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ARTICLE INFO ABSTRACT

Keywords: Growing recognition of the phytochemical diversity and therapeutic value of plant-derived materials has driven
Green synthesis efforts toward their sustainable use in nanotechnology and biomedical research. Here, we synthesized bio-capped
Plant gum

zinc oxide nanoparticles (G-ZnO) using Prosopis juliflora gum (PJ-Gum) and evaluated their potential in diverse
biomedical applications. LC-QTOF-MS profiling of PJ-Gum confirmed the presence of multiple polyphenols and
flavonoid with notable therapeutic relevance. This phytochemical-rich exudate served as both reducing and
stabilizing agent during G-ZnO synthesis. The synthesized G-ZnO was characterized using FTIR, UV-Vis, XRD,
XPS, zeta potential, SEM, TEM, and DLS analyses, confirming the formation of crystalline nanoparticles with an
average size of 34.1 nm and good colloidal stability (—27 mV). Biological assays revealed significant antimi-
crobial activity against Gram-positive, Gram-negative bacteria and fungal pathogens. Compared to PJ-Gum, G-
ZnO exhibited enhanced zones of inhibition, 8.8 & 0.20 mm for B. subtilis and 8.9 &+ 0.12 mm for P. aeruginosa
relative to the control. Further, antioxidant analyses (DPPH and Hy0; scavenging assays) demonstrated strong
free-radical scavenging potential, while cytocompatibility studies showed >85% cell viability, indicating
biosafety for potential biomedical use. Additional in vitro assays suggested notable antidiabetic and anti-
inflammatory activities, reinforcing the multifunctional therapeutic potential of G-ZnO. Interestingly, the for-
mation of ZnO nanostructures using PJ-Gum enhanced the inherent biological activities of the PJ-Gum, leading
to improved overall bioefficacy. This study highlights PJ-Gum as an efficient phytochemical resource for the
green synthesis of G-ZnO nanoparticles exhibiting broad-spectrum bioactivities, including antimicrobial, anti-
oxidant, and therapeutic properties, underscoring their promise for biomedical and pharmaceutical applications.

Zinc oxide nanoparticles

Antibacterial activity

Antioxidant properties
Phytochemical-mediated nanotechnology

HIV/AIDS, burn wound treatment, and vaccine-based immune
enhancement, respectively [3-5]. Notably, numerous potent medicinal

1. Introduction

The expanding phytochemical diversity and therapeutic value of
plant-derived materials have drawn significant scientific interest owing
to their effectiveness for treating various illnesses and diseases [1].
According to the World Health Organization, approximately 1.9 million
people prefer traditional medicines to avoid the potential side effects of
allopathic treatments, reduce costs, and enhance therapeutic effective-
ness. This is particularly evident in non-industrialized societies, where
up to 80% of the population continues to rely on traditional medicines
[2]. Recently, the development of effective plant-derived medicines
such as Crofelemer, NexoBird, and the QS-21 adjuvant vaccine has
provided alternative therapeutic options for various diseases, including
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properties are derived from rare and seasonal plants; nevertheless, large-
scale development remains challenging due to limited availability,
inadequate standardization, instability, laborious preparation methods,
and slow therapeutic response [6]. To address these limitations, abun-
dantly available plant-based and plant-derived materials such as gums,
barks, and roots have been identified, isolated, and functionalized with
nanomaterials and other bioactive compounds. These materials have
been employed to develop advanced formulations with promising
pharmaceutical, biomedical, and industrial applications, including drug
delivery systems, drug formulations, controlled release mechanisms,
wound dressings, antimicrobial coatings, and food preservatives [7-9].
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Among various plant derived materials, plant gums have been
extensively explored in traditional medicine due to their ease of avail-
ability, excellent therapeutic efficacy, and non-toxic nature. Plant gums
are naturally occurring complex polysaccharide mixtures obtained from
plant exudates, seeds and bark [10]. They exhibit biocompatible,
biodegradable, and polymer characteristics, along with a hydrophilic
nature and strong film-forming ability, all of which contribute to their
significant biomedical potential [11]. Moreover, these gums are rich in
secondary metabolites, such as terpenoids, sterols, flavonoids, and
polyphenols, including p-hydroxybenzoic acid, which is associated with
potent antimicrobial activity. Consequently, plant gums demonstrate a
wide spectrum of biological activities, supporting their application in
therapeutic formulations such as antimicrobial, antioxidant, anti-
inflammatory, digestive, wound healing, drug-delivery, and tissue en-
gineering systems [12,13]. Several gums including Arabic, Tragacanth,
Guar, Karaya, and Xanthan have been widely investigated in medical
and experimental research [14]. These renewable and eco-friendly
biopolymers offer a sustainable alternative to synthetic polymers,
effectively bridging traditional herbal medicine with modern thera-
peutic innovation [15]. Furthermore, plant derived gums have shown
potential in treating influenza [16], pulmonary tuberculosis and various
gastrointestinal, urinary, and dermatological disorders, while exhibiting
strong anti-inflammatory and detoxifying properties [17].

Here, we explored the therapeutic potential of gum obtained from
Prosopis julifiora (PJ) plant, a widely prevalent and dominant plant
species belonging to the leguminous family (Fabaceae). PJ is commonly
found along roadsides as well as in arid, semi-arid regions, and degraded
lands across the globe [18]. The gum derived from PJ (PJ-Gum) is a
jelly-like, highly water-soluble exudate traditionally recognized for its
numerous therapeutic and functional properties, including digestion
and colon health management [19,20]. PJ-Gum has demonstrated sig-
nificant potential for various industrial applications, particularly in the
food, pharmaceutical and cosmetic sectors [21]. Moreover, previous
studies have reported that PJ-Gum exhibits antimicrobial, anticancer
and antidiabetic activities [22]. Being non-toxic and biodegradable and
rich in secondary metabolites, complex polysaccharides and carboxyl
functional groups. PJ-Gum serves as a natural reducing and capping
agent in the green synthesis nanoparticles, thereby eliminating the need
for toxic chemical reagents [23]. These multifunctional characteristics
not only promote sustainable nanomaterial production but also enhance
biological activity, making PJ-Gum a promising candidate for thera-
peutic and biomedical applications. Among diverse nanomaterials, bio-
capped nanoparticles have gained increasing attention owing to their
biocompatibility, biodegradability, superior biological activity and
unique biochemical properties. Consequently, they have found a wide
range of applications including drug delivery, wound healing, cancer
therapy, antimicrobial activity, tissue engineering, diagnostics and
therapeutic interventions. Among various metal-based nanoparticles,
zinc oxide nanoparticles (ZnO NPs) have attracted particular interest
due to their optical, catalytic, electrical, and antimicrobial properties
[24,25]. The biosynthesis of ZnO NPs using plant-based materials,
especially natural biopolymers such as plant gums, has emerged as a
sustainable alternative to conventional synthesis methods, which often
involve hazardous reagents, high energy consumption, and pose envi-
ronmental risks [26]. Importantly, the U.S. Food and Drug Administra-
tion has recognized green-synthesized ZnO NPs as safe materials,
thereby enhancing their translational potential in medical and phar-
maceutical formulations.

In this study, we explored the therapeutic potential of bio-capped
zinc oxide nanoparticles for a range of biomedical applications. PJ-
Gum was employed as a sustainable capping agent for the synthesis of
ZnO NPs, acting as both a reducing and stabilizing agent. This dual
functionality facilitated nanoparticle formation while enhancing
colloidal stability and biological activity [27,28]. Phytochemical
profiling of PJ-Gum using LC-QTOF-MS confirmed the presence of
numerous bioactive compounds with potential pharmacological
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relevance, which were further validated through in silico analysis. The
phytochemicals present in PJ-Gum played a critical role in nanoparticle
synthesis by mediating reduction and nucleation, as well as serving as
capping and stabilizing agents. These molecules donate electrons to
central metal ions, thereby facilitating the formation of capped and
stable nanoparticle structures [29,30]. Additionally, PJ-Gum exhibits
strong emulsifying and bioactive properties, enabling it to effectively
reduce metal ions and maintain nanomaterial stability [31]. The syn-
thesized nanoparticles were characterized using XRD, SEM, TEM, and
XPS analyses, which confirmed the successful formation of PJ-Gum-
capped ZnO NPs (G-ZnO). The biological activities of PJ-Gum and G-
ZnO were evaluated through antimicrobial, antioxidant, anti-
inflammatory, and antidiabetic assays. G-ZnO demonstrated superior
therapeutic activity compared to pristine PJ-Gum, likely due to the
effective decoration of bioactive compounds on the ZnO surface, which
enhanced their biochemical reactivity. Overall, these findings highlight
the potential of G-ZnO as a nature-derived, biocompatible, and multi-
functional nanomaterial suitable for diverse biomedical applications,
including wound healing, drug delivery, and tissue engineering.

2. Materials and methods

2.1. Extraction of Prosopis juliflora gum and synthesis of G-ZnO
nanoparticles

Fresh gum was obtained from mature Prosopis juliflora trees located
in Tirupati, Andhra Pradesh, India (13.6288° N, 79.4192° E). The
collected material was immediately transported to the laboratory under
sterile conditions. Taxonomic authentication of the plant material was
carried out by cross-referencing with standard botanical databases and
validated herbarium records. Surface contaminants were removed by
forced air cleaning, after which the gum was air-dried at ambient tem-
perature. The dried gum was finely ground using a sterile mechanical
grinder and stored in airtight containers at room temperature until
further use.

To synthesize ZnO nanoparticles via green chemistry, 20 mL of a
10% aqueous extract of PJ-Gum was prepared by filtering the gum so-
lution through a 0.22 pm syringe filter (Sigma-Aldrich). The filtrate was
heated at 70 °C with constant stirring for 30 min. Subsequently, 80 mL of
0.12 M zinc acetate dihydrate solution was added dropwise under
continuous stirring at 70 °C. The pH of the mixture was adjusted to
10-12 by the gradual addition of 0.5 M NaOH to promote nanoparticle
formation. The visible appearance of a white precipitate indicated the
formation of ZnO. The reaction mixture was centrifuged at 8000 rpm for
10 min. The resulting pellet obtained was washed twice with distilled
water (1:1, v/v) to remove unreacted precursors. The final product was
oven-dried at 80 °C for 5 h. The dried ZnO NPs, hereafter referred to as
Gum-ZnO NPs, (G-ZnO) were collected and preserved for further char-
acterization and bioactivity assessments.

2.2. Characterization of PJ-gum and G-ZnO nanoparticles

To elucidate the functional groups involved in nanoparticle synthesis
and stabilization, Fourier transform infrared (FT-IR) spectra of both the
gum and G-ZnO NPs were recorded using a Jasco V-770 FT-IR spec-
trometer (Japan). Samples were scanned over the wavenumber range of
4000-500 cm ™! at a scan rate of 1 cm ™! per second. The optical prop-
erties of the synthesized nanoparticles were evaluated using a UV-Vi-
sible spectrophotometer (Varian Cary 100, Agilent Technologies, USA).
Absorbance spectra were recorded in the 200-800 nm wavelength
range, using distilled water as the reference blank. X-ray diffraction
(XRD) analysis was conducted to determine the crystalline structure of
the synthesized ZnO nanoparticles. Data were acquired using a Rigaku
MPA-2000 diffractometer operated at 40 kV and 30 mA, scanning from
10° to 80° (20) with a step size of 0.02°. Powdered samples were
mounted on a glass sample holder. The surface charge and colloidal
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stability of Gum-ZnO NPs were determined by zeta potential measure-
ments using a Zetasizer Nano ZS apparatus (Malvern Instruments, UK).
Measurements were conducted in aqueous suspension at ambient
temperature.

X-ray photoelectron spectroscopy (XPS) investigation was conducted
using a Thermo Scientific K-Alpha™ XPS system with a monochromatic
Al Ko X-ray source. Surveys and high-resolution scans were performed to
determine the elemental composition and chemical states of the nano-
particles within a binding energy range of 100-4000 eV. The
morphology and elemental distribution of PJ-Gum and G-ZnO NPs were
examined using a HITACHI scanning electron microscope (SEM) oper-
ating at 5 keV. Samples were mounted on carbon-coated stubs and
sputter-coated with gold to enhance conductivity. Elemental analysis
was performed using energy dispersive X-ray (EDX) spectroscopy at an
accelerating voltage of 20 keV. Transmission electron microscopy (TEM)
was utilized to determine morphology, particle size, and dispersion of
the synthesized nanoparticles. A drop of nanoparticle suspension was
deposited onto a carbon-coated copper grid and subsequently dried
under vacuum. Imaging was performed using a JEOL JEM-3010 TEM
operating at 200 keV.

2.3. Preparation of Prosopis juliflora gum for metabolite identification

For metabolite identification, 10 mg of powdered gum was flash-
frozen in liquid nitrogen and subsequently homogenized. The homoge-
nate was transferred into 1.5 mL microcentrifuge tubes, followed by the
addition of 1 mL methanol containing 0.1% formic acid subsequently
added. Samples were vortexed for 10 min and incubated at —20 °C for 1
h to precipitate proteins and enhance metabolite solubilization. Post-
incubation, samples were centrifuged at 10,000 rpm for a duration of
10 min. The resulting supernatant was collected and evaporated under
vacuum conditions. The dried residue was diluted in 50 pL of methanol
and subsequently analyzed using LC-MS with an Xevo G2-XS QToF mass
spectrometer (Waters Corp., USA). Detailed LC gradient parameters,
elution profiles, and mass spectrometry conditions are provided in
Supplementary Tables S1-S3.

2.3.1. Metabolomic data analysis

An aliquot (5 pL) of the reconstituted extract was injected into an
Ultra-Performance Liquid Chromatography coupled with Mass Spec-
trometry (UPLC-MS) system. Data acquisition was performed in positive
electrospray ionization mode. Metabolite identification and spectral
deconvolution were carried out using Progenesis QI software. The
resulting data were further cross-validated against multiple chemical
databases, including ChemSpider, KEGG, and PubChem, for compre-
hensive annotation of plant-derived secondary metabolites, following
the workflow outlined by Blazenovi¢ et al. [32] and Tapfuma et al. [33].

2.4. Cell viability assay

A colorimetric MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) assay was employed to assess cell viability based on
metabolic activity. The experiment was conducted in a 96-well plate,
with 1 x 10* HeLa cells seeded per well and incubated at 37 °C. Cells
were treated with various concentrations of G-ZnO nanoparticles (1 mg/
mL) for 24 h. The negative control group comprised cells exposed to
medium alone. Following incubation, the supernatant was discarded,
and the wells were rinsed twice with PBS. Subsequently, 10 pL of MTT
solution was combined with 90 pL of medium (final volume 100 pL) and
introduced into each well. The plates were wrapped in aluminum foil
and incubated for 4 h to facilitate formazan crystal formation. There-
after, 100 pL of DMSO was added to dissolve the crystals. Absorbance
was measured at 517 nm, with a reference wavelength of 620 nm, using
a BIO-RAD 680 microplate reader (USA). Each experiment was con-
ducted in quintuplicate, and relative cell viability was determined as a
percentage of the untreated control.
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2.5. Preparation of bacterial and fungal cultures

Bacterial strains Pseudomonas aeruginosa (ATCC 9027), Bacillus sub-
tilis (ATCC 6633), Staphylococcus aureus (ATCC 6538), and Escherichia
coli (ATCC 8739), as well as fungal strains Candida albicans (ATCC
10231) and Aspergillus niger (ATCC 16404), were obtained from the
Korean Culture Collection of Probiotics. Ampicillin (antibacterial con-
trol) and cycloheximide (antifungal control), along with all culture
media, were purchased from Sigma-Aldrich, USA.

2.6. Antibacterial and antifungal activity

The antibacterial activity of the nanoparticles was evaluated using
the agar well diffusion method against P. aeruginosa, B. subtilis, S. aureus,
and E. coli. Ampicillin (100 pg/mL in sterile distilled water) served as the
positive control. Nutrient agar medium was prepared by dissolving 7.4 g
in 200 mL of distilled water, followed by autoclaving at 121 °C for 15
min. The medium was poured into sterile Petri dishes and solidified.
Bacterial cultures were spread evenly using an L-shaped glass spreader.
Wells were created, and nanoparticle samples at concentrations of 25,
50, 75, and 100 pg/mL were added. Inhibitory zones were measured
with vernier calipers after 12 h of incubation at 37 °C.

Antifungal efficacy of synthesized nanoparticles was tested against
C. albicans and A. niger using the well diffusion method. Cycloheximide
(100 pg/mL in sterile distilled water) was used as the positive control.
Potato dextrose agar (2.8 g in 75 mL distilled water) was autoclaved at
121 °C for 15 min, poured into Petri dishes, and solidified. Fungal cul-
tures were spread evenly using an L-shaped glass rod. Nanoparticle
concentrations (25, 50, 75, and 100 pg/mL) were introduced into wells,
and plates were incubated at 28 °C for 48 h, after which inhibition zones
were measured.

2.7. Live/dead cell staining assay

To evaluate the viability of E. coli (1 x 10° CFU mL_l) cells treated
with PJ-Gum and G-ZnO NPs, the LIVE/DEAD™ BacLight™ Bacterial
Viability Kit (Invitrogen) was used. Cells were stained with SYTO 9 and
propidium iodide according to the manufacturer's instructions and
incubated in the dark for 60 min. Treated and control cells were visu-
alized under a fluorescence microscope, and images were captured using
Invitrogen live cell imaging software.

2.8. DPPH free radical scavenging activity

The antioxidant activity was evaluated using the 2,2-diphenyl-1-pic-
rylhydrazyl (DPPH) assay following Almuhayawi et al. [34] with mod-
ifications. Briefly, 200 pL of DPPH solution (prepared in methanol) was
added to each tube, followed by 200 pL of the sample at different con-
centrations (100-500 pg/mL). The mixtures were incubated in the
absence of light at room temperature for 30 min. Absorbance was
measured at 517 nm using a spectrophotometer, with ascorbic acid as
the reference standard. Both gum and gum-capped ZnO NPs were tested.
DPPH scavenging activity (%) was calculated using the formula:

%DPPH scavenging activity = [(Abscontrol — AbSeampie) /AbScontot | X 100

2.9. Molecular docking

Primary virtual screening of 12 components identified from gum via
LC-QTOF analysis was conducted against four antimicrobial proteins
using PyRx and CB-Dock2. The top-ranked compound, based on binding
affinity, was further docked using Maestro 13.0 (Schrodinger). Ligands
and protein structures were prepared using LigPrep and the Protein
Preparation Wizard. Water molecules were removed, bond orders
assigned, hydrogen atoms added, and protonation states optimized. The
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H-bond network was refined, and torsion parameters were adjusted with
an RMSD of 0.30 A. Ligands from PubChem were converted into 3D
optimized forms considering tautomeric, stereochemical, and ionization
states. Docking was performed using Glide in standard precision mode
with extensive sampling. Receptor grids (10 A x 10 A x 10 A) were
generated with a Van der Waals scaling factor of 1.0 and partial charge
cut-off of 0.25. Target proteins (PDB IDs: 1J1J, 1JX9, 3SRW, and 1AJ6)
were used for active site docking.

2.10. Antidiabetic and anti-inflammatory activity

The antidiabetic potential of PJ-Gum and G-ZnO was assessed by
measuring the inhibition of a-amylase activity using fluorescence spec-
troscopy, as described by Avwioroko et al. [35] with modifications.
Freshly prepared a-amylase (0.5 mg/mL in PBS, pH 7.1) was incubated
with PJ-Gum and G-ZnO at concentrations of 100-600 pg/mL for 30 min
in the dark. Fluorescence spectra were acquired using an excitation
wavelength of 280 nm, and emission spectra were recorded within the
range of 300-500 nm. The degree of fluorescence quenching was used to
infer enzyme inhibition.

2.11. Statistical analysis

All experiments were performed in triplicate (n = 3), and data are
presented as mean + standard error (SE). For each assay-antimicrobial
zone of inhibition, cell viability, and anti-inflammatory activity-differ-
ences among treatments (PJ-Gum, G-ZnO nanoparticles, and the positive
control) were analyzed using one-way ANOVA, followed by Dunnett's
post-hoc test to compare each treatment with the control. Statistical
analyses were conducted in GraphPad Prism (version 10), with summary
calculations/plotting assisted by Microsoft Excel 2019. Differences were
considered statistically significant if the two-tailed p-value was less than
0.05.
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3. Results and discussion
3.1. LC-QTOF -MS analysis of PJ-gum

The phytochemical composition of Prosopis juliflora gum (PJ-Gum)
was analyzed using LC-QTOF-MS. This study presents the first
comprehensive metabolomic profiling of PJ-Gum aimed at elucidating
its chemical diversity and potential biological functionality. The chro-
matographic analysis revealed a broad spectrum of low molecular
weight phytochemicals, tentatively identified based on their exact
masses, retention times, and MS/MS fragmentation patterns (Fig. S1).
Database-assisted annotation combined with literature comparison
facilitated the identification of several bioactive metabolites with
established antimicrobial and antioxidant activities. Representative
chemical structures of the predominant compounds are illustrated in
Fig. 1, and their analytical characteristics are summarized in Table 1.

The identified metabolites were categorized into major structural
classes, including flavonoids, phenolic acids, terpenoids, sterols, and
alkaloids, each known to contribute to the overall biological function-
ality of the gum. In total, 145 distinct compounds were detected and
annotated (Table S4), highlighting the remarkable phytochemical
complexity of PJ-Gum. This chemical diversity reflects its multifunc-
tional nature, enabling it to serve both as a reducing and stabilizing
agent in nanoparticle synthesis. Specifically, the redox-active phenolics
and flavonoids facilitate the nucleation and reduction of Zn%" ions
during ZnO nanoparticle formation, while the amphiphilic poly-
saccharide-terpenoid matrix imparts steric stabilization and biocom-
patible surface coating. Therefore, LC-QTOF-MS profiling not only
delineates the molecular identity of PJ-Gum but also provides mecha-
nistic insight into how its intrinsic phytochemical constituents govern
the formation, stability, and enhanced biological performance of G-ZnO
nanoparticles described in subsequent sections.
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Fig. 1. Chemical structures of major antimicrobial compounds identified in Prosopis juliflora gum.
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Table 1
Antimicrobial compounds identified in Prosopis juliflora gum using UHPLC- ES-QTOF-MS with supporting reference.
S. RT Proposed compound Measured Formula Chemical structure Cosine score Ref.
No. (min) m/z
1 1.251 6,7- Dimethyl-8-(1-D-Ribityl) Lumazine 365.0783 Cy3H18N406 (A) 50.1 [36]
2 1.251 O-Acetyl-L-homoserine 184.0559 CeH11NO4 (B) 27 [37]1
3 1.261 Astilbin 489.0798 C21H22011 © 48.4 [38]
4 1.602 2-Acetylthiazole 128.0187 CsHsNOS (D) 24.1 [39]
5 1.881 Gallic acid 171.0294 CyHgOs (E) 37.5 [40]
6 2.842 Benzothiazole 158.0015 C7HsNS (€3] 345 [41]
7 13.375 Epicatechin gallate 443.0965 Cy2H18010 Q) 51.4 [42]
8 16.630 Epigallocatechin 329.068 C15H1407 (H) 33.5 [42]
9 17.509 Lauric acid 218.2099 C12H2402 (68} 36.9 [43]
10 30.688 2-trans,6-trans-Farnesol 240.2314 C15Ha60 ) 37.6 [44]
11 30.801 Phytosphingosine 318.2993 C18H39NO3 (K) 57.7 [45]
12 43.900 Trans-Isohumulone 363.2178 C21H3005 (L) 39.8 [46]

3.2. Optical properties of gum and G-ZnO nanoparticles

The UV-Visible absorption spectrum of native PJ-Gum exhibited a
distinct peak at 278 nm, corresponding to © — ©* electronic transitions
of aromatic rings and n — n* transitions of carbonyl groups present in
phenolic and flavonoid constituents (Fig. 2A). Following nanoparticle
synthesis, a pronounced red shift was observed, with a new absorption
maximum appearing at 367 nm. This band is characteristic of the surface

plasmon resonance (SPR) of ZnO nanoparticles, confirming the suc-
cessful formation of nanostructures. The observed bathochromic shift
indicates a strong interaction between ZnO and the phytochemical
moieties of PJ-Gum, suggesting active participation of biomolecules in
both surface reduction and capping processes. Similar red shifts have
been reported in other biopolymer-mediated ZnO nanoparticle systems,
where the conjugation of organic molecules modulates the local elec-
tronic environment of ZnO. To further elucidate the chemical
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Fig. 2. (A) UV-Vis spectra of PJ-Gum and G-ZnO nanoparticles; (B) FT-IR spectra of PJ-Gum and G-ZnO; (C) XRD patterns of PJ-Gum and G-ZnO; (D) Zeta potential

measurements of PJ-Gum and G-ZnO.
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interactions responsible for nanoparticle stabilization, FT-IR spectra of
both PJ-Gum and G-ZnO were analyzed (Fig. 2B). The FT-IR spectrum of
native PJ-Gum displayed a broad O—H stretching band at 3424.6 cm ™,
indicative of abundant hydroxyl groups originating from poly-
saccharides and phenolic compounds. A characteristic C—H stretching
vibration appeared at 2938.5 cm ™!, representing aliphatic hydrocarbon
groups. Additional peaks at 1602 cm ™~ and 1355 em ™! corresponded to
asymmetric carboxylate (COO™) and C-O-C (aromatic ether) stretching
vibrations, respectively, highlighting the complex polyhydroxylated and
carbohydrate-rich nature of PJ-Gum. In the case of G-ZnO, new ab-
sorption bands appeared at 462 and 650.4 cm ™!, where the band at 462
em™!, corresponding to Zn—O stretching vibrations, confirming the
successful incorporation of ZnO into the matrix, while the band at 650.4
em ™! was attributed to C—H bending vibration of alkyne-related groups
derived from the gum extract. These changes suggest coordination of the
gum carboxyl and amide groups with Zn?t, confirming the preservation
of bioactive moieties after synthesis. C—H stretching vibrations of al-
kanes were also detected at 2820.8 em ™!, further confirming retention
of bioactive moieties from the gum matrix. These spectral features
collectively demonstrate the coexistence of gum functional groups with
ZnO. This not only confirms successful capping and stabilization but also
indicates the presence of functional groups on the nanoparticle surface,
thereby enhancing stability and bioactivity [47].

3.3. Crystalline structure, surface charge, and size distribution of G-ZnO
nanoparticles

The crystalline phase composition of PJ-Gum and PJ-Gum-ZnO
nanoparticles (G-ZnO NPs) was analyzed using X-ray diffraction (XRD)
patterns (Fig. 2C). The diffraction profile of native PJ-Gum exhibited no
sharp reflection peaks, showing broad humps at 26 values of 9.3° and
18.7°, indicative of an amorphous, non-crystalline biopolymer matrix.
In contrast, the G-ZnO NPs displayed several sharp and intense diffrac-
tion peaks corresponding to the (100), (002), (101), (102), (110), (103),
(200), (112), and (201) planes, with respective 20 values of 31.76°,
34.46°, 36.24°, 47.48°, 56.70°, 62.91°, 66.34°, 68.03°, and 69.27°.
These peaks confirm the highly crystalline and single-phase nature of the
synthesized nanoparticles, consistent with the hexagonal wurtzite
structure of ZnO and matching the standard JCPDS card number
36-1451 [48]. The absence of extraneous peaks further verifies the
phase purity of the nanoparticles and demonstrates that the gum matrix
effectively facilitated the nucleation and growth of ZnO crystallites
while preventing secondary phase formation.

To assess the surface charge and colloidal stability of the synthesized
nanoparticles, zeta potential (ZP) measurements were performed
(Fig. 2D). The native PJ-Gum exhibited a ZP of —7 mV, indicating weak
electrostatic repulsion typical of biopolymer solutions. In contrast, the
G-ZnO nanoparticles showed a markedly higher negative potential of
—27 mV, signifying enhanced surface charge density following nano-
particle formation. This shift can be attributed to the adsorption of hy-
droxylated Zn species and deprotonated functional groups (e.g.,-COO ™,
—OH) derived from the gum matrix. The pronounced negative surface
charge suggests strong electrostatic repulsion among particles, which
minimizes aggregation and contributes to excellent colloidal stability.
Additionally, Van der Waals and steric interactions imparted by the
polysaccharide-terpenoid components of PJ-Gum likely aid in main-
taining nanoparticle dispersion and stability in suspension [49]. During
synthesis, negatively charged organic moieties from the gum matrix
interact with positively charged Zn?" ions, forming a capping layer that
restricts uncontrolled growth and aggregation. This capping effect re-
duces surface and interfacial tension, thereby lowering cohesive forces
at the interface and imparting favorable emulsifying characteristics to
the nanostructure [50,51].
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3.4. X-ray photoelectron spectroscopy analysis of PJ-gum and G-ZnO NPs

XPS was employed to determine the elemental composition and
chemical states of pristine PJ-Gum and the synthesized G-ZnO. The
wide-scan XPS survey spectrum of the native PJ-Gum revealed the
presence of C 1s, O 1s, and Si 2p peaks located at binding energies of
258.03 eV, 532.14 eV, and 101.09 eV, respectively (Fig. 3A). High-
resolution deconvolution of the C 1s spectrum identified four distinct
peaks at 282.89, 284.60, 286.58, and 288.32 eV, which were assigned to
C—Si, C-C/C=C, C—0, and C=O0 bonding environments, respectively
(Fig. 3B). The O 1s spectrum was resolved into five components at
528.07, 529.66, 530.93, 532.40, and 533.50 eV, corresponding to Si—O,
C—0, C-0-C, C-OH, and O-C=0 groups, respectively (Fig. 3C). A
distinct peak observed at 101.4 eV in the high-resolution Si 2p spectrum
confirmed the presence of silicon in the form of organosilicon moieties
(Fig. 3D). These findings suggest that the native PJ-Gum matrix is pri-
marily composed of carbohydrate and phenolic structures interlinked
with trace organosilicon constituents, which may influence its surface
reactivity and ability to chelate metal ions.

Upon capping ZnO nanoparticles with the gum, the XPS spectrum of
G-ZnO NPs revealed the appearance of additional elemental peaks cor-
responding to Zn 2p and Na 1s, alongside C 1s and O 1s (Fig. 4A). These
were recorded at binding energies of 258.02 eV (C 1s), 531.14 eV (O 1s),
1021.07 eV (Zn 2p), and 1070.81 eV (Na 1s). The high-resolution C 1s
spectrum exhibited three peaks at 285.08, 286.94, and 288.52 eV,
assigned to C-C/C=C, C—O, and C=O functionalities, respectively
(Fig. 4B). The O 1s spectrum was deconvoluted into four peaks at
529.76, 530.86, 531.57, and 535.40 eV, attributed to Zn-O/C-O,
Zn-OH/C-OH, C=0, and O-C=0 species, respectively (Fig. 4C). The Zn
2p spectrum displayed two prominent spin-orbit doublets at 1020.6 eV
and 1043.71 eV, corresponding to Zn 2ps,2 and Zn 2p /2, respectively.
Additional signals at 1018.23 eV and 1040.71 eV were attributed to
metallic ZnO, confirming the presence of Zn in both oxidized and
reduced forms (Fig. 4D). The Na 1s spectrum exhibited three deconvo-
luted peaks at 1068.72, 1070.33, and 1071.96 eV, corresponding to
elemental Na®, lattice-bound Na*, and NayO, respectively (Fig. 4E).

The obtained XPS data confirm the successful integration of ZnO
nanoparticles within the PJ-Gum matrix and the coexistence of organic
and inorganic chemical states. The identified Zn**, Zn—0, and Zn-OH
components validate the formation of ZnO nanoparticles, while the
persistence of C—0, C=O0, and O-C=0 functionalities indicates the
retention of gum-derived biomolecules on the nanoparticle surface.
These observations are consistent with FT-IR findings and provide
strong evidence for chemical interactions between the bioactive func-
tional groups of PJ-Gum and Zn?* ions during synthesis. The results
further substantiate the dual role of PJ-Gum as a natural reducing and
stabilizing agent in the green synthesis of ZnO nanoparticles.

3.5. Morphological and elemental characterization of PJ-gum and G-ZnO
NPs

SEM micrographs of pristine PJ-Gum at different magnifications
(Fig. 5A and B) revealed irregular, non-crystalline structures of varying
sizes with a rough surface texture and visible surface cracks, which are
typical features of natural plant-derived biopolymers. These morpho-
logical characteristics confirm the amorphous and heterogeneous nature
of the gum matrix. Elemental mapping using Energy-Dispersive X-ray
(EDX) analysis (Fig. S14) confirmed the predominant presence of carbon
(C), oxygen (0), and nitrogen (N), consistent with the polysaccharide
and proteinaceous composition of the gum.

In contrast, the SEM images of G-ZnO nanoparticles (Fig. 5C and D)
demonstrated a more organized morphology with distinct spherical
nanoparticle formations embedded within and around the gum matrix.
The nanoparticles appeared uniformly distributed with a wrinkled sur-
face morphology, suggesting effective capping and stabilization by the
gum. The spherical geometry and nanoscale texture of the particles were
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clearly visualized, indicating successful ZnO nucleation on the bio-
polymeric environment. Elemental mapping of G-ZnO revealed uniform
distribution of the major elements C, N, O, and Zn, further validated by
the EDX spectrum (Fig. 5E and F). The detection of Zn strongly confirms
the successful formation and incorporation of zinc oxide within the PJ-
Gum scaffold.

TEM provided further insights into the internal morphology and size
distribution of both PJ-Gum and G-ZnO (Fig. 6). The TEM image of gum
(Fig. 6A) showed irregular, thin-layered, and overlapping amorphous
structures, characteristic of natural plant-derived polysaccharide-based
materials. In contrast, the TEM image of G-ZnO NPs (Fig. 6B) revealed
uniformly distributed, well-defined spherical nanoparticles. The
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Fig. 5. (A & B) SEM images of PJ-Gum; (C & D) SEM images of G-ZnO at
different magnifications; (E) EDX spectrum showing elemental composition of
G-ZnO; (F) Elemental mapping of G-ZnO.

magnified view (Fig. 6C) displayed fragmented and porous granular
nano-dot structures with an average particle size of approximately 34.1
nm. The well-resolved lattice fringes observed in high-resolution TEM
images confirmed the crystalline nature of the nanoparticles, in agree-
ment with XRD and XPS results. On the other hand, the hydrodynamic
behavior of G-ZnO NPs in aqueous suspension was evaluated using
Dynamic Light Scattering (DLS) analysis, which revealed an average
particle size of 147.1 nm with a polydispersity index (PDI) of 0.406
(Fig. 6D), indicating moderate monodispersity. The relatively larger
hydrodynamic size compared to the TEM-derived particle size is an
expected outcome, as DLS measurements reflect the solvated and
dispersed state of nanoparticles, accounting for the hydration layer,
gum-mediated capping, and interparticle interactions in the colloidal
system, whereas TEM depicts the dry-state core dimensions under vac-
uum conditions. Although some degree of aggregation was observed, the
overall particle population remained predominantly nanoscale and well-
dispersed [52]. These complementary SEM, EDX, TEM, and DLS findings
confirm the efficient bio-reduction, capping, and stabilization of ZnO
nanoparticles by Prosopis juliflora gum. The gum's inherent biopolymeric
nature and rich phytochemical profile not only facilitated nanoparticle
formation but also contributed to enhanced structural uniformity, sta-
bility, and surface functionality, attributes that are expected to improve
their physicochemical and biological performance in subsequent
applications.

3.6. Antioxidant activity: DPPH radical scavenging assay

The antioxidant potential of PJ-Gum and G-ZnO nanoparticles was
assessed through the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical
scavenging assay. Ascorbic acid served as the reference standard. The
assay measures the ability of the test compounds to donate hydrogen
atoms or electrons to neutralize DPPH free radicals, resulting in a
decrease in absorbance at 517 nm. The extent of DPPH radical inhibition
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was quantified spectrophotometrically. Fig. 7A illustrates the antioxi-
dant activity of standard ascorbic acid, which showed a strong linear
dose-response relationship with a coefficient of determination (R?)
value of 0.9967, indicating excellent free radical scavenging capacity.
Similarly, the gum extract displayed robust antioxidant activity, with an
R? value of 0.9832 (Fig. 7B). This activity is attributed to the high
content of polyphenolic and flavonoid constituents in the gum, which
possess strong redox potential and are capable of donating electrons or
hydrogen atoms to stabilize reactive free radicals [53].

Remarkably, the gum-capped ZnO nanoparticles (G-ZnO NPs)
exhibited even greater antioxidant activity compared to the native gum
(Fig. 7C), with an R? value of 0.9986. This enhancement suggests a
synergistic interaction between the phytoconstituents of PJ-Gum and
the ZnO nanostructures. The coupling of phenolic and flavonoid bio-
molecules with ZnO surfaces is known to increase electron density and
promote redox cycling, thereby amplifying the overall radical scav-
enging capacity [54]. Such surface functionalization likely improves
charge transfer efficiency and stabilizes intermediate radicals formed
during DPPH reduction. Fig. 7D presents the comparative regression
curves of the different treatments, highlighting the superior perfor-
mance of G-ZnO. A schematic representation of the proposed antioxi-
dant mechanism is provided in Fig. 7E, illustrating how the bioactive
phytochemicals of PJ-Gum interact with the ZnO nanoparticle surface to
enhance electron transfer and reactive oxygen species (ROS) neutrali-
zation. These observations suggest that the hybrid nanocomposite
combines the intrinsic redox activity of ZnO with the biological reducing
power of gum-derived metabolites. These findings confirm that G-ZnO
nanoparticles possess remarkable antioxidant potential, surpassing that
of the parent gum. The enhanced radical scavenging efficiency arises
from the synergistic effects between the metal oxide core and the
organic capping matrix, underscoring the multifunctional applicability
of G-ZnO in biomedical, nutraceutical, and antioxidant-based thera-
peutic formulations.

3.7. Antimicrobial activity of PJ-gum and G-ZnO nanoparticles

The antimicrobial potential of PJ-Gum and G-ZnO NPs was investi-
gated against six clinically relevant pathogens; four bacterial strains
(Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and Pseudomonas
aeruginosa) and two fungal species (Aspergillus niger and Candida albi-
cans). The agar well diffusion assay was performed at a standardized
concentration of 10 mg/mL, and inhibition zones were measured post-
incubation using vernier calipers (Fig. 8A-F). The strongest zone of in-
hibition was recorded against B. subtilis and P. aeruginosa, with mean +
SD values of 7.2 + 0.31 mm (PJ-Gum, B. subtilis), 7.0 + 0.2 mm (PJ-
Gum, P. aeruginosa), 8.8 + 0.2 mm (G-ZnO, B. subtilis), and 8.9 + 0.12
mm (G-ZnO, P. aeruginosa), compared to 9.5 + 0.64 mm and 9.1 + 1.1
mm for the ampicillin controls, respectively. At 100 pg/mL, G-ZnO
exhibited statistically greater inhibition than PJ-Gum (p < 0.01), con-
firming enhanced antimicrobial efficacy (full ANOVA outputs in Sup-
plementary Table S5).

Similarly, antifungal activity was significantly enhanced following
nanoparticle synthesis. A. niger and C. albicans displayed inhibition
zones of 2.2 + 0.64 mm and 1.86 £+ 0.11 cm for G-ZnO, respectively,
compared to 0.2 + 0.01 mm and 0.1 + 0.02 mm for PJ-Gum, while
standard antifungal agents yielded 1.8 + 0.52 mm and 1.1 + 0.25 mm,
respectively. Although the antifungal activity of G-ZnO was compara-
tively lower than standard drugs, the enhancement over the native gum
confirms the contribution of the nanoparticle component to fungal in-
hibition. Statistical analysis performed using one-way ANOVA followed
by pairwise comparisons with positive controls (ampicillin for bacteria,
cycloheximide for fungi) indicated significant differences (p < 0.05)
between PJ-Gum and G-ZnO treatments for most strains.

The superior antimicrobial performance of G-ZnO can be ascribed to
the synergistic interplay between the ZnO core and the gum phytocon-
stituents. The nanoparticles' small size and high surface-to-volume ratio
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Fig. 6. High-resolution transmission electron microscopy (HR-TEM) images of: (A) PJ-Gum and (B) G-ZnO NPs; (C) Particle size distribution plot from TEM analysis;

(D) Particle size distribution plot from DLS measurements.

promote strong adhesion to microbial membranes, leading to structural
disruption, leakage of intracellular contents, and cell death via ROS
generation and Zn?* ion release [55,56]. Additionally, the phenolic,
flavonoid, and terpenoid compounds present in the gum act as natural
capping agents, stabilizing the nanoparticles and contributing intrinsic
antimicrobial properties. The antifungal activity of G-ZnO was also
noteworthy (Fig. 8E-F). Despite the greater complexity of fungal cell
walls and membranes due to their eukaryotic composition, G-ZnO
effectively inhibited fungal growth, likely due to strong nano-
particle-membrane interactions and the oxidative stress generated at
the interface. The gum-derived biopolymeric capping layer further en-
hances antifungal action by interfering with fungal enzymatic activity,
membrane receptor binding, and signal transduction pathways, as well
as by preventing biofilm formation, particularly in S. aureus [57]. G-ZnO
demonstrated broad-spectrum antimicrobial and antifungal activities
comparable to standard antibiotics, underscoring their potential as a
biocompatible, multifunctional antimicrobial agent. The synergistic
redox and surface chemistry between ZnO nanostructures and the
bioactive gum matrix render this nanocomposite a promising candidate
for biomedical coatings, wound healing dressings, and infection-control
materials.

3.8. Live/dead bacterial viability assay

A live/dead bacterial viability assay was performed to visualize the
bactericidal efficacy of E. coli cells exposed to PJ-Gum and G-ZnO.

Fluorescent staining differentiated viable (green fluorescence) from
non-viable (red fluorescence) cells, as depicted in Fig. 9. The untreated
control (Fig. 9A) exhibited predominantly green fluorescence, indi-
cating metabolically active and intact E. coli cells. In contrast, bacterial
cultures treated with PJ-Gum and G-ZnO, an increase in red fluorescence
was noted in a dose-dependent manner, signifying enhanced bacterial
membrane disruption and cell death (Fig. 9B-E). Remarkably, the G-
ZnO induced substantially higher red fluorescence compared to PJ-Gum
at equivalent concentrations, reflecting enhanced bactericidal potency
of the nanocomposite. This finding corroborates the results of the agar
well diffusion assay, confirming that nanoparticle incorporation signif-
icantly amplifies antibacterial efficacy, even at relatively low doses. The
underlying antimicrobial mechanism is attributed to the synergistic
action between ZnO nanoparticles and the phytochemical constituents
of PJ-Gum. The ZnO core facilitates the generation of ROS, including
hydroxyl radicals (*OH) and superoxide anions (02" *), which induce
oxidative stress and lipid peroxidation in bacterial membranes.
Concurrently, the bioactive flavonoids, phenolics, and terpenoids in the
gum matrix enhance membrane permeability and interfere with essen-
tial cellular processes. These combined effects result in irreversible
membrane disruption, leakage of cytoplasmic contents, and eventual
bacterial death.

3.9. Cytocompatibility evaluation using MTT assay

The cytocompatibility of PJ-Gum and G-ZnO was evaluated using the
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Fig. 8. Antibacterial and antifungal activities of PJ-Gum and G-ZnO NPs. (A) Pseudomonas aureginosa, (B) Bacillus subtilis. (C) Staphylococcus aureus. (D) Escherichia
Coli. (E) Aspergillus niger and (F) Candida albicans. The inhibition zone diameters were measured after incubation, demonstrating the enhanced antimicrobial efficacy
of the nanoparticle formulation compared to the native gum.

MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide]
assay to determine their effects on cellular metabolic activity in HeLa
cells. Cells were seeded at a density of 1 x 10* cells per well in 96-well
plates and treated with varying concentrations (0, 10, 25, 50, 75, and

100 pg/mL) of PJ-Gum and G-ZnO NPs for 24 h at 37 °C under standard
culture conditions. Following incubation, MTT reagent was added to
each well, and the resulting formazan crystals were solubilized and
quantified spectrophotometrically at 490 nm using a microplate reader.
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Fig. 9. Live/dead staining assay of E. coli: (A) Untreated control; (B) PJ-Gum at 25 mg/mL; (C) PJ-Gum at 50 mg/mL; (D) G-ZnO at 25 mg/mL; (E) G-ZnO at 50 mg/
mL. Green fluorescence indicates viable cells, while red fluorescence represents membrane-compromised or dead cells.

The percentage of viable cells was calculated relative to untreated
controls. As illustrated in Fig. 10, both PJ-Gum and G-ZnO maintained
high levels of cell viability across all tested concentrations, demon-
strating good biocompatibility. At 50 pg/mL, cell viability remained at
94.2% for PJ-Gum and 91.1% for G-ZnO. Even at the highest tested
concentration (100 pg/mL), both materials exhibited cell viabilities
above the cytotoxicity threshold, with 91.2% for PJ-Gum and 85.5% for
G-ZnO. Although a slight decrease in viability was observed for G-ZnO
relative to PJ-Gum, the reduction was not statistically significant (p >
0.05).

According to the ISO 10993-5 guidelines for biological evaluation of
medical devices, materials maintaining >80% cell viability are consid-
ered non [58,59]. Based on this standard, both PJ-Gum and G-ZnO
demonstrated excellent cytocompatibility, indicating that the biomate-
rial and its nanocomposite formulation are safe for potential biomedical
applications. The slight reduction in viability observed for G-ZnO at
higher concentrations can be attributed to mild oxidative stress arising
from limited Zn?** ion release; however, this effect is counterbalanced by
the protective antioxidant components of the gum matrix, such as fla-
vonoids and polyphenols. This dual behavior, mild oxidative induction
coupled with strong biopolymer shielding, supports the suitability of G-
ZnO for applications in wound healing, antimicrobial coatings, and tis-
sue engineering, where controlled redox modulation is beneficial.

3.10. Molecular docking studies and mechanistic insights into
antimicrobial activity

Molecular docking studies were conducted to elucidate the binding
interactions between twelve bioactive antimicrobial compounds iden-
tified from PJ-Gum and four essential bacterial protein targets. Pre-
liminary docking and affinity evaluations were performed using PyRx
and CB-Dock2 platforms. Among the tested ligands, astilbin, epi-
gallocatechin, and epicatechin demonstrated the strongest binding af-
finities (Supplementary Tables S6-S10). Of these, astilbin consistently
exhibited the most favorable docking performance and was thus selected
for detailed interaction analysis using Schrodinger Maestro 13.0. Astil-
bin displayed potent binding affinity toward topoisomerase II DNA
gyrase from Staphylococcus aureus (PDB ID: 1AJ6), with docking scores
ranging from —8.4 to —9.2 kcal/mol, indicating stable interactions
within conserved active-site residues (Fig. 11A).

These interactions suggest that astilbin may potentiate antibiotic
efficacy (e.g., novobiocin) by enhancing drug-target affinity, inducing
conformational alterations, or promoting membrane disruption to
facilitate intracellular drug uptake [60]. Against outer membrane
penicillin acylase of E. coli (PDB ID: 1JX9), astilbin exhibited docking
scores between —7.8 and — 8.1 kcal/mol (Fig. 11B). This enzyme plays a
critical role in fB-lactam antibiotic metabolism; thus, astilbin binding
may disrupt protein processing, compromise membrane integrity, and
interfere with metabolic pathways, thereby sensitizing bacterial cells.

For dihydrofolate reductase (DHFR) from S. aureus (PDB ID: 3SRW),
astilbin achieved docking scores ranging from —9.5 to —10.2 kcal/mol

140
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Fig. 10. MTT-based cell viability assay showing the comparative cytocompatibility of PJ-Gum and G-ZnO nanoparticles in HeLa cells after 24 h exposure. Both
samples exhibited >80% viability across tested concentrations, confirming excellent biocompatibility.
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(Fig. 11C). As DHFR is essential for nucleotide biosynthesis, strong
astilbin binding indicates its potential to inhibit DNA replication and
protein synthesis, leading to bacteriostatic or bactericidal effects.

Astilbin also showed robust affinity toward tyrosyl-tRNA synthetase
from E. coli (PDB ID: 1J1J), with docking scores of —9.4 to —9.6 kcal/mol
(Fig. 11D). Interaction mapping revealed multiple n-n stacking and
hydrogen bond interactions within the ATP-binding pocket, potentially
impeding aminoacylation of tRNA"Tyr and obstructing protein synthesis
at the translational level.

Notably, the incorporation of G-ZnO nanoparticles further amplified
these antimicrobial effects. The nanoparticles are hypothesized to
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enhance bacterial membrane permeability, promote intracellular accu-
mulation of astilbin, and induce ROS generation. This cascade leads to
oxidative stress, protein denaturation, and DNA damage, resulting in
synergistic bacterial inhibition and cell death. SEM analyses corrobo-
rated these findings. Untreated E. coli cells exhibited smooth, intact
membranes (Fig. 12A), while those treated with G-ZnO showed severe
morphological distortions, including membrane disruption, shrinkage,
and deformation (Fig. 12B). High-magnification imaging revealed
nanoparticles adhering to bacterial surfaces (Fig. 12C), consistent with
ROS-mediated membrane perforation and cell lysis.

Additionally, treated cells displayed evidence of biofilm
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Fig. 12. SEM micrographs depicting bacterial morphological alterations: (A)
untreated control cells; (B) G-ZnO NP-treated cells showing surface disruption;
(C) Higher magnification revealing nanoparticle adherence, membrane perfo-
ration, and complete cell lysis.

disintegration, highlighting the nanoparticles' potential to eradicate
both planktonic and sessile bacterial populations. These results identify
astilbin as a key antimicrobial constituent of PJ-Gum and demonstrate
that its synergistic interaction with ZnO nanoparticles enhances multi-
targeted antibacterial efficacy. The dual mechanism, comprising
biochemical inhibition of enzymatic pathways and physical disruption
of membrane integrity, underscores the potential of PJ-Gum-derived
nanocomposites for next-generation antimicrobial therapeutics.

3.11. Invitro antidiabetic and anti-inflammatory activities of PJ-gum and
G-ZnO nanoparticles

The in vitro antidiabetic potential of PJ-Gum and G-ZnO NPs was
evaluated through their inhibitory effects on pancreatic a-amylase ac-
tivity using a fluorescence quenching assay. a-Amylase catalyzes the
enzymatic hydrolysis of starch into glucose; hence, its inhibition is a key
therapeutic target in managing postprandial hyperglycemia [61]. The
native a-amylase enzyme (0.5 mg/mL) exhibited a strong intrinsic
fluorescence emission peak at 340 nm, with an intensity of approxi-
mately 23,000-24,000 arbitrary units (a.u.) in the absence of inhibitors.
Upon treatment with increasing concentrations of PJ-Gum and G-ZnO
NPs (100-600 pg/mL), a dose-dependent decrease in fluorescence
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intensity was observed, suggesting effective enzyme-ligand binding and
conformational disruption of the catalytic site.

As shown in Fig. 13A-B, G-ZnO demonstrated markedly stronger
inhibitory effects, reducing fluorescence intensity to 5000-10,000 a.u.,
compared to PJ-Gum alone, which reduced it to 10,000-15,000 a.u. This
enhanced inhibition may be attributed to the synergistic interaction
between zinc oxide nanoparticles and the phytoconstituents of PJ-Gum,
particularly astilbin, epicatechin gallate, and epicatechin—previously
reported as potent a-amylase inhibitors [62]. The ligand-induced
quenching and structural perturbation of a-amylase likely impair its
enzymatic function, emphasizing the potential of G-ZnO as a dose-
dependent antidiabetic agent.

In parallel, the anti-inflammatory activity of PJ-Gum and G-ZnO was
assessed using the albumin denaturation assay, with egg albumin
serving as the protein model and diclofenac sodium as the reference
standard. Protein denaturation is a critical marker of inflammation, and
its inhibition indicates the potential of a compound to mitigate inflam-
matory responses [63]. Both PJ-Gum and G-ZnO exhibited significant,
concentration-dependent inhibition of protein denaturation in the range
of 50-250 pg/mL (Fig. 13C). While both compounds were effective, G-
ZnO displayed marginally higher inhibition percentages compared to
PJ-Gum alone, reflecting the potential enhancement provided by ZnO
nanoparticle incorporation. This suggests that the ZnO nanostructures
interact with and stabilize protein conformations, preventing denatur-
ation and thereby reducing inflammation. These findings underscore the
dual bioactivity of G-ZnO, demonstrating both antidiabetic and anti-
inflammatory potential. The superior performance of the nanoparticle
formulation compared to the native gum suggests a synergistic effect
between zinc oxide and phytochemical constituents. Nonetheless,
further mechanistic and kinetic studies are warranted to delineate the
precise molecular pathways and to optimize the bioactive concentration
range for potential therapeutic applications.
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Fig. 13. In vitro antidiabetic and anti-inflammatory assays: (A) Fluorescence quenching of a-amylase by PJ-Gum; (B) Fluorescence quenching by G-ZnO;(C) Protein

denaturation-based anti-inflammatory activity.
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3.12. Proposed mechanism of antibacterial action of G-ZnO nanoparticles

The antibacterial efficacy of Prosopis juliflora gum-capped zinc oxide
nanoparticles (G-ZnO NPs) arises from a multifaceted mechanism
involving direct membrane disruption, ROS-mediated oxidative stress,
and molecular interference with essential bacterial biomolecules
[64,65]. A schematic overview of this proposed mechanism is illustrated
in Fig. 14. The surface of G-ZnO, enriched with natural polymers and
amphipathic flavonoids derived from Prosopis juliflora gum, promotes
strong electrostatic and hydrophobic interactions with bacterial mem-
branes. The biopolymeric matrix enhances nanoparticle adhesion
through electrostatic attraction to negatively charged bacterial cell
walls, while flavonoids, owing to their dual hydrophilic-lipophilic na-
ture, integrate into the lipid bilayer, thereby compromising membrane
integrity. This interaction leads to exopolysaccharide disruption, cell
wall destabilization, and morphological alterations such as elongation,
membrane blebbing, and disaggregation into smaller cellular [66].
These early events trigger mechanical and oxidative stress, impairing
bacterial viability.

Concurrently, G-ZnO catalyze the formation of ROS at the cell
membrane interface. The generation of superoxide anions (02 ), hy-
droxyl radicals (*OH), and hydrogen peroxide (H202) induces lipid
peroxidation, protein oxidation, and membrane potential collapse, ul-
timately leading to cellular leakage and lysis [67]. The persistent ROS
activity, coupled with penetration of bioactive gum-derived phyto-
chemicals, results in nucleic acid degradation, enzyme inactivation, and
metabolic disruption within bacterial cytoplasm. Molecular docking
data support this proposed mechanism, revealing that astilbin—a major
bioactive constituent of PJ-Gum — exhibits a strong binding affinity
toward both membrane-associated proteins and intracellular bacterial
targets, such as DNA gyrase and DHFR.

These interactions imply a dual-action mechanism: surface-level
membrane perturbation and internal enzymatic inhibition, jointly
contributing to bactericidal activity. The synergistic integration of
phytochemical-rich gum with ZnO nanoparticles amplifies antibacterial
potency by enhancing cellular uptake, ROS-mediated toxicity, and
membrane perforation, collectively leading to irreversible cell death
[68,69]. This multi-targeted mode of action positions G-ZnO NPs as a
promising alternative to conventional antibiotics, particularly in the
context of emerging antimicrobial resistances.

4. Conclusion

This study presents a sustainable, phytochemical and biopolymer-
assisted approach for the green synthesis of G-ZnO using PJ-Gum, a
natural carbohydrate polymer abundant in bioactive metabolites. Acting
simultaneously as a reducing and stabilizing agent, PJ-Gum enabled the
formation of highly stable, crystalline ZnO nanostructures with
enhanced physicochemical and biological attributes. Comprehensive
spectroscopic and structural characterizations verified effective
biopolymer capping, which imparted colloidal stability, surface reac-
tivity, and biocompatibility to the synthesized nanoparticles. The
phytochemical diversity of the gum, elucidated through LC-QTOF-MS
profiling, was central to the observed multifunctionality of G-ZnO.
The nanoparticles exhibited broad-spectrum antimicrobial activity,
driven by a multi-modal mechanism involving membrane disruption,
ROS-mediated oxidative stress, and protein-target inhibition, as
corroborated by molecular docking analyses. Beyond antimicrobial ef-
ficacy, G-ZnO demonstrated pronounced antioxidant, antidiabetic, and
anti-inflammatory properties, highlighting their therapeutic potential in
mitigating oxidative stress, microbial infections, and metabolic dysre-
gulation. Importantly, the nanoparticles retained cytocompatibility
across tested concentrations, underscoring the biosafety and biomedical
promise of PJ-Gum as a natural nanocarrier. Collectively, these findings
establish PJ-Gum-derived G-ZnO as a biologically active and eco-
friendly nanoplatform that unites green chemistry principles with
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Fig. 14. Schematic representation of the proposed antibacterial mechanism of
G-ZnO NPs, including membrane damage and oxidative stress pathways.

therapeutic efficacy. In summary, this work provides a compelling
demonstration of how plant-derived carbohydrate polymers can be
leveraged to engineer next-generation multifunctional nanomaterials.
The G-ZnO system represents a promising candidate for advanced
bioactive formulations, with potential applications in infection control,
wound healing, and metabolic disease management. Future in vivo,
pharmacokinetic, and tissue-targeting studies are warranted to accel-
erate the clinical translation of this biopolymer-mediated nanoplatform.
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