


Figure 1. XRD pattern of ZnO NPs sample from precursors S, N, and A respectively.
3.2. Energy-Dispersive X-Ray Spectroscopy (EDX) Analysis of COL_ZNPs
Energy-dispersive X-ray spectroscopy (EDX) was employed to determine the elemental composition of ZnO nanoparticles synthesized from zinc acetate dihydrate (Sample A), zinc sulphate (Sample S), and zinc nitrate (Sample N) using Chromolaena odorata leaf extract. The weight percentages of zinc (Zn) and oxygen (O), along with the presence of additional elements, are summarized in Table 2. In sample A, the EDX analysis revealed a high Zn content (50.36 wt.%) and O content (12.44 wt.%), confirming the predominance of ZnO. Trace amounts of other elements, were detected, likely originating from the phytochemical components of the Chromolaena odorata extract or residual impurities. For Sample S, the nanoparticles exhibited a Zn content of 20.57 wt.% and a notably lower O content of 3.32 wt.%. The presence of additional elements suggests contributions from the sulphate precursor and plant-derived organic residues. And, in Sample N, the EDX spectrum indicated a Zn content of 17.37 wt.% and a higher O content of 22.44 wt.%. Similar to Samples A and S, trace elements were detected, reflecting the influence of the nitrate precursor and phytochemical capping agents.
[bookmark: _Hlk198636895]EDX analysis confirmed the successful formation of ZnO nanoparticles across all samples, with Zn and O as primary elements, consistent with the wurtzite ZnO structure identified by XRD. Sample A, synthesized from zinc acetate dihydrate, showed the highest Zn content (50.36 wt.%), indicating high ZnO purity, likely due to the acetate ion's role in stabilizing nucleation. Its moderate O content (12.44 wt.%) aligned with stoichiometric expectations, though additional elements suggest contributions from Chromolaena odorata phytochemicals like flavonoids and phenols adsorbing onto the nanoparticle surface. Sample S, derived from zinc sulphate, had lower Zn (20.57 wt.%) and significantly reduced O (3.32 wt.%), possibly due to sulphur incorporation or other precursor-derived residues, as well as incomplete oxidation or organic capping agents from the plant extract. The diverse trace elements likely stem from complex coordination of sulphate ions and phytochemical interactions, potentially introducing lattice defects or surface functionalization. Sample N, prepared from zinc nitrate, displayed a balanced Zn (17.37 wt.%) and O (22.44 wt.%) composition, with higher O content compared to Samples A and S. This could reflect the nitrate precursor's high solubility, facilitating oxygen incorporation, or the presence of oxygen-rich phytochemicals. Trace elements like In, Ga, and Co were detected but in low concentrations, suggesting minor contamination unlikely to significantly alter ZnO properties.
The presence of multiple trace elements across all samples underscores the complexity of green synthesis. Elements such as P, K, and Mg likely originate from Chromolaena odorata phytochemicals, acting as reducing and capping agents, which can enhance biocompatibility but introduce impurities. Other elements like Si, Al, and Fe could be due to equipment or environmental contamination. While these impurities do not compromise the primary ZnO composition, they may influence surface properties and potentially enhance antimicrobial efficacy through synergistic effects or altered surface charge.
Table 2. Elemental Composition of COL_ZNPs by EDX Analysis	Comment by hp: The Table should immediately accompany the first or second paragraph of discussion
	Sample
	Precursor
	Zn (wt%)
	O (wt%)
	Other Elements Detected

	A
	Zinc Acetate Dihydrate
	50.36    
	12.44   
	Cobalt, Sodium, Oxygen, Iron, Silicon, Iodine, Cadmium, 
Aluminium, Magnesium, Manganese, Phosphorus, Calcium, Potassium, Zinc, Titanium, Gallium, Indium, and Germanium

	
	
	
	
	

	S
	Zinc Sulphate      
	20.57    
	3.32    
	Silicon, Aluminium, Iron, Calcium, Oxygen, Sodium, Magnesium, Sulphur, Zinc, Phosphorus, and Potassium

	
	
	
	
	

	N
	Zinc Nitrate      
	17.37    
	22.44   
	Cobalt, Sodium, Oxygen, Iron, Silicon, Iodine, Aluminium, Magnesium, Manganese, Phosphorus, Calcium, Potassium, Zinc, and Titanium
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Figure 2. EDX for COL_ZNPs sample from precursors S, N, and A respectively

3.3. Brunauer-Emmett-Teller (BET) Analysis of COL_ZNPs
The specific surface area of COL_ZNPs synthesized from zinc acetate dihydrate (Sample A), zinc sulphate (Sample S), and zinc nitrate (Sample N) using Chromolaena odorata leaf extract was determined via multi-point Brunauer-Emmett-Teller (BET) analysis. Nitrogen adsorption-desorption isotherms were recorded at 77 K, and the results are summarized in Table 3.
The COL_ZNPs obtained from Sample A exhibited a specific surface area of 285.021 m²/g, indicating a high surface area suitable for applications requiring enhanced surface interactions. The one from Sample S exhibited the highest specific surface area observed as 325.475 m²/g, suggesting smaller particle sizes or greater porosity compared to the other samples. The COL_ZNPs obtained from Sample N showed the lowest specific surface area of 235.505 m²/g, potentially reflecting larger crystallite sizes or reduced porosity.
The BET analysis reveals significant variations in the specific surface area of ZnO nanoparticles, influenced by the precursor salts used in their biosynthesis. Sample S, derived from zinc sulphate, exhibited the highest specific surface area (325.475 m²/g), consistent with its wider range of crystallite sizes (3.2–15.9 nm) observed in XRD analysis. This high surface area may result from smaller crystallites or increased porosity, likely due to the sulphate ion’s coordination effects, which can enhance nanoparticle dispersion and reduce agglomeration during synthesis (Kumar et al., 2022). Sample A, synthesized from zinc acetate dihydrate, displayed a slightly lower surface area (285.021 m²/g), aligning with its uniform crystallite size (9.1–9.2 nm) and high Zn content (50.36 wt.%) from EDX, suggesting a compact yet highly reactive surface (Singh et al., 2021). Sample N, prepared from zinc nitrate, had the lowest surface area (235.505 m²/g), correlating with its larger crystallite sizes (32–38 nm for (101) planes) and higher oxygen content (22elked with the larger crystallite sizes observed in XRD, which reduce the surface-to-volume ratio (Sharma et al., 2020).
The high surface areas of all samples, particularly Sample S, enhance their potential for antimicrobial applications by increasing active sites for interaction with bacterial cell walls, as seen in the efficacy against multidrug-resistant isolates (Ahmad et al., 2023). Additionally, the elevated surface areas suggest suitability for applications such as photocatalysis and wound healing, where high surface reactivity is critical for pollutant degradation or tissue regeneration (Kumar et al., 2022). The precursor-dependent surface area differences highlight the role of Chromolaena odorata phytochemicals in modulating nanoparticle morphology, with sulphate precursors promoting higher surface areas. Future studies could explore pore size distribution and surface charge to further elucidate the impact of these properties on functional performance.
Table 3. Specific Surface Area of ZnO Nanoparticles by BET Analysis
	Sample
	Precursor                  
	Specific Surface Area (m²/g)

	A
	Zinc Acetate Dihydrate     
	285.021                     

	S
	Zinc Sulphate               
	325.475                     

	N
	Zinc Nitrate               
	235.505                     




Figure 3. BET Plot for COL_ZNPs obtained from different precursor zinc salts
3.4. Scanning Electron Microscopy (SEM) Analysis
Scanning electron microscopy (SEM) using a JEOL JSM-6390LV microscope at 15 kV was employed to analyse the surface morphology of ZnO nanoparticles synthesized with Chromolaena odorata leaf extract from zinc acetate dihydrate (Sample A), zinc sulphate (Sample S), and zinc nitrate (Sample N). For Sample A, SEM images displayed spherical nanoparticles, approximately 10–20 nm in size, exhibiting moderate agglomeration into loose clusters, which correlates with the uniform crystallite size (9.1–9.2 nm) determined by XRD. In contrast, Sample S nanoparticles showed a mixture of spherical and irregular shapes, ranging from 5–30 nm, forming porous aggregates, a finding consistent with the high surface area (325.475 m²/g) measured by BET. Finally, Sample N nanoparticles presented as a combination of spherical and rod-like structures, with sizes spanning 20–50 nm and a tendency to form elongated structures within less dense aggregates, aligning with the larger crystallite sizes (32–38 nm for (101) planes) observed in XRD.
	[image: C:\Users\user\Desktop\okpala sem\sample S (1).jpg]Sample S	Comment by hp: These micrographs should immediately fall under the discussion on the SEM analysis. The photos are not clearly labelled (Figure what?.....)
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SEM analysis highlights precursor-dependent morphological variations in ZnO nanoparticles. Sample A’s uniform spherical particles (10–20 nm) reflect controlled nucleation by zinc acetate, correlating with its consistent crystallite size (9.1–9.2 nm) and high Zn content (50.36 wt.%) from EDX (Singh et al., 2021). Sample S’s irregular shapes and porous aggregates (5–30 nm) align with its high surface area (325.475 m²/g) and variable crystallite sizes (3.2–15.9 nm), likely due to sulphate ion-induced defects (Kumar et al., 2022). Sample N’s rod-like structures (20–50 nm) match its anisotropic crystallites (32–38 nm) and lower surface area (235.505 m²/g), driven by nitrate’s rapid decomposition (Sharma et al., 2020). Phytochemicals from Chromolaena odorata likely contribute to morphology and agglomeration via capping effects, as indicated by trace elements in EDX (Ahmad et al., 2023). These morphologies enhance antimicrobial efficacy and suggest potential for wound healing and photocatalysis, where high surface area (Sample S) or elongated shapes (Sample N) improve reactivity (Kumar et al., 2022). 	Comment by hp: Where is micrographs ffom, the SEM analyses	Comment by hp: The paragraph appears to be hanging as no reference was made to it in the discussion in this section
Figure 4. SEM images and size distribution curve of COL_ZNPs sample from precursors S, N, and A respectively

3.4. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis of COL_ZNPs
Fourier-transform infrared spectroscopy (FTIR) was conducted using a PerkinElmer Spectrum Two FTIR spectrometer (400–4,000 cm⁻¹, KBr pellets) to investigate functional groups and phytochemical interactions on the surface of ZnO nanoparticles synthesized from zinc acetate dihydrate (Sample A), zinc sulphate (Sample S), and zinc nitrate (Sample N) using Chromolaena odorata leaf extract. Sample A exhibited peaks at 1274.561 cm⁻¹ (C-O stretching), 1404.199 cm⁻¹ (C-H bending), and 1618.379 cm⁻¹ (C=C stretching), suggesting the presence of phytochemical residues. Additional peaks at 1937.379, 2057.704, 2671.886, and 2909.208 cm⁻¹ indicated C≡C or C-H stretching, while a broad peak at 3806.179 cm⁻¹ pointed to O-H stretching from adsorbed water or phenolic groups. For Sample S, organic residues were evident from peaks at 880.4271 cm⁻¹ (C-H bending), 1378.728 cm⁻¹ (C-H bending), and 1639.56 cm⁻¹ (C=C stretching). Higher wavenumber peaks at 1915.205, 2216.267, 2634.751, 2833.708, 3068.478, 3157.221, and 3434.116 cm⁻¹ corresponded to C≡C, C-H, and O-H stretching, with a distinct peak at 3827.545 cm⁻¹ for O-H groups. Lastly, Sample N displayed peaks at 748.3934 and 859.4914 cm⁻¹ (C-H bending), 1306.312 and 1411.247 cm⁻¹ (C-H bending), and 1629.466 cm⁻¹ (C=C stretching). Further peaks at 1851.643, 2041.317, 2263.59, 2436.092, 2663.442, and 2810.017 cm⁻¹ indicated C≡C and C-H stretching, while peaks at 3231.601, 3366.466, 3516.458, and 3784.607 cm⁻¹ confirmed O-H stretching from hydroxyl or water groups. The observed absorption peaks are summarized in Table 4.
The FTIR spectra confirm the presence of phytochemical functional groups from Chromolaena odorata on the ZnO nanoparticle surfaces, with variations reflecting precursor-specific interactions. Peaks in the 700–900 cm⁻¹ range (Sample N: 748.3934, 859.4914; Sample S: 880.4271) and 1300–1400 cm⁻¹ range (all samples) indicate C-H bending, likely from phenolic or flavonoid residues, supporting the role of plant extract as a capping agent (Singh et al., 2021). The consistent C=C stretching peaks around 1618–1639 cm⁻¹ across all samples confirm aromatic compounds, aligning with the trace elements (e.g., P, K) detected in EDX, which originate from phytochemicals (Ahmad et al., 2023).
Sample A’s fewer peaks suggest a simpler surface chemistry, possibly due to acetate’s stabilizing effect, correlating with its uniform morphology (SEM) and high Zn content (EDX: 50.36 wt.%). Sample S’s broad peak range and high surface area (BET: 325.475 m²/g) indicate extensive phytochemical adsorption, enhancing surface reactivity for antimicrobial applications (Kumar et al., 2022). Sample N’s numerous peaks, including strong O-H bands (3231–3784 cm⁻¹), reflect higher oxygen content (EDX: 22.44 wt.%) and rod-like morphology (SEM), potentially boosting photocatalytic or wound-healing potential (Sharma et al., 2020). These functional groups enhance biocompatibility and antimicrobial efficacy by facilitating interactions with bacterial membranes. Further XPS analysis could clarify surface bonding and phytochemical contributions.
Table 4. FTIR Absorption Peaks of ZnO Nanoparticles	Comment by hp: This table and figure should be righly [laced based on previous observations
	Sample
	Precursor                  
	FTIR Peaks (cm⁻¹)

	A
	Zinc Acetate Dihydrate     
	1274.561, 1404.199, 1618.379, 1937.379, 2057.704, 2671.886, 2909.208, 3806.179

	
	
	

	S
	Zinc Sulphate               
	880.4271, 1378.728, 1639.56, 1915.205, 2216.267, 2634.751, 2833.708, 3068.478, 3157.221, 3434.116, 3827.545

	
	
	

	N
	Zinc Nitrate               
	748.3934, 859.4914, 1306.312, 1411.247, 1629.466, 1851.643, 2041.317, 2263.59, 2436.092, 2663.442, 2810.017, 3231.601, 3366.466, 3516.458, 3784.607
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Figure 5. FTIR spectra of COL_ZNPs obtained from precursor zinc compounds A, N and S

3.5. Ultraviolet-Visible (UV-Vis) Spectroscopy Analysis of COL_ZNPs
Ultraviolet-visible (UV-Vis) spectroscopy was conducted using a Shimadzu UV-1800 spectrophotometer (200–800 nm) to monitor zinc ion reduction and assess the optical properties of ZnO nanoparticles. These nanoparticles were synthesized from zinc acetate dihydrate (Sample A), zinc sulphate (Sample S), and zinc nitrate (Sample N) using Chromolaena odorata leaf extract. Sample A exhibited a characteristic absorption peak at 376 nm, indicating ZnO nanoparticle formation with a typical wurtzite ZnO bandgap. Sample S showed an absorption peak at 374 nm, suggesting similar optical properties but possibly smaller particle sizes or variations in surface chemistry. Finally, Sample N displayed a peak at 383 nm, potentially due to a red-shift caused by larger particle sizes or anisotropic morphology.
The UV-Vis spectra confirm the successful formation of ZnO nanoparticles, with absorption peaks at 374–383 nm, characteristic of the wurtzite ZnO bandgap (~3.2–3.3 eV) (Singh et al., 2021). Sample S’s peak at 374 nm and Sample A’s at 376 nm suggest comparable particle sizes, aligning with their smaller crystallite sizes (3.2–15.9 nm for S, 9.1–9.2 nm for A) from XRD and high surface areas (325.475 m²/g for S, 285.021 m²/g for A) from BET (Kumar et al., 2022). Sample N’s red-shifted peak at 383 nm correlates with its larger crystallite sizes (32–38 nm for (101) planes) and rod-like morphology (SEM), which may reduce the bandgap due to quantum confinement effects (Sharma et al., 2020). The phytochemical capping from Chromolaena odorata, evidenced by FTIR peaks (e.g., C=C, O-H), likely influences surface plasmon resonance, contributing to slight peak variations (Ahmad et al., 2023). These optical properties enhance the nanoparticles’ antimicrobial efficacy and suitability for photocatalytic or wound-healing applications, where UV absorption is critical. Further bandgap calculations could quantify size-dependent effects.	Comment by hp: No mention was made on the Figure depicting this spectrum even though it appears below.


Figure 6. UV-Visible absorption spectra of COL_ZnNPS sample from precursors S, N, and A respectively.
3.6. Antimicrobial assay of COL_ZNPs
The antimicrobial efficacy of the COL_ZNPs (A, S, and N) was evaluated against bacterial strains and Candida albicans using the cup-plate agar diffusion method. The results demonstrated significant inhibition zones, as detailed in Table 5, aligning with findings from previous studies (Mbajiuka et al., 2014; Osuala et al., 2023). Minimum inhibitory concentration (MIC) values, determined via the agar dilution technique, corroborated the agar diffusion results. In contrast, the aqueous COL extract alone exhibited no antimicrobial activity across all tested concentrations, consistent with reports indicating limited efficacy of aqueous extracts compared to ethanolic ones (Mbajiuka et al., 2014; Osuala et al., 2023). Despite the lack of activity from the aqueous extract, the potent antimicrobial effects of the nanoparticle formulations suggest possible synergistic interactions between the extract components and the ZnO nanoparticles or an independent antimicrobial mechanism driven by the nanoparticles themselves. Alternative mechanisms, such as inhibition of bacterial quorum sensing, may also contribute, particularly in light of traditional medicinal uses of COL extracts for infection treatment.
Table 5. Zone of inhibition produced by the aqueous extract (AE) and zinc oxide nanoparticles of Chromolaena odorata synthesized using zinc sulphate (S), zinc acetate (A) and zinc nitrate (N).
	Test bacteria
	Inhibition zone (mm)

	
	AE
	S
	A
	N

	
	100 mg/ml
	50 mg/ml
	25 mg/ml
	12.5 mg/ml
	100 mg/ml
	50 mg/ml
	25 mg/ml
	12.5 mg/ml
	100 mg/ml
	50 mg/ml
	25 mg/ml
	12.5 mg/ml
	100 mg/ml
	50 mg/ml
	25 mg/ml
	12.5 mg/ml

	Staph. aureus 
	0
	0
	0
	0
	14
	10
	0
	0
	22
	14
	0
	0
	18
	10
	0
	0

	Escherichia coli
	0
	0
	0
	0
	13
	10
	0
	0
	18
	12
	0
	0
	18
	11
	0
	0

	Pseudomonas aeruginosa
	0
	0
	0
	0
	15
	11
	8
	0
	17
	13
	8
	0
	17
	10
	8
	0

	Proteus mirabilis
	0
	0
	0
	0
	14
	10
	9
	0
	23
	16
	10
	0
	14
	10
	8
	0

	Klebsiella sp.
	0
	0
	0
	0
	16
	12
	9
	0
	24
	15
	10
	0
	16
	12
	0
	0

	Streptococcus pneumoniae
	0
	0
	0
	0
	20
	13
	11
	0
	24
	18
	10
	0
	20
	13
	0
	0

	Candida albicans	Comment by hp: The Table should appear on one page. Do not split
	0
	0
	0
	0
	22
	17
	15
	0
	20
	13
	0
	0
	22
	15
	9
	0



Table 6. Minimum inhibitory concentration (MIC) produced by the aqueous extract (AE) and zinc oxide nanoparticles of Chromolaena odorata synthesized using zinc sulphate (ZS), zinc acetate (ZA) and zinc nitrate (ZN)	Comment by hp: This table is well placed as it appears immediately after introducing the discussion
	Test bacteria
	MIC (mg/ml) of the Agents Tested

	
	AE
	ZS
	ZA
	ZN

	Staph. aureus 
	NA
	2.5
	0.6
	2.5

	Escherichia coli
	NA
	5.0
	0.6
	2.5

	Pseudomonas aeruginosa
	NA
	5.0
	1.25
	5.0

	Proteus mirabilis
	NA
	2.5
	0.6
	5.0

	Klebsiella sp.
	NA
	2.5
	0.6
	5.0

	Streptococcus pneumoniae
	NA
	2.5
	1.25
	5.0

	Candida albicans
	NA
	1.25
	1.25
	2.5


NA= No activity observed at the given concentration.




Conclusion
The green synthesis of ZnO nanoparticles using Chromolaena odorata leaf extract has demonstrated a sustainable and eco-friendly approach to producing nanomaterials with significant antimicrobial efficacy against multidrug-resistant clinical isolates from Enugu State University Teaching Hospital, Parklane, Nigeria. The phytochemical-mediated synthesis, leveraging flavonoids and phenols inherent in the plant extract, not only ensures biocompatibility but also enhances the nanoparticles’ bioactivity. Structural characterization via XRD, SEM, EDX, FTIR, and BET analyses confirmed the formation of wurtzite ZnO nanoparticles with precursor-dependent crystallite sizes and surface properties, underscoring the influence of zinc acetate, sulphate, and nitrate on nanoparticle morphology and potential applications. Beyond their potent antimicrobial activity, these biosynthesized ZnO nanoparticles hold promise for diverse biomedical applications. For instance, their high surface area and biocompatibility make them suitable for wound healing, where they could promote tissue regeneration and prevent infections by inhibiting bacterial growth at wound sites (Sharma et al., 2020). Additionally, their photocatalytic properties suggest potential use in environmental applications, such as water purification through the degradation of organic pollutants (Kumar et al., 2022). The nanoparticles’ antioxidant properties, derived from phytochemical capping, could also be explored for anti-inflammatory therapies or drug delivery systems (Ahmad et al., 2023). Future studies should investigate these applications in vivo and optimize synthesis parameters to tailor particle properties for specific uses, thereby expanding the therapeutic and environmental potential of Chromolaena odorata-mediated ZnO nanoparticles.	Comment by hp: AI language	Comment by hp: AI Language	Comment by hp: You are concluding with your main fidings in the research therefore there is  no need for in-text citation again
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