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Abstract 

Green synthesis of metal oxide nanoparticles using plant-derived phytochemicals represents a sustainable and 

surface-engineered approach for developing functional nanomaterials. In the present study, an aqueous root extract 

of Butea monosperma was employed as a bio reducing and stabilizing agent for the synthesis of zinc oxide 

nanoparticles (ZnO NPs). Phytochemical profiling using qualitative assays, thin-layer chromatography (TLC), 

high-performance liquid chromatography (HPLC), and LC–MS confirmed the presence of polyphenols, 

flavonoids, tannins, and triterpenoids, which are known to facilitate metal ion reduction and nanoparticle 

stabilization. UV–visible spectroscopy revealed a characteristic absorption edge in the UV region with an optical 

band gap of 3.69 eV, indicating nanoscale ZnO formation. Powder X-ray diffraction (PXRD) confirmed the 

formation of crystalline hexagonal wurtzite ZnO (JCPDS No. 36-1451) with an average crystallite size of 12–18 

nm. Dynamic light scattering analysis showed a hydrodynamic diameter of 255.8 nm with a polydispersity index 

of 0.389, while a negative zeta potential (–25 mV) indicated moderate colloidal stability due to phytochemical 

surface capping. FTIR spectra demonstrated the involvement of hydroxyl and carbonyl functional groups in 

nanoparticle formation. SEM–EDX analysis confirmed nanoscale morphology and elemental purity (Zn 74.48 

wt%, O 25.52 wt%). The synthesized ZnO NPs exhibited concentration-dependent antibacterial activity, with a 

maximum inhibition zone of 20 mm against Bacillus sp. and 15 mm against Escherichia coli at 1000 µg/mL. 

These findings establish a direct correlation between root phytochemical composition, nanoparticle 

physicochemical properties, and antimicrobial performance, demonstrating the potential of B. monosperma-

mediated ZnO NPs as phytochemical-engineered antibacterial nanomaterials. 

mailto:rajeshreeba.jadeja129444@marwadiuniversity.ac.in
mailto:suranjana.mayani@marwadieducation.edu.in
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1. Introduction 

The development of environmentally benign nanomaterial synthesis strategies has become a major focus in green 

nanotechnology [1]. Conventional chemical and physical methods for synthesizing metal oxide nanoparticles 

often involve toxic reagents, high energy consumption, and hazardous by-products [2]. In contrast, plant-mediated 

synthesis provides a sustainable alternative by utilizing naturally occurring phytochemicals as reducing and 

stabilizing agents [3]. Bioactive metabolites such as flavonoids, phenolic acids, tannins, terpenoids, and alkaloids 

possess functional groups capable of donating electrons, chelating metal ions, and stabilizing nucleating 

nanostructures [4]. This dual functionality enables controlled nanoparticle formation under mild conditions 

without requiring toxic additives. Zinc oxide nanoparticles (ZnO NPs) have attracted considerable attention due 

to their wide band gap (~3.3 eV in bulk form), high exciton binding energy, chemical stability, and multifunctional 

applications in biomedicine, catalysis, antimicrobial coatings, and surface-engineered materials [5]. At the 

nanoscale, ZnO exhibits enhanced surface area and increased generation of reactive oxygen species (ROS), 

contributing to its antibacterial activity through membrane disruption, oxidative stress induction, and Zn²⁺ ion 

release [6]. The physicochemical characteristics of ZnO NPs—including crystallite size, morphology, surface 

charge, and band gap strongly influence their biological performance. Although plant-mediated ZnO synthesis has 

been widely reported, limited studies correlate detailed phytochemical fingerprinting (TLC–HPLC–LC–MS) with 
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nanoparticle crystallinity, surface charge, and antimicrobial performance [7]. Furthermore, root-derived 

phytochemicals remain chemically underexplored compared to leaves, bark, or flowers, despite their distinct 

secondary metabolite composition [8]. Establishing a direct relationship between phytochemical profile and 

nanoparticle properties remains an important research gap in green nanoscience [9]. In this context, the present 

investigation was designed to systematically explore the phytochemical composition of Butea monosperma root 

extract through qualitative screening and advanced chromatographic techniques including TLC, HPLC, and LC–

MS, followed by its application in the green synthesis of zinc oxide nanoparticles [10]. Furthermore, the study 

sought to establish a clear relationship between the identified bioactive constituents and the resulting nanoparticle 

characteristics, with particular emphasis on crystallinity, surface properties, physicochemical behaviour, and 

antibacterial efficacy [11]. A schematic representation of the overall experimental approach is illustrated in Fig. 

1. 

2. Materials and Methods 

2.1 Plant Material  

Fresh roots of Butea monosperma (Fabaceae) were collected from Ranavav, Gujarat, India, in September 2025. 

The roots were thoroughly washed, shade-dried at ambient temperature for four weeks, and pulverized into a fine 

powder using a laboratory mill [12].  

2.2 Extraction Procedure 

Ten grams of powdered root material were subjected to Soxhlet extraction using 100 mL distilled water at 95–100 

°C for 16 h. The extract was filtered through Whatman No. 1 filter paper and concentrated under reduced pressure 

using a rotary evaporator [13]. The dried extract was weighed, and extraction yield (%) was calculated as:  

Yield (%) = 2
10
× 100 

Yield (%) = 20% 

The concentrated extract was stored at 4 °C until further use.  

2.3 Qualitative Phytochemical Screening 

Standard phytochemical tests were performed to detect tannins, flavonoids, alkaloids, saponins, and steroids using 

established protocols. Colorimetric and precipitation reactions were recorded as indicators of the presence of 

respective secondary metabolites [14].  
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2.4 Thin-Layer Chromatography (TLC) 

TLC analysis was carried out using pre-coated silica gel 60 F₂₅₄ plates (0.2 mm thickness). The extract was applied 

using a microcapillary syringe. Plates were developed in optimized solvent systems specific to phytochemical 

classes. The development chamber was pre-saturated for 30 min prior to use. Developed plates were visualized 

under UV light (254 and 365 nm) followed by post-derivatization using AlCl₃, FeCl₃, PEG, and Dragendorff’s 

reagents. Rf values were calculated and documented [15].  

2.5 High-Performance Liquid Chromatography (HPLC) Analysis 

HPLC analysis was performed using a Shimadzu LC-20AT system equipped with a UV detector. Separation was 

achieved using a reverse-phase C18 column (250 × 4.6 mm, 5 µm) maintained at 30 °C. The mobile phase 

consisted of solvent A (0.1% formic acid in water) and solvent B (0.1% formic acid in acetonitrile) with gradient 

elution (5–95% B over 30 min). The flow rate was 1.0 mL/min, injection volume was 20 µL, and detection 

wavelength was set at 280 nm based on polyphenolic absorbance maxima [16].  

2.6 LC–MS Analysis 

LC–MS analysis was conducted using a Waters Acquity UPLC system coupled with an electrospray ionization 

(ESI) mass spectrometer operating in positive and negative ion modes. Chromatographic separation was 

performed on a reverse-phase C18 column using the same solvent system as HPLC. The scan range was m/z 100–

1000. Capillary voltage, source temperature, and cone voltage were optimized for compound detection. Tentative 

compound identification was performed by comparing m/z values with standard databases [17].  

2.7 Green Synthesis of Zinc oxide Nanoparticles (ZnO NPs) 

A 0.1 M zinc acetate dihydrate solution was prepared in distilled water. Equal volumes (50 mL each) of zinc 

acetate solution and root extract were mixed under continuous magnetic stirring (500 rpm) at 60 °C. A 2.0 M 

NaOH solution was added dropwise until pH 10–12 was achieved. The reaction mixture was stirred for 1 h to 

ensure complete nucleation. The precipitate was collected by centrifugation (5000 rpm, 15 min), washed thrice 

with distilled water and methanol, and dried at 60 °C. The dried precursor was calcined at 450 °C for 2 h to obtain 

crystalline ZnO nanoparticles [18].  

2.8 Characterization of ZnO NPs 
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UV–Vis spectra were recorded between 200–800 nm. The absorption coefficient was calculated using the Beer–

Lambert law, and the optical band gap was determined using the Tauc equation: 

2(ߥℎߙ) = ߥℎ)ܤ −  (௚ܧ
• DLS and zeta potential measurements were performed using a Malvern Zetasizer Nano ZS at 25 °C 

with a 173° backscatter detection angle. 

• PXRD analysis was conducted using Cu Kα radiation (λ = 1.5406 Å). Crystallite size was calculated 

using the Debye–Scherrer equation: 

ܦ = ߚߣܭ cos  ߠ

• SEM–EDX analysis was performed to examine morphology and elemental composition [19].  

2.9 Statistical Analysis 

All experiments were performed in triplicate, and results were expressed as mean ± standard deviation. Statistical 

significance was evaluated using one-way ANOVA followed by Tukey’s post hoc test, with p < 0.05 considered 

statistically significant [20].  

3. Results and Discussion 

3.1 Phytochemical Profiling 

Qualitative Phytochemical Analysis 

Preliminary phytochemical screening of the aqueous root extract of Butea monosperma revealed the presence of 

multiple bioactive secondary metabolites, including alkaloids, flavonoids, phenolics, tannins, saponins, and 

triterpenoids [21]. Characteristic colorimetric changes and precipitate formation observed during standard 

qualitative assays confirmed their presence. The detection of these metabolite classes is consistent with previous 

reports on B. monosperma and other members of the Fabaceae family. The abundance of polyphenolic constituents 

suggests strong redox potential, supporting the extract’s suitability for nanoparticle biosynthesis through reduction 

and stabilization mechanisms [22]. The qualitative phytochemical constituents detected in the aqueous root extract 

are summarized in Table 1. 

Table 1 Qualitative phytochemical constituents detected in aqueous root extract of Butea 

monosperma. 
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Phytochemical class Test performed Observation Result 

Alkaloids Dragendorff’s Orange precipitate  + 

Flavonoids  Shinoda test  Pink/red coloration  + 

Phenolics Ferric chloride test  Blue-green coloration  + 

Tannins Lead acetate test  White precipitate  + 

Saponins Foam test  Persistent froth  + 

Triterpenoids Liebermann-Burchard 

test  

Green coloration  + 

3.2 Thin-Layer Chromatography (TLC) 

TLC analysis provided a distinct phytochemical fingerprint of the aqueous root extract. Under UV illumination 

(254 and 366 nm) and after derivatization, multiple well-resolved bands were observed, confirming chemical 

diversity. Flavonoids produced intense yellow-green fluorescence following AlCl₃ and NaOH spraying, with Rf 

values ranging from 0.20 to 0.82, indicating compounds of varying polarity [23]. Phenolic compounds visualized 

with FeCl₃ reagent displayed blue–black bands (Rf 0.18–0.72), characteristic of hydroxylated aromatic structures. 

Dragendorff’s reagent revealed orange-brown spots (Rf 0.20, 0.40, 0.65), confirming the presence of alkaloids. 

Tannin-specific solvent systems produced greenish-blue bands, indicating both hydrolysable and condensed 

tannins. Overall, the TLC profile confirms a chemically complex extract dominated by flavonoids and 

polyphenols. This chromatographic fingerprint provides a reproducible reference for phytochemical 

standardization and supports subsequent HPLC and LC–MS analyses [24]. The TLC chromatograms under UV 

illumination are shown in the supplementary file and the detailed Rf values and solvent systems are summarized 

in Table S1-S1.6 in the supplementary file. 

3.3 High performance liquid chromatography (HPLC)  

The HPLC chromatogram demonstrated a phytochemically rich profile characterized by multiple well-defined 

peaks. A dominant peak at RT 12.669 min accounted for 64.7% of total peak area, suggesting a major flavonoid 

or phenolic constituent. A second prominent peak at RT 17.007 min represented 21.5% of the area, while several 

minor peaks (RT 12.998–20.276 min) indicated additional secondary metabolites. The predominance of two major 

peaks suggests that specific flavonoid glycosides or phenolic acids constitute the principal phytochemical fraction. 

These chromatographic findings align with TLC results and correlate with LC–MS tentative identifications, 
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confirming the extract’s polyphenolic richness. The high abundance of hydroxylated compounds provides 

mechanistic support for their involvement in Zn²⁺ reduction and nanoparticle stabilization  [25]. The HPLC 

chromatogram of the root extract is shown in Fig. 2. 

3.4 LC–MS Phytochemical Fingerprinting 

LC–MS analysis enabled tentative identification of major bioactive compounds. Prominent signals were observed 

at retention times between 15–33 min with characteristic m/z values corresponding to: 

• Gallic acid (m/z ~169–170) 

• Catechin/Epicatechin (m/z ~289–290) 

• Quercetin derivatives (m/z ~301–303) 

• Rutin (m/z ~609–610) 

• Lupeol (m/z ~426) 

These metabolites are rich in hydroxyl and carbonyl functional groups, facilitating electron donation for Zn²⁺ 

reduction. Polyphenols such as catechin, quercetin, and rutin likely act as both reducing and capping agents 

through chelation and hydrogen bonding. Triterpenoids such as lupeol contribute steric stabilization via 

hydrophobic interactions [26]. Collectively, LC–MS Identifications were tentative based on mass database 

comparison that the aqueous root extract contains redox-active metabolites capable of mediating controlled 

nucleation and growth of ZnO nanoparticles [27]. The LC–MS spectrum used for phytochemical identification is 

presented in Fig. 3. 
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3.5 Green Synthesis of ZnO Nanoparticles 

Upon mixing zinc acetate with the root extract, the solution changed from colourless to yellowish-brown, 

indicating nanoparticle formation. This visual transition reflects phytochemical-mediated reduction of Zn²⁺ ions 

and subsequent nucleation of ZnO nanocrystals. After centrifugation and calcination at 450 °C, approximately 

0.27 g of ZnO nanoparticles were obtained per batch. The successful yield demonstrates the efficiency of the 

plant-mediated synthetic route compared to conventional chemical methods [28].  

3.6 UV–Visible Spectroscopy and Band Gap Analysis 

The UV–visible spectrum of the synthesized ZnO nanoparticles exhibited a characteristic absorption maximum at 

365 nm, corresponding to the intrinsic band-gap absorption of ZnO arising from electron transitions between the 

valence band and conduction band. The optical band gap was estimated using the Tauc relation for direct allowed 

transitions, by plotting (αhν) ² versus photon energy (hν). Extrapolation of the linear region of the Tauc plot to 

the energy axis yielded a band gap of approximately 3.69 eV, which is slightly higher than bulk ZnO (3.3 eV), 
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indicating the nanoscale nature of the synthesized particles [29]. The UV–Vis absorption spectrum and 

corresponding Tauc plot are shown in Fig. 4. 

3.7 FTIR Analysis 

FTIR spectra revealed functional groups involved in nanoparticle synthesis. A broad band at ~3364 cm⁻¹ 

corresponds to O–H stretching of polyphenols. Peaks at 1640 cm⁻¹ (C=O stretching), 1384 cm⁻¹ (C–O bending), 

and 1064 cm⁻¹ (C–O–C stretching) indicate carbonyl and ether functionalities. Importantly, characteristic Zn–O 

stretching vibrations were observed at 620 cm⁻¹, confirming ZnO formation. Peak shifts and intensity variations 

after synthesis indicate phytochemical binding to nanoparticle surfaces, supporting their stabilizing role [30]. The 

FTIR spectrum of ZnO nanoparticles is presented in Fig. 5.  The detailed FTIR band assignments corresponding 

to functional groups are presented in Table 2. 

Table 2 FTIR band assignments of Butea monosperma root extract-mediated ZnO nanoparticles. 

Wavenumber (cm-1) Functional group Tentative assignment 

3400 O-H stretching Phenolic, flavonoids 

1640 C=O stretching Carbonyl compounds 

1384 C-O bending Polyphenolic 

1040 C-O-C stretching Ether linkage 

620 Zn-Stretching ZnO vibration mode 

 

3.8 Zeta Potential and Particle Size 
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 Dynamic light scattering analysis showed a Z-average hydrodynamic diameter of 255.8 nm with a polydispersity 

index (PDI) of 0.389, indicating moderate size distribution typical of plant-mediated nanoparticles. The intensity 

peak centered around 206 nm. Zeta potential analysis revealed a surface charge of –25 mV, suggesting moderate 

colloidal stability. The negative surface charge is attributed to adsorption of polyphenolic groups, which generate 

electrostatic repulsion and prevent excessive aggregation [31]. 

3.9 SEM–EDX 

SEM micrographs revealed irregular, polydisperse, and partially agglomerated nanoparticles forming porous 

microstructures. Agglomeration is commonly observed in biosynthesized nanoparticles due to phytochemical 

surface interactions. EDX analysis confirmed elemental composition with Zn (74.48 wt%) and O (25.52 wt%), 

consistent with stoichiometric ZnO. The absence of significant impurity peaks confirms high purity of the 

synthesized nanoparticles [32]. The morphology and elemental composition of ZnO nanoparticles are shown in 

Fig. 6. The elemental composition obtained from EDX analysis is summarized in Table 3. 

Table 3 Elemental composition of green-synthesized ZnO nanoparticles determined by EDX analysis. 

 

 

Elements Line type Wt% Atomic % 

Zn K Series 74.48 41.67 

O K Series 25.52 58.33 
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3.10 PXRD 

PXRD patterns showed diffraction peaks at 2θ values of 31.88°, 34.51°, 36.36°, 47.68°, 56.74°, and 62.99°, 

corresponding to (100), (002), (101), (102), (110), and (103) planes of hexagonal wurtzite ZnO (JCPDS No. 36-

1451). No secondary phase peaks were detected, confirming phase purity. Scherrer equation calculations 

estimated crystallite size between 12–18 nm, validating nanoscale crystalline formation [33]. The PXRD pattern 

confirming the crystalline structure of ZnO nanoparticles is shown in Fig. 7. 

3.11 Proposed Phytochemical-Mediated Mechanism 

Polyphenolic compounds donate electrons via hydroxyl and carbonyl groups, reducing Zn²⁺ ions to ZnO nuclei. 

Simultaneously, tannins, flavonoids, and saponins adsorb onto nanoparticle surfaces, providing steric and 

electrostatic stabilization. This dual functionality ensures controlled nucleation, moderated growth, and colloidal 

stability of ZnO nanoparticles synthesized via the green route [34]. 

3.12 Antimicrobial Activity of ZnO Nanoparticles  

ZnO nanoparticles exhibited concentration-dependent antibacterial activity against Escherichia coli (E. coli) and 

Bacillus sp. using agar well diffusion assays. 
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At 1000 µg/mL, the maximum zone of inhibition was: 

• 20 mm against Bacillus sp. 

• 15 mm against Escherichia coli (E. coli) 

No inhibition was observed for Escherichia coli (E. coli) at lower concentrations (250 and 500 µg/mL). Bacillus 

sp. demonstrated higher susceptibility, likely due to differences in cell wall structure between Gram-positive and 

Gram-negative bacteria [35]. 

The enhanced antibacterial effect may be attributed to: 

• Reactive oxygen species (ROS) generation 

• Zn²⁺ ion release 

• Membrane disruption 

• High surface area associated with 12–18 nm crystallite size 

These findings confirm that phytochemical-mediated ZnO nanoparticles are structurally defined and biologically 

active, supporting their potential application as sustainable antimicrobial nanomaterials. All values represent mean 

± SD (n = 3) [36]. Representative antibacterial activity plates are shown in Fig. 8. The quantitative zone of 

inhibition values at different concentrations are presented in Table 4. The concentration-dependent antibacterial 

activity is further illustrated in Fig. 9. 

Escherichia coli (E. coli)    Bacillus sp. 
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Table 4 Zone of inhibition (mm) ZnO nanoparticles against tested bacterial strains at different 

concentrations 

Microorganism Concentrations µg/mL Zone of inhibition (mm)* 

Escherichia coli (E. coli) 250 Not detected  

 500 Not detected 

 750 10 

 1000 15 

Bacillus sp. 250 1 

 500 5 

 750 10 

 1000 20 

 

 

4. Conclusion and Future Perspectives 

This study successfully demonstrated a comprehensive phytochemical investigation and green synthesis strategy 

utilizing aqueous root extract of Butea monosperma for the fabrication of zinc oxide nanoparticles (ZnO NPs). 

Chromatographic and spectrometric analyses (TLC, HPLC, and LC–MS) confirmed the presence of polyphenolic 

and bioactive metabolites including gallic acid, catechin, epicatechin, rutin, quercetin derivatives, and lupeol, 

which functioned synergistically as natural reducing and stabilizing agents during nanoparticle formation. The 

biosynthesized ZnO NPs exhibited a characteristic UV absorption band with an optical band gap of 3.69 eV, 

indicating nanoscale quantum confinement effects. PXRD analysis confirmed a crystalline hexagonal wurtzite 
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structure with an estimated crystallite size of 12–18 nm, while FTIR spectra verified phytochemical-mediated 

surface capping. Dynamic light scattering revealed a hydrodynamic size of 255.8 nm with moderate colloidal 

stability (–25 mV zeta potential). SEM–EDX analysis further confirmed nanoscale morphology and high 

elemental purity of ZnO. Biological evaluation demonstrated concentration-dependent antibacterial activity, with 

maximum inhibition zones of 20 mm against Bacillus sp. and 15 mm against Escherichia coli (E. coli) at 1000 

µg/mL. The antimicrobial efficacy is likely attributed to synergistic mechanisms including reactive oxygen 

species generation, Zn²⁺ ion release, and enhanced nanoparticle–membrane interactions facilitated by 

phytochemical surface functionalization. Collectively, these findings establish Butea monosperma root extract as 

a potent phytochemical reservoir for sustainable ZnO nanoparticle synthesis, offering a green, cost-effective, and 

biologically active nanomaterial platform. Future research should focus on detailed mechanistic investigations of 

antibacterial pathways, cytotoxicity assessment on mammalian cell lines to ensure biocompatibility, and surface 

engineering approaches to enhance functional performance. Additionally, scale-up optimization and application-

driven studies in wound healing systems, antimicrobial coatings, and drug delivery platforms may significantly 

advance the translational and industrial potential of these biosynthesized nanomaterials. 
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Figure Captions 

Fig. 1 Graphical abstract illustrating the phytochemical-guided green synthesis of ZnO nanoparticles using Butea 

monosperma root extract and their antibacterial activity. 

Fig. 2 HPLC chromatogram of Butea monosperma root extract showing polyphenolic compounds. 

Fig. 3 LC–MS spectrum used for tentative identification of phytochemicals present in the extract. 

Fig. 4 UV–Vis absorption spectrum and Tauc plot of biosynthesized ZnO nanoparticles indicating an optical band 

gap of 3.69 eV. 

Fig. 5 FTIR spectrum of ZnO nanoparticles demonstrating functional groups involved in nanoparticle 

stabilization. 

Fig. 6 SEM micrograph showing morphology of ZnO nanoparticles along with EDX spectrum confirming 

elemental composition. 

Fig. 7 PXRD pattern of ZnO nanoparticles indicating hexagonal wurtzite crystal structure. 

Fig. 8 Antibacterial activity of ZnO nanoparticles against Escherichia coli (E. coli) and Bacillus sp. using agar 

diffusion assay. 

Fig. 9 Bar graph showing zone of inhibition of ZnO nanoparticles at different concentrations. 
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