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Abstract

Licania tomentosa leaf extract was used to synthesize zinc oxide nanoparticles (ZnO NPs)
which were systematically analyzed by X-ray diffraction (XRD), scanning electron mi-
croscopy (SEM), UV-Visible (UV-Vis) and Fourier transform infrared (FT-IR) spectroscopies
and energy-dispersion X-ray spectroscopy (EDS) methods. Based on XRD scans, the green
NPs have an average crystallite size of 15.9 nm as estimated using the Scherrer equation
and have a roughly spherical shape with an average diameter of 25.15 ± 1.2 nm as cal-
culated from SEM data. As estimated from the Tauc plot based on UV-Vis absorption
spectra, ZnO NPs have a small band gap of 3.0 eV. The biosynthesized ZnO NPs were
effectively utilized for the photodegradation of methylene blue (MB) and crystal violet
(CV) dyes under UV illumination with resulting MB and CV degradation efficiencies of
~94% and ~81% after 60 min and 70 min, with pH = 12 and pH = 10, respectively. Different
experimental parameters such as NPs quantity, experimental pH, light intensity and initial
concentration of dyes were varied to test the performance of the catalyst. Furthermore, effi-
cient recycling of the catalyst was demonstrated. We also undertook antimicrobial studies
of the green ZnO NPs. The ZnO NPs demonstrated broad-spectrum antimicrobial efficacy
against Escherichia coli ATCC 35218, Enterococcus faecalis ATCC 29737, Klebsiella pneumoniae
ATCC 700603, Pseudomonas aeruginosa ATCC 27853, P. aeruginosa B3, Staphylococcus aureus
ATCC 29213, and S. aureus SA01, with the minimum inhibitory concentration (MIC) and
the inhibitory concentrations associated with 50% effect (IC50) values ranging from 250 to
2000 µg/mL and 7.74 to 283.14 µg/mL, respectively. The nanoparticles also significantly
inhibited biofilm formation by E. faecalis ATCC 29737, P. aeruginosa ATCC 27856, and S.
aureus SA03. The antimicrobial efficiency of the ZnO NPs against Escherichia coli ATCC
25922 and Staphylococcus aureus SA03 isolates was also assessed using the disk diffusion
assays. Taken together, our results reveal that the biosynthesized ZnO NPs are promising
multifunctional materials with potential applications in antimicrobial treatments, biofilm
control, and photocatalytic remediation.
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1. Introduction
Water is an invaluable vital resource, but clean sources are becoming more and more

scarce due to human carelessness and manufacturing activities leading to elevated levels
of pollution [1]. Organic pollutants, such as dyes, antibiotics, and pesticides, constitute
the most concerning category of contaminants [2]. Furthermore, microbial contamination
poses a major global health risk, causing serious diseases like dysentery, typhoid fever, and
cholera [3].

ZnO NPs have diverse applications in fields such as anticancer, antidiabetic, antibacte-
rial, BioReRAM, antifungal treatments, drug delivery, CO2 photoreduction and agricultural
technologies [4–7]. The application of NPs in water sanitation is an actively developing
area. The most advanced materials in this field are the ones that combine photocatalytic
and antimicrobial properties. These nanomaterials offer the potential to simultaneously
achieve the degradation of organic pollutants and the eradication of pathogenic microor-
ganisms in a single step under visible/UV light irradiation. Zinc oxide (ZnO), a Group
II-V semiconductor compound, frequently crystallizes in a wurtzite structure. ZnO pos-
sesses remarkable qualities, such as a wide, direct band gap (approximatively 3.36 eV),
strong absorption in the ultraviolet region, high room-temperature exciton binding energy
(around 60 meV), a large electrochemical coupling coefficient, excellent photostability,
biocompatibility and low toxicity [8].

ZnO is a highly versatile material, considered an ideal candidate for water treatment
process thanks to its two main properties: ZnO exhibits strong photocatalytic activity, not
only under ultraviolet (UV), but also visible radiation due to its lower band gap energy
compared to TiO2. When irradiated, ZnO NPs produce reactive oxygen species (ROS),
which are responsible for both the photocatalytic activity (pollutant degradation) and the
antimicrobial activity. The antimicrobial activity of ZnO NPs is generally higher for smaller
NPs. This effect relies on two primary mechanisms [9]: (i). light-related mechanisms
(ROS production), and (ii). morphology-related mechanisms including mechanical damage
(physical destruction of microbial cell membranes) and/or ion release (diffusion of Zn2+

ions, which interact with essential cell components) [10]. Furthermore, ZnO is non-toxic
to humans, water insoluble, reusable, and combines elevated photocatalytic and antimi-
crobial activities. However, all these characteristics strongly depend on the size, shape,
surface morphology, and defects of the ZnO NPs, which are themselves determined by the
synthesis method.

The preparation of ZnO NPs can follow various chemical and physical routes (sol–
gel, pulsed laser deposition, thermal evaporation, etc.) [11,12]. However, most of these
traditional methods are expensive, intensive in terms of energy and time, require critical
conditions (temperature and pressure), and use hazardous chemicals that negatively affect
the environment. Given environmental concerns, biosynthesis, or “green synthesis”, has
arisen as a very promising approach. This method is favored because it is simple and
low-cost, environmentally friendly, suitable for large-scale production, results in more
stable and biocompatible NPs [13]. At the same time, ZnO NPs might exhibit significant
ecotoxicity to aquatic and terrestrial organisms, primarily driven by the release of Zn2+ ions
and reactive oxygen production [14,15] and cause considerable oxidative stress, metabolic
inhibition, and structural damage to algae, bacteria, and invertebrates [16]. Therefore, ZnO
NPs applications have to be investigated in each specific case and applied with caution.
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For practical large-scale implementation, improvements are required in synthesis re-
producibility, photocatalytic efficiency, and NP recovery or reuse. Furthermore, pilot studies
in real wastewater conditions, cost–benefit analyses, and adherence to industrial standards
remain essential to ensure feasibility and efficiency at an industrial scale [17]. Green
biosynthesis methods further enhance the environmental value of ZnO NPs by producing
non-toxic and biodegradable materials. Using biological agents such as plant extracts,
bacteria, or fungi, this approach avoids hazardous chemicals while yielding nanoparticles
with enhanced photocatalytic and antimicrobial performance [18]. Several recent studies
focus on ZnO NPs’ capacity to act simultaneously as a photocatalyst (e.g., for organic
dye degradation) and as an antimicrobial agent, optimizing both functionalities within
the single nanostructures [19–22]. The composition of biological materials used in green
synthesis, including plant extracts and microorganisms, can vary significantly depending
on factors such as plant species, extraction techniques, seasonal conditions, and geographic
origin. These variations can affect the consistency of NPs’ characteristics, making it crucial
to systematically evaluate NP production in particular pilot settings [23,24].

The most promising biosynthetic route utilizes plant extract (from fruits, leaves and
seeds). Plants are rich in phytochemical compounds (flavonoids, tannins, alkaloids, etc.).
These compounds can be extracted using eco-friendly solvents, such as distilled water, for
example. The phytochemicals (especially polyphenols) serve as reducing agents, transform-
ing the precursor metal ions into metal oxide NPs. They also serve as stabilizing agents,
partially preventing the formed NPs from agglomeration.

There have been numerous reports on the ZnO NPs synthesis of with leaf extract from
Lemon peel [23], Camellia sinensis [24], Annato tree [25], Hibiscus subdariffa [26], Coffea arabica
L. [4], Aloe vera [27], Ficus carica [28], Lupinus pilosus [29], to name a few, and their antibacte-
rial and photocatalytic activities have been evaluated [30]. Licania tomentosa Benth (Oiti)
belongs to the Chrysobalanaceae family and is native to the Caatinga region of Brazil [31]. It
is commonly used in public gardens to provide shade [32] and its seed oil can be used as
ink drying oil [33]. L. tomentosa Benth leaves are readily available in Brazil, reducing raw
material costs. The leaves are rich in active phytochemical compounds, such as betulinic
acid, flavonoids, phenolics, and various triterpenic and fatty acids [34–36]. Licania tomentosa
leaf extracts have demonstrated antioxidant [36], anticholinesterase [37], antibacterial, and
antiviral activities [38]. Here, we report the biosynthesis of ZnO NPs with L. tomentosa
leaf extract and their characterization with various techniques, such as UV-Vis, SEM, XRD,
EDX, and FT-IR. The NPs were subsequently utilized as photocatalysts in organic dye
photodegradation. The ZnO NPs were also shown to inhibit the biofilm formation and to
eliminate planktonic cells of clinically relevant pathogenic microorganisms.

2. Material and Methods
2.1. Original Materials

Licania tomentosa Benth fresh leaves were collected at the Sao Carlos Campus 2 of the
University of Sao Paulo (USP) (geolocation: −21.999041, −47.932830) in January 2025. The
analytical quality zinc nitrate hexahydrate, ethylenediaminetetraacetic (EDTA), Isopropyl
alcohol (IPA, P-Benzoquinone (BQ, and DMSO (purity ≥ 99.0%) were bought from Sigma-
Aldrich (Burlington, MS, USA) and used as received. Origin 2018 64 Bit was used to
plot graphs.

2.2. Licania Tomentosa Leaf Extracts

The L. tomentosa leaves were extensively rinsed with distilled water to clean them up.
The leaves were dried at 50 ◦C for 5 days and milled. A total of 3.25 g of the milled powder
was added to 150 mL of deionized water and stirred using a magnetic stirrer at room
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temperature for 3 h to optimize the extraction of the soluble bioactive compounds. Well
enclosed with an aluminum foil, the mixture was allowed to settle at room temperature for
21 h. Next, it was passed through a Whatman No. 1 filter paper (produced in Germany
and packaged in Brazil) to get rid of the residual solids (Graphical abstract).

2.3. ZnO NPs Biosynthesis

ZnO NPs synthesis used 100 mL of the filtered extract in which 1 g of Zn (NO3)2·6H2O
was dissolved and stirred for 3 h at room temperature. The resultant solution was partially
evaporated at 70–80 ◦C using a magnetic stirrer. The process was stopped when the mixture
was reduced to 1/10th of the volume. The resulting solids were dried in the air oven at
70 ◦C overnight and thermally treated at 500 ◦C for 2 h. The obtained white powder was
thoroughly washed to remove impurities and dried overnight at 70 ◦C (see Graphical
abstract). The output efficiency was found to be 266.6 mg NPs/g using Equation (1):

e f f iciency =
Masse o f prepared NPs (mg)

Mass o f dried extract(g)
=

800 mg
3 g

= 266.6 mg NPs/g (1)

2.4. Analytical Characterization of the Obtained NPs

XRD measurements were conducted using Cu Kα radiation (λ = 1.5406 Å) on a
Miniflex 600 X-ray diffractometer (Rigaku, Tokyo, Japan), which was operating at 40 kV
and 15 mA. Detection was performed in the 2θ range between 5◦ and 70◦, with an angular
step of 0.02◦ and an exposure time of 15 s per step. The observed diffraction peaks were
extracted from the measured diffractograms. Peak fitting program (PeakFit Version 13;
www.systat.com, accessed on 15 April 2026) was used to adjust Gaussian functions for each
peak and the NPs’ average crystallite sizes were estimated using the modified Scherrer
equation [39,40]. For comparison, an average crystallite size (D), dislocation density (δ),
and micro strain (ε) were also estimated using the Williamson–Hall method [41] from the
following Equations (2) and (3):

δ =
1

D2 (2)

ε =
β

4 tanθ
(3)

Here, D is the crystallite average dimension, β is the full width at half maximum
(FWHM) in radians and θ is the scattering angle in degrees.

UV-Vis adsorption spectra were measured using Thermo Scientific (Waltham, MA,
USA) Multiskan GO UV/Vis Microplate Reader Spectrophotometer between 200 and
1000 nm. For the measurements, the ZnO NPs were suspended in milli-Q water in a 1 cm
quartz cuvette. Origin 8 software was used to analyze the adsorption spectra.

FT-IR data were obtained as follows: Pellets of the ZnO NPs samples were prepared
using a hydraulic press. A Nicolet 6700 FT-IR spectrometer was used to collect spectra
within a wave number range between 400 cm−1 and 4000 cm−1.

Morphology and the average size of the synthesized green ZnO NPs were evaluated
by scanning electron microscopy (SEM). The ZnO NPs powder was scattered on a sample
holder, coated with gold and scanned using an electron beam. The element composition
of the samples was analyzed by energy-dispersion X-ray spectroscopy (EDS) using an
X-Max solid-state silicon detector (Oxford Instruments). Finally, the pHzpc of the ZnO NPs
was determined.

Hydrodynamic radii and the NP size distribution were analyzed using the DLS
technique (SpectroSize 300 instrument, XtalConcepts, Germany). DLS relies on the mea-
surements of light intensity fluctuations as a function of time due to the particle’s Brow-
nian motion [42]. Such measurements allow for the determination of the diffusion co-
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efficient (D), which is related to the hydrodynamic radius (Rh) of the particle via the
Stokes-Einstein equation,

D =
kbT

6πηRh
(4)

where kb is the Boltzmann constant (1.380 × 10−23 kg m2 k−1), T is the absolute temperature,
and η is the viscosity of the solution [42].

2.5. Photocatalytic Activity Measurements

The photocatalytic activity of the ZnO NPs biosynthesized using L. tomentosa leaf
extract was studied using MB and CV as model dyes. MB and CV are extensively applied
in the textile and paper industries and are components of navy blue and black inks, re-
spectively. In a typical photocatalytic experiment, 25 mgs of the ZnO NPs were dispersed
in 100 mL of 5 mg/L MB dissolved in water. The mixture was first stirred in the dark for
30 min. After this period, a mixture containing dyes and the photocatalyst was submitted to
UV-A light using eight (8) UV-A 6W T-5-BL Lucmat lamps (LUCMAT, São Paulo, SP, Brazil),
with a maximum emission wavelength of 368 nm. After that, 1.5 mL aliquots were peri-
odically taken. The supernatant was obtained by centrifugation at 13,300 rpm for 10 min.
The dye degradation was monitored by measuring the fall in the maximum absorbance
of MB and CV dyes in the supernatant, with absorption peaks centered at λ = 663 nm and
583 nm, respectively, using Thermo Scientific Multiskan GO UV/Vis Microplate Reader
Spectrophotometer over a wavelength range 200–1000 nm (Figure 1).

The degradation was quantified using the equation:

Degradation (%) =
C0 − Ct

C0
× 100% =

A0 − At

A0
× 100% (5)

Here, A0 is the initial absorbance of dyes at the initial concentration C0, and At is the
absorbance of the dye with concentration Ct at time interval t.

Figure 1. Schematic representation of the experimental steps for MB decomposition.

2.6. Antimicrobial Activity Measurements

The antimicrobial activity of the green-synthesized ZnO nanoparticles was evaluated
using the broth microdilution method in 96-well microplates. The bacterial isolates (Es-
cherichia coli ATCC 35218, Enterococcus faecalis ATCC 29737, Klebsiella pneumoniae ATCC
700603, Pseudomonas aeruginosa ATCC 27853, P. aeruginosa B3, Staphylococcus aureus ATCC
29213, and S. aureus SA01) were suspended in sterile saline and adjusted to an optical den-
sity of 0.1 at 600 nm (≈1.5 × 108 CFU/mL; McFarland 0.5 standard). A stock suspension
of ZnO NPs (4000 µg/mL) was prepared in Milli-Q water and subjected to twofold serial
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dilutions in Mueller–Hinton (MH) broth to obtain final concentrations ranging from 1.95 to
2000 µg/mL. Each well received 10 µL of the bacterial inoculum and 90 µL of MH broth
containing the corresponding ZnO nanoparticle dilution. Following incubation at 37 ◦C
for 24 h, 30 µL of 0.03% resazurin solution (Sigma-Aldrich®) was added to each well and
plates were incubated for an additional 4 h [28]. Minimum inhibitory concentration (MIC)
was defined as the lowest concentration capable of inhibiting the colorimetric changes from
blue (no reduction in resazurin to resorufin) to pink. The bacterial growth was determined
from measurements of the optical density at 600 nm (OD600). The percentage of bacterial
growth inhibition at each nanoparticle concentration was calculated relative to the positive
growth control (bacteria without nanoparticles) using Formula (6):

Growth Inhibition (%) =

[
1 − (A test − ANP blank)

Acontrol

]
× 100% (6)

Here, Atest is the absorbance of NPs in MH broth with bacteria, ANP blank is the ab-
sorbance of NPs in MH broth without bacteria, and Acontrol is the absorbance of bacteria in
MH broth without nanoparticles.

Nonlinear regression using a four-parameter logistic model ([inhibitor] vs. response,
4PL) was performed in GraphPad Prism (v. 10) to determine the IC50, defined as the
concentration of nanoparticles required to inhibit 50% of bacterial growth.

Minimum bactericidal concentrations (MBCs) were determined as follows: aliquots
of 10 µL from wells showing no detectable bacterial growth after 24 h of incubation were
streaked onto Mueller–Hinton agar plates and incubated at 37 ◦C for 24 h. The MBC was
defined as the lowest concentration of ZnO NPs yielding no detectable bacterial colonies
on the agar surface [43].

2.7. Biofilm Inhibition Assay

Further, the ZnO NPs were assessed for their ability to inhibit bacterial biofilm forma-
tion. For this assay, E. faecalis ATCC 29737, P. aeruginosa ATCC 27856 and S. aureus SA03
were used as test organisms. Bacterial cultures were initially grown in Mueller–Hinton
broth and adjusted to a final density of approximately 1 × 106 CFU/mL. Aliquots of
the standardized bacterial suspensions (10 µL) were then inoculated into sterile 96-well
microplates together with 90 µL of ZnO NPs at different concentrations (0.25 × MIC,
0.5 × MIC, 1 × MIC) and 100 µL of MH broth. Following incubation, the solutions from
the wells were gently aspirated, and each well was washed carefully with phosphate-
buffered saline (PBS) to remove non-adherent cells. The remaining attached biofilms were
then fixed using methanol and stained with 1% (w/v) CV for 20 min at room temperature.
Excess stain was eliminated by repeated rinsing with PBS. The stained biofilm biomass was
subsequently solubilized with 70% (v/v) ethanol and allowed to rest for 15 min. The OD of
the solubilized crystal violet was analyzed at 590 nm using a microplate spectrophotometer.
The measured absorbance was used to quantify biofilm formation and to calculate the
percentage of biofilm inhibition induced by nanoparticle treatment relative to the untreated
control [44].

Biofilm formation (%) =
(A test − A blank)

(A control − A blank)
× 100% (7)

2.8. Disk Diffusion Assays

The disk diffusion assay (Kirby–Bauer method) was adapted to evaluate the ZnO
NPs antibacterial activity against Staphylococcus aureus SA03 and Escherichia coli ATCC
25922 isolates. Under sterile conditions, suspensions of the NPs were prepared using serial
dilutions. All suspensions were subjected to sonication for 10 min to ensure homogenous
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dispersion and subsequently kept at rest for 24 h to favor solubilization. The bacterial
cultures were adjusted to an optical density of O.D. = 0.1 in LB medium. Next, 20 µL of
each NPs suspension was applied to the plates previously seeded with the bacteria. Each
assay was performed in duplicate. As a positive control (+), 10 µL of ampicillin (10 mg/mL)
was used, and as a negative control, 10 µL of sterile water was applied. After that, the
plates were incubated at 35 ◦C for 24 h. Finally, the inhibition zones formed were evaluated,
and the results were recorded in millimeters (mm). All measurements were performed
in duplicate.

2.9. Statistical Analysis

Statistical analyses were undertaken using the software GraphPad Prism version
10.01 (GraphPad Software Inc., La Jolla, CA, USA). The data were analyzed by one-way
analysis of variance (ANOVA) followed by the Tukey test. A p-value of <0.05 was consid-
ered statistically significant. All experiments, excluding photocatalytic degradation and
antimicrobial assays, were performed in triplicate (n = 3). The data are presented as the
mean ± standard deviation.

3. Results and Discussion
3.1. SEM Analysis

The SEM was used to evaluate morphology of the biogenic ZnO NPs and to estimate
their particle size (Figure 2a,b). The green ZnO NPs have a homogeneously spherical
morphology and are grouped together in aggregates. To analyze the chemical composition
of the NPs sample, energy dispersive X-ray (EDS) data were obtained, as depicted in
Figure 2d. The EDS spectrum showed the presence of three main elements (zinc, oxygen
and silicon) in the samples. The silicon signal originates from the Si grids used for the
sample loading, whereas Zn and O signals support successful ZnO NP synthesis. In
Figure 2c, the histogram of particle size distribution shows that the mean diameter of ZnO
nanoparticles is 25.15 ± 1.2 nm.

Figure 2. Structural and morphological characterization of ZnO NPs synthesized using Licania
tomentosa leaves. (a,b) ZnO NPs as observed by SEM at two different amplifications; (c) distribution
of the particle sizes; and (d) EDS of ZnO NPs: the detected Si (silicon) signal originates from the Si
grids used for the sample loading.
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3.2. XRD Analysis and Average Crystallite Size

X-ray diffraction (XRD) analysis of the biogenic ZnO NPs obtained using L. tomentosa
leaf extract shows well-defined strong diffraction peaks (Figure 3a), with 2θ values of
31.65◦, 34.33◦, 36.12◦, 47.44◦, 56.50◦, 62.78◦, 66.40◦, 67.87 and 69.0◦. The peaks correspond
to the crystallographic planes (100), (002), (101), (102), (110), (103), (200), (112) and (201)
of ZnO NPs in a polycrystalline hexagonal wurtzite structure (JCPDS 5-0664). The XRD
data exclude the presence of a secondary phase (Figure 3a). Out of all existing ZnO NPs
structures, the hexagonal wurtzite structure is one of the most frequently observed [45].

Figure 3. (a) X-ray diffraction data obtained from the green ZnO NPs produced using Licania tomentosa
leaves extract. (b) The Williamson–Hall plot. (c) UV-Vis spectrum with the Tauc plot of (αhυ)2 vs.
hυ for ZnO NPs: experimental data (black) and linear fit (red) used to estimate the optical band gap.
(d) The ZnO NPs FT-IR spectrum.

The average crystallite size was calculated using the Scherrer equation resulting in
an estimate of about 15.9 nm. At the same time, using the Williamson–Hall approach
(Figure 3b) the average crystallite size was estimated to be about 10.8 nm. In addi-
tion, the dislocation density (δ) and micro-strain (ε) can be evaluated as 2.55 × 10−3 nm
and 3.94 × 10−3. Comparison of the average crystallize sizes with the average parti-
cle size (Figure 3c) shows that each of the ZnO NPs is made of several crystallites, i.e.,
is polycrystalline.

3.3. UV-Vis Spectroscopy Data

The optical properties of the ZnO NPs were analyzed using UV-Vis adsorption spec-
troscopy (Figure 3c). A clear absorption peak at 365 nm is characteristic of ZnO NPs.
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The ZnO NPs band gap was estimated from the experimental UV-Vis data based on
Equation (8) [46].

(αhυ)2 = B(hυ − Eg)1/2 (8)

Here, B is a constant, h = 6.626 × 10−34 J Hz−1 is the Planck constant, υ is the frequency
of light, Eg is the optical band gap energy and α is the adsorption coefficient. The specific
band gap was determined using the extrapolation of the linear part of the (αhυ)2 versus
(hυ) function to the x-axis. The band gap of the ZnO NPs was estimated to be equal to 3 eV
(see the insert in Figure 3c). This band gap is considerably smaller than a typical band gap
of bulk ZnO (EG = 3.37 eV) [47]. A decrease in the band gap is a consequence of nanoscopic
NP dimensions as well as the plant extract reduction [48], which can result in even more
catalytically active NPs than the similar NPs prepared by other methods [49,50].

3.4. FT-IR Measurements

The ZnO NPs FT-IR spectra reveal various peaks centered at 3400 cm−1, 1550 cm−1,
1400 cm−1, 1050 cm−1 and 550 cm−1 (Figure 3d). The peak at 550 cm−1 corresponds to
the Zn-O bond, which further corroborates the idea of ZnO NP synthesis [51]. A strong
peak at 3400 cm−1 could be ascribed to the O-H stretching vibrations of the bound OH
group and/or the moisture adsorbed on the ZnO NP surface, whereas a less intense peak at
1550 cm−1 stems from the deformation vibrations of the same chemical moieties [52,53]. At
the same time, the peaks at 1400 cm−1 and 1050 cm−1 can be linked to the C-O stretching
modes [54,55].

3.5. Dynamic Light Scattering (DLS) Measurements

DLS measurements (Figure 4) are highly sensitive to NP aggregation. The biosynthe-
sized ZnO NPs particle size distribution (Figure 4) is a bimodal function (Figure 4a,b) with
roughly half of the particles having a smaller average hydrodynamic radius of 217 ± 16 nm
with a relatively narrow polydispersity index (PDI) of 12.9%. The other half of the particles
form much larger aggregates with an average hydrodynamic radius of 6883 ± 1232 nm and
a much broader distribution, reflected in PDI = 42%. This is broadly consistent with SEM
images of the ZnO NPs (Section 3.1) which reveal significant NP aggregation (Figure 2). If
one assumes that both modes in particle size distributions in solution as made of tightly
packed rigid spheres with as average diameter of 25 nm (Figure 2c), the smaller size well-
defined distribution with an average radius of 217 nm represents clusters with several
hundreds to a few thousands individual NPs, although the upper limit might be overesti-
mated, since an influence of the hydration sphere of water molecules tightly bound to the
surface of NPs has not been taken into account. The second part of the distribution reflects
much larger aggregates. Nevertheless, the suspension reveals good temporal stability, with
only minor fluctuation in hydrodynamic radius over time (Figure 4c).

3.6. Point of Zero Charge (pHzpc)

The pHzpc is the pH value for which the surface net charge of the NP is zero. This
value is very important in photodegradation processes. To determine pHzpc, a suspension
with 25 mg of the catalyst was added to 10 mL of NaCl (C = 0.0125 molar) with an initial
pH of 2, 4, 6, 8, 10, and 12 and stirred for 24h when the final pH was measured. Next, a
curve of the pH change as a function of the initial pH was plotted, and the pHzpc was
determined as the value of pH in which the pH change does not occur [56]. From Figure 5,
it is clear that the pHzpc = 8. The pH above pHzpc makes the surface of ZnO NPs negative
while pH below pHzpc makes the ZnO NP surface positive [57,58].
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Figure 4. DLS analysis of ZnO NPs biosynthesized with the use of Licania tomentosa leaf ex-
tract. (a) Mean autocorrelation funcion, Mean radius distribution (solid line) and Gaussian peak
fit in dashed line, Radii of the particles; (b) Size distribution of the NPs; (c) Time-dependent
size distribution.

Figure 5. pHzpc of the ZnO NPs biosynthesized with Licania tomentosa leaf. The black horizontal line
at y = 0 represents the line of zero pH change. The black line with red squares plots the difference ((∆
(pH)) between the final pH and the initial pH of the solution after the addition of the ZnO NPs. The
point where this data line crosses the zero-charge line (approximately at pH 8) indicate the point of
zero charge for the ZnO NPs.
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3.7. Photocatalytic Activity

One of the main objectives of our research was to assess the photocatalytic potential
of the green ZnO NPs in degrading MB and CV dyes. The photocatalytic activity of
the NPs was tested using a binary dye-catalyst system subjected to UV irradiation. The
photocatalytic degradation was performed at an initial pH of MB and CV dyes (initial
concentration of 5 ppm) and 25 mg of the respective photocatalyst. Figure 6a,b show the
optical absorption spectra of the binary solution shifted significantly over time. A consistent
decline in peak intensity for both MB (Figure 6a) and CV (Figure 6b) was observed as a
function of the irradiation time. The application of ZnO NPs resulted in remarkable
degradation efficiencies of 93.54% for MB (Figure 6c) and 79% for CV (Figure 6d) after
seven and two hours of photocatalytic reactions, respectively.

Figure 6. Photocatalytic performance of ZnO nanoparticles synthesized using Licania tomentosa leaves
toward methylene blue and crystal violet degradation. (a,b) Changes in the absorption spectra of MB
and CV dyes, respectively, as a function of irradiation time in the presence of ZnO NP photocatalyst;
(c,d) the degradation efficiencies of MB and CV dyes solution by the ZnO NPs.

3.8. Kinetic of Photodegradation

The pseudo-first-order kinetics with respect to the substrate concentration is frequently
applied to evaluate photocatalytic reactions [59,60]. The kinetic studies of photocatalytic
degradation of both MB and CV dyes (Figure 7a,b) show that the photocatalytic degradation
process occurs via the Langmuir–Hinshelwood pseudo-first-order reaction which can be
described by Equation (9) [61–64]. The pseudo-second-order model was examined in
parallel with the first-order model according to Equation (10). However, the R2-values
of the pseudo-first-order model were much better than those of the pseudo-second-order
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model. For this reason, we have not included these data in the final text to avoid potentially
cluttering the manuscript.

ln
C
C0

= −k1t (9)

1
C

=
1

C0
+ k2 t (10)

Figure 7. (a,b) Pseudo-first-order kinetics data for MB and CV dyes photodegradation using the ZnO
NPs catalyst.

Here C0, C, k1 and k2 represent the initial concentration of dyes, the concentration of
dyes at time t, and the estimated pseudo-first- and second-order rate coefficients, respec-
tively. The plots of ln(C/C0) for the pseudo-first-order are given in Figure 7a,b. The rate
constants and the corresponding coefficients (R2) were calculated from the plots. From
the results obtained, the pseudo-first-order equation describes well the experimental data
as confirmed by the obtained parameters [65]. The MB and CV photodegradation rate
constants of 0.37914 h−1 and 0.01061 min−1 have accomplished under UV light respectively.

3.9. Optimization of Photocatalytic Degradation Parameter
3.9.1. pH Optimization

The influence of the initial pH was evaluated within a pH range from 2 to 12 and 4 to
10 for MB and CV dyes. A 5 ppm dye concentration and 25 mg of the ZnO catalyst dosage
were kept constant and the mixture was exposed to UV light (48 W) (Figure 8a,b). It is clear
that the dye removal efficiency increases with an increase in the initial pH of MB (Figure 8).
The photocatalytic efficiency of MB and CV dyes reached ~94% and ~81% with pH = 12
and pH = 10 after 60 min and 70 min, respectively, against only ~1% and 3% degradation in
a weakly acidic medium at pH = 2 and pH = 4. As a result, their first-order rate constant
increased with increasing pH values for both dyes, reaching a maximum of 0.051 min−1

and 0.0238 min−1 for MB and CV dyes, respectively, at pH = 12 and pH = 10 (Figure 8c,d).
The pHzpc for the ZnO NPs is 8 (Figure 5). The pH above pHzpc makes the surface of
ZnO negative and while pH below pHzpc makes the surface of ZnO positive [65,66]. As
demonstrated in Figure 8c,d the highest rate of MB and CV degradation on the ZnO NPs
occurs at pH 12 and 10, respectively. This can be explained by an electrostatic attraction of
cationic, positively charged dyes to negatively charged NP surfaces. Additionally, a higher
amount of OH· radical ions are absorbed on the photocatalyst surface at high pH values,
further assisting the efficiency of the photodegradation process [67].
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Figure 8. Photocatalyst degradation of MB and CV dye solutions using biosynthesized ZnO NPs
under UV light illumination at different pHs. (a,b) (C/C0) ratios for, respectively, MB and CV;
(c,d) the plots of ln(C/C0) as a function of irradiation time for MB and CV, respectively, and (e) the
degradation efficiencies.

3.9.2. Optimization of the Catalyst Dosage

The optimal photocatalyst dosage for MB and CV dyes elimination was assessed
by altering the quantity of ZnO NPs while maintaining constant dye concentrations and
reaction pH. The results show that the efficacies of MB and CV dyes removal are impacted
by the dosage of the photocatalyst (Figure 9a,b). When the photocatalyst dosage increased
from 6.25 mg to 12.5 mg, ~92% and ~94% degradation of MB was detected, respectively.
In parallel, the degradation of the CV dye increased from 13.76% to 79% when the ZnO
NPs loading increased from 6.25 mg to 25 mg (Figure 9e). This enhancement in the
degradation based on the amount of catalyst dosage is probably due to the availability of
highly reactive surface area, which in turn increases the number of active sites as the ZnO
NPs concentration increases [67,68]. Notwithstanding this, further increase in the dosage
of photocatalyst from 25 mg to 50 mg led to a decrease in the photodegradation efficiency
for both dyes. When the photocatalyst dosage exceeds a critical range when there will
not be enough room for the NPs to disperse in the solution and the particles tend to stick
to each other and become aggregated. In this situation most of the photocatalyst active
sites will become blocked and unavailable and the degradation efficiency of the system is
expected to decrease [69]. As illustrated in Figure 9e MB and CV dyes show the optimum
photodegradation performance at photocatalyst dosages of 12.5 mg and 25 mg, respectively.
Therefore, 12.5 mg and 25 mg were chosen as the optimal photocatalyst dosage and were
utilized in subsequent experiments.
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Figure 9. Photocatalyst degradation of MB and CV dye solutions with green-synthesized ZnO
NPs under UV light illumination at different catalyst loadings. (a,b) Ratios (C/C0) for MB and CV,
respectively, (c,d) the plots of ln(C/C0) as a function of irradiation time for, respectively, MB and CV
and (e) the degradation efficiencies.

In addition, the photocatalytic degradation kinetics were analyzed using a pseudo-
first-order kinetic model and the reaction rate constants (k) were calculated for each ZnO
NPs dosage. The kinetics data (Figure 9c,d) revealed a similar trend to that of the photocat-
alytic degradation efficiencies. The k value increases from 0.045 min−1 to 0.051 min−1 when
ZnO dosage is raised from 6.25 mg to 12.5 mg for MB and 0.001 min−1 to 0.0102 min−1

when photocatalyst dosage is increased from 6.25 mg to 25 mg for CV, confirming enhanced
photocatalytic degradation rate at increased ZnO NPs dosages. This increase in the reaction
kinetics reflects a larger quantity of active catalytic sites and higher ROS generation at
optimal photocatalyst dosage. At 25 mg and 50 mg of ZnO NPs, however, the reaction rate
constant for MB and CV declined from 0.050 min−1 to 0.045 min−1 and 0.0102 min−1 to
0.009 min−1 respectively, reinforcing the observation that excessive ZnO NPs concentrations
are deleterious for its photocatalytic activity.

3.9.3. Optimization of the Initial Dye Concentration

The dye concentration impact on photocatalytic activity is very important for prac-
tical applications. Thus, the photocatalytic activity of the biosynthesized ZnO NPs for
degradation of MB and CV dyes was investigated by changing the dye concentrations from
5.0 ppm to 15 ppm while maintaining the photocatalyst amount and reaction pH constants
(12.5 mg at pH 12 for MB, 25 mg at initial pH of CV) and using UV light irradiation (48 W)
(Figure 10a,b). The experimental results reveal that the photocatalytic efficiency of the ZnO
NPs is inversely proportional to the concentration of both dyes under similar conditions
and maximum catalytic efficacy corresponds to a minimum dye concentration (5 ppm).
When the dye concentrations were increased from 5 to 15 ppm, the dye photodegradation
fell from 94.5% to 37.0% and 79% to 25.35%, respectively, for MB and CV (Figure 10e). This
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decrease is presumably related to lower light absorption on the ZnO photocatalyst surface
caused by increased dye concentration in solution, which in turn reduces the production of
ROS [70]. Thus, a 5 ppm dye concentration has been chosen in the following optimization
experiments for both dyes.

 

Figure 10. Photocatalyst degradation of MB and CV dyes solutions using biosynthesized ZnO NPs
under UV illumination at different concentrations of dyes. (a,b) Ratios (C/C0) for, respectively, MB
and CV; (c,d) the plots of ln(C/C0) as a function of irradiation time for MB and CV, respectively and
(e) the degradation efficiencies.

Photocatalytic degradation kinetics were analyzed (Figure 10c,d) and the trend in
rate constant closely follows the degradation efficiencies: at 5 ppm concentration of dyes,
reaction rate constants were highest (0.051 min−1 for MB and 0.0102 min−1 for CV), re-
flecting efficient photocatalytic degradation due to the high amounts of ROS and minimal
light attenuation. At 10 ppm dye concentrations, rate constants decreased (0.019 min−1 for
MB and 0.004 min−1 for CV), indicating a slight reduction in degradation rate, whereas
at 15 ppm dye concentrations, rate constants dropped sharply (0.007 min−1 for MB and
0.002 min−1 for CV). These results highlight the importance of matching the initial dye
concentration with the catalyst dosage to maximize the photocatalytic activity. Excessive
dye concentrations not only limit the availability of ROS but also impede light penetration,
which ultimately hinders the overall photocatalytic reaction. Photocatalytic degradation at
varying dye concentrations can be understood as a competition between the availability of
ROS and the quantity of dye molecules. At low concentrations of dyes, ZnO NPs photogen-
erated ROS are abundant, enabling rapid and efficient degradation of the dye molecules.
However, as the dye concentrations increase, ROS concentration becomes suboptimum,
leading to a decrease in the photocatalytic degradation efficiencies and reaction rates. Dye
concentration of 5 ppm represents a point of equilibrium at which the ROS production
matches the dye molecule concentration. Beyond this concentration, the degradation pro-
cess becomes diffusion- and light-limited, further underscoring a need for optimization for
particular applications [71].
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3.9.4. Intensity of Light Optimization

To investigate the influence of UV light intensity levels on the ZnO NP catalyzed
photodegradation of MB and CV, the UV lamps with a total power of 34 W and 48 W
were employed while the initial MB and CV dyes concentration, catalyst loading and pH
were set to 5 ppm: 25 mg for CV, 12.5 mg for MB and (12 for MB and initial pH of CV,
respectively. The experiments were conducted under light illumination and in the absence
of light (Figure 11a,b). It is clear that the photodegradation efficiency is impacted by the
light intensity. Indeed, when UV light intensity was increased from 24 W to 48 W, both
the rate and percentage of dye degradations increased from 0.029 min−1 to 0.051 min−1

and 82.62% to 94.52%, respectively, for MB. In parallel, the same parameters grow from
0.004 min−1 to 0.0102 min−1 and 50% to 79% for CV (Figure 11c–e). Since the ZnO NPs
suspension is stirred in solution, the light intensity directly affects the light intensity, which
illuminates the surface of the catalyst. The increase in degradation rates and efficiencies can
be explained by the higher generation of ROS on the ZnO NP surface under stronger light
illumination. As expected, in the dark, the ZnO NPs were unable to efficiently eliminate
the dyes (Figure 11) [72,73].

 

Figure 11. Photocatalyst degradation of MB and CV dye solutions using green-synthesized ZnO NPs
under UV light illumination of different intensities. (a,b) Ratios (C/C0) for MB and CV, respectively;
(c,d) the plots of ln(C/C0) as a function of illumination time for MB and CV, respectively, and (e) the
degradation efficiencies.

3.10. Identification of Main Reaction Oxygen Species

To understand the photocatalytic process in molecular detail it is important to identify
the ROS involved in the breakdown of dyes. When MB is photodegraded using ZnO,
four different radical scavengers, EDTA, DMSO, BQ and IPA were separately added to the
reactions to capture holes (h+), electrons (e−), superoxide (•O2

−) and hydroxyl radicals
(•OH) respectively [74–76]. All scavengers were tested at the same concentration (1.0 mM)
but BQ (0.5 mM). A total of 5 ppm of aqueous MB solution at pH = 12 and 12.5 mg of
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ZnO catalyst were used. The plots (C/C0) and the percentage of dye degradation in the
presence and absence of scavengers are given in Figure 12a,b. The photodegradation
efficiency of MB was significantly reduced upon addition of BQ (40.1%), DMSO (61.7%)
and EDTA (60.2%), while the addition of IPA (86.9%) had relatively little effect. According
to the effects of scavengers on the efficiency of MB removal, their inhibitor effect can be
ranked as BQ > DMSO > EDTA > IPA > No scavenger. This means that •OH can have a
certain influence on the reaction, whereas h+, e− and •O2

− radicals play crucial roles in the
photocatalysis of MB dye. Although it is known that DMSO, particularly at high concentra-
tions and high pHs, is capable of also capturing •OH radicals [77,78], and the influence of
DMSO can be partially ascribed to this effect, the fact that IPA has modestly affected the
photocatalytic activity practically rules out a predominant role of hydroxyl radicals under
the studied conditions. The impact of the scavengers on the efficiency of photocatalytic
degradation of CV is represented in Figure 12c [69]. The strongest suppression of the pho-
tocatalytic reaction was observed for acid ascorbic (AA), revealing that superoxide plays a
leading role in the CV photodegradation. IPA and EDTA also caused suppression of the
rate of the CV photocatalytic degradation, but their impacts were somewhat more limited.
This indicates that H+ and •OH also play important roles but they are less important than
superoxide ions for this particular photocatalytic reaction.

Figure 12. (a) Impacts of BQ, DMSO, EDTA, AA and IPA addition during the ZnO-mediated
photocatalytic degradation of MB; (b) the maximum percentage of observed degradation in the
presence of different scavenging agents; (b,c) the corresponding degradation efficiencies.

3.11. Mechanism of MB Dye Degradation

Based on the experiment data the following mechanism may be proposed for the
degradation of MB dye (Figure 13). Upon exposure to UV irradiation, photons having
energy equal to or greater than the band gap energy of the ZnO NPs (3 eV) excite e−
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from the valence band (VB) to the conduction band (CB), creating electron–hole pairs. The
electrons and photogenerated holes on the surface of the NPs react with O2 and H2O,
leading to the formation of radicals with high oxidative power, such as superoxide (−O2)
and hydroxyl (−OH) that degrade dyes down to the final H2O and CO2 molecules and
other non-polluting sub-products [75,79,80].

Figure 13. Schema of the photocatalytic degradation routes: Schematic illustration of the photocat-
alytic degradation mechanism of MB dye using ZnO under UV light irradiation. Upon UV exposure,
electrons (e−) are excited from the valence band (VB) to the conduction band (CB), leaving behind
holes (h+). These charge carriers generate reactive oxygen species such as •OH and O2

−•, which
contribute to dye degradation. Solid arrows indicate the primary charge transfer and redox reac-
tions, while dotted arrows represent the diffusion and interaction of reactive species with MB dye
molecules. Different colored arrows distinguish between oxidation (red) and reduction (brown)
pathways involved in the photocatalytic process.

In this study, we decided to directly measure the availability of particular ROS pro-
duced by the ZnO NPs. We have chosen to measure H2O2 because it is the most biologically
stable ROS and also the most quantifiable by biochemical means. To measure H2O2 release,
we used the samples of ZnO NPs biosynthesized using Licania tomentosa and Annato tree
leaves [25] suspended at 0.25 mg/mL in a solution of water exposed to 24 W UVA light
for 4 h with continuous stirring. During the experiment, 1 mL aliquots were taken every
one hour in duplicate. The supernatant was obtained by centrifugation at 13,300 rpm for
10 min. To measure the production of H2O2, a 49 µL kit consisting of a mixture of 200 µM
Ampliflu red 5 U/mL of horseradish peroxidase and 50 mM Bis-Tris buffer pH = 6, was
mixed with 51 µL of each type of nanoparticle, followed by an absorbance measurement at
λ = 560 nm using spectrophotometer M200 Pro (TECAN) (Figure 14a).

Figure 14a indicates a steady increase in H2O2 content over time, with a production of
39.96 µM and 27.08 µM of H2O2, respectively, with ZnO NPs from Oiti (Licania tomentosa)
and Annatto tree leaves extract.

ROS are inherently unstable and degrade over time. Some, such as hydroxyl radical
(·OH), are highly reactive and consequently short-lived, having only an in vivo half-life of
10−9 s−1 [81]. H2O2 is the most stable of the ROS making it more suitable for quantification.
ZnO NPs frequently have a number of crystalline defects at the surface allowing electron
hole pairs (e− h+) to form upon excitation in the UV or visible spectrum [82,83]. Water
suspending these particles can be split forming H2O2 and other ROS through the following
possible reactions [82,84]:

ZnO + hυ → e− + h+ (11)

h+H2O → OH· + H+ (12)
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e− + O2 → O·−
2 (13)

O·−
2 + H+ → HO·

2 (14)

HO·
2 + H+ + e−+ → H2O2 (15)

Figure 14. (a) H2O2 generated and (b) degradation efficiencies of MB dye by the ZnO NPs synthesized
using Licania tomentosa and Annatto tree leaves extract during UV irradiation.

Moreover, the quantity of H2O2 generated by the ZnO NPs synthesized using Licania
tomentosa leaf is greater than that produced by Annatto tree leaf extract. This could explain
the difference in the photocatalytic performance obtained by these two types of ZnO NPs
(Figure 14b). Indeed, Figure 14b shows that the ZnO NPs biosynthesized using Licania
tomentosa leaves, which produce a higher amount of H2O2, offer superior degradation
efficiency compared to the NPs biosynthesized with Annatto tree leaves (93.54% vs. 70.07%,
respectively) under the same conditions (25 mg of ZnO NPs catalyst, 100 mL of 5 ppm MB
in initial pH, 48 W UVA light during 7 h). This is consistent with the results obtained by
Yangsi Liu et al. [85].

Under UV light, H2O2 supports the generation of hydroxyl radicals leading to im-
proved treatment efficiency. This occurs either by interaction of H2O2 with radiation,
superoxide anion (formed by the reaction of dissolved oxygen with the catalyst under
irradiation) or by accepting the electron from the catalyst conduction band, according to
the reactions shown below [86,87]. In general, an increase in H2O2 concentration leads to
improved color removal [88–90].

H2O2 + hυ → 2HO· (16)

H2O2 + O·−
2 → OH· + OH− + O2 (17)

H2O2 + e− → OH− + OH· (18)

3.12. Reusability of Photocatalyst

The recyclability of ZnO nanoparticles for the photodegradation of MB was investi-
gated to check the practical application of the catalysts in photocatalytic applications. In our
experiments, the photocatalyst can be recycled up to four cycles and their photocatalytic
results are shown in Figure 15a. After each photocatalysis experiment, the catalyst was
thoroughly rinsed with ethanol and water then vacuum dried at 100◦ C and reused another
time. The efficiency of photodegradation of MB by ZnO NPs has been observed to be intact
for at least four cycles.
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Figure 15. (a) The reusability of the ZnO NPs and (b) XRD before and after 4 photodegradation cycles.

To investigate what happens with the photocatalyst in the course of the photocatalytic
process, the ZnO NPs after four photocatalytic cycles were subjected to XRD analysis.
The XRD profile demonstrated a well-defined crystalline order (Figure 15b). Structural
parameters of the biosynthesized ZnO NPs prior to and post four cycles of the photocatalytic
degradation process are given in Table 1. Our results demonstrate that continuous UV
illumination led to an increase in the average crystallite size (from 15.9 to 23.8 nm) and
a significant decrease in the dislocation density (Table 1), consistent with the previous
studies [4]. One possible explanation of this phenomenon is the heating up of the NPs in
the process of UV irradiation during photocatalytic cycles and cooling them down between
the cycles. This might lead to an annealing effect, which would promote the collapse of
the individual crystallites leading to a bigger crystallite formation, accompanied by partial
elimination of dislocations. This could impact parameters of the NPs, such as, for example,
the nature and concentration of electronic defects which are known to have significant
impacts on the NP photocatalytic performances [91]. However, additional studies of the
structural parameters of photocatalytic NPs will be needed to fully confirm this hypothesis.

Table 1. Structural parameters of the ZnO NPs before and after 4 photocatalytic cycles.

Average Crystallite Size (nm) Dislocation Density (δ) (nm−2) Strain

Before 15.9 3.94 × 10−3 2.55 × 10−3

After 23.8 1.76 × 10−3 4.75 × 10−3

4. Antimicrobial Activity
The antimicrobial activity of the biosynthesized ZnO NPs was evaluated through

the determination of their MIC, MBC and IC50 (Table 2; Figure 16). The NPs exhib-
ited broad-spectrum inhibitory effects against all tested species, although with vari-
able potency depending on the microorganism. Among Gram-negative bacteria, E.
coli ATCC 35218 showed the lowest IC50 value (7.74 µg/mL), indicating high suscep-
tibility to ZnO NPs. K. pneumoniae ATCC 700603 exhibited an intermediate response
(IC50 = 128.91 µg/mL). P. aeruginosa ATCC 27853 also demonstrated strong sensitivity to
ZnO NPs (IC50 = 12.57 µg/mL), whereas the clinical isolate P. aeruginosa B3 displayed a
markedly higher IC50 (283.14 µg/mL). The MIC values for Gram-negative strains were in
the range from 1000 to 2000 µg/mL, and MBC values were ≥1000 µg/mL, suggesting that
high nanoparticle concentrations are required to achieve bactericidal activity.
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(f) 

(g) 

Figure 16. Dose–response inhibition curves of ZnO nanoparticles against Gram-negative and Gram-
positive bacterial strains. (a) E. coli ATCC 35218, (b) E. faecalis ATCC 29737, (c) K. pneumoniae ATCC
700603, (d) P. aeruginosa ATCC 27853, (e) P. aeruginosa B3, (f) S. aureus ATCC 29213, and (g) S. aureus
SA01. Data represent the mean inhibition percentage relative to untreated controls.
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Table 2. Antimicrobial activity of green-synthesized ZnO nanoparticles against clinical and reference
bacterial strains.

Bacteria IC50
(µg/mL) MIC (µg/mL) MBC

(µg/mL)

E. coli ATCC 35218 7.74 1000 2000
E. faecalis ATCC 29737 41.86 250 2000

K. pneumoniae ATCC 700603 128.91 1000 1000
P. aeruginosa ATCC 27853 12.56 1000 1000

P. aeruginosa B3 283.14 2000 >2000
S. aureus SA01 130.53 1000 2000

S. aureus ATCC 29213 10.98 1000 2000
IC50: half maximal inhibitory concentration; MIC: minimum inhibitory concentration; MBC: minimum bacterici-
dal concentration.

Among Gram-positive bacteria, S. aureus ATCC 29213 showed a low IC50 value
(12.56 µg/mL), comparable to the more susceptible Gram-negative strains. In contrast, S.
aureus SA01, a multidrug-resistant bloodstream isolate [92], showed reduced susceptibility
(IC50 = 130.53 µg/mL). This strains E. faecalis ATCC 29737 exhibited moderate suscepti-
bility with an IC50 of 41.86 µg/mL and an MIC of 250 µg/mL, the lowest MIC observed
among all tested species. Consistent with the behavior of other strains, bactericidal activity
required elevated concentrations (MBC = 2000 µg/mL).

These results demonstrate that ZnO NPs possess measurable antimicrobial activity;
however, complete growth inhibition and bactericidal effects required higher doses. This
is a typical behavior of metal–oxide nanoparticles, whose antimicrobial action is known
to involve multiple mechanisms, including ROS generation, membrane disruption, and
Zn2+ ion release. Indeed, evidence from mechanistic studies confirms that ZnO NPs induce
oxidative stress, damage cytoplasmic membranes, and release Zn2+ ions, three central
pathways contributing to their bactericidal activity [93–95].

Unlike previous studies with the use of the biosynthesized NPs, most works use the
agar diffusion method based on halo formation, whereas the results of this study were
obtained using the microdilution method. Furthermore, differences in the chemical compo-
sition of the extracts used, the synthesis conditions, or the particle morphology can signifi-
cantly influence the antimicrobial response. Considering these factors, Gharbia et al. [96]
observed strong antimicrobial activity of ZnO nanorods produced from Olea europaea leaf
extract, with inhibition zones ≥ 30 mm against S. aureus, Streptococcus mutans, and E. coli.
Similarly, Manojkumar et al. [30] and Francis et al. [90] synthesized ZnO nanoparticles from
Brassica oleracea var. botrytis (BO) leaf extract and reported inhibition zones against S. aureus
(13 mm), K. pneumoniae (13 mm), and E. coli (9 mm). Francis et al. [97], using the microdi-
lution method, report MICs between 125 and 250 ng/µL (equivalent to 125–250 µg/mL)
for biogenic ZnO NPs, with microbicidal activity equal to these MICs. These values are
lower than those obtained in this study (250–2000 µg/mL). This difference could be related
to partial aggregation of the nanoparticles in the liquid medium, reducing their specific
surface area, or to the specific physicochemical characteristics of the extract used, which
influence their bioavailability and their ability to interact with bacterial cells.

5. Antibiofilm Activity
The antibiofilm effects of ZnO nanoparticles were evaluated against E. faecalis ATCC

29737, P. aeruginosa ATCC 27856, and S. aureus SA01 using crystal violet staining to quan-
tify biofilm biomass. ZnO NPs inhibited biofilm formation in a concentration-dependent
fashion, although the magnitude and pattern of inhibition varied across species (Figure 17).
For E. faecalis, ZnO NPs achieved 84.80 ± 4.74% inhibition at MIC, with inhibition decreas-
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ing to 64.91 ± 6.30% at 0.5 × MIC and 22.82 ± 4.62% at 0.25 × MIC, indicating a clear
dose-dependent response.

Figure 17. Inhibition of biofilm formation by green-synthesized ZnO nanoparticles. (a) Entero-
coccus faecalis ATCC 29737, (b) Pseudomonas aeruginosa ATCC 27856, and (c) Staphylococcus aureus
SA01. The percentage of inhibition was calculated relative to untreated biofilm controls. ** p < 0.01;
**** p < 0.0001. MIC: minimum inhibitory concentration.

Importantly, the biofilm of S. aureus SA01 was completely inhibited by all tested
concentrations. In contrast, P. aeruginosa ATCC 27856 displayed similar levels of biofilm
inhibition across all three concentrations tested. No statistically significant differences in
the resulting values (p > 0.05) have been observed, which ranged from 57.75 ± 7.13% to
69.62 ± 12.63%. Comparable behavior has been described in other nanoparticle–biofilm sys-
tems, particularly under sub-inhibitory NP concentrations, where bacterial stress responses,
extracellular polymeric substance (EPS) reorganization, or enhanced NP penetration into
the biofilm matrix may modulate the extent of inhibition [92].

The green ZnO NPs characterized in this research demonstrated enhanced CV and
MB dyes degradations under UV irradiation and antimicrobial MIC values as compared to
other ZnO NPs (Table 3). The recent studies on green-synthesized ZnO NPs are compared in
Table 3. While bulk ZnO has a band gap of about 3.37 eV, green-synthesized nanoparticles
often show slightly reduced value (~2.9 eV, likely due to lattice defects such as oxygen
vacancies formed during synthesis). This band gap narrowing enables activation under UV
and visible light and improves photodegradation efficiency. Additionally, the nanoscale
morphology of ZnO NPs enhances their interaction with bacterial cells, while defect-
induced reactive oxygen species contribute to their antimicrobial activity [98,99].
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Table 3. MB and CV dyes degradation efficiencies by biogenic ZnO NPs.

Source of
Nanomaterials Extract Mass Temperature of

Calcination
Band

Bap (eV) Composition Catalyst
Load (mg) Light Source Removal

Efficiency (%)

Initial Dye
Concentration

(ppm)

pH of
Solution

Rate
Constant k

(min−1)
Dye Ref.

Cow dung 1 g in 100 mL
water 400 ◦C, 3 h 3.19 Zn and O 18 UV 87.5 (100 min) 5 10 0.05675 MB [100]

Delonix elata leaf 20 g in
100 mL water 400 ◦C, 2 h 2.7 Zn and O 20 UV 86 (90 min) 10 Initial pH 0.01598 CV [101]

Acalypha indica
leaf

20 mg in
50 mL 400 ◦C, 4 h 3.34 Zn and O 100 Sunlight 96 (90 min) 16.67 Initial pH 1.04476 MB [102]

Litchi chinensis
leaf

50 g in
200 mL 500 ◦C, 3 h 3.33 Zn and O 5 UV 98 (120) 5 Initial pH 0.0295 MB [103]

Equisetum
diffusum D 5 g in 100 mL 450 ◦C 2.79 Zn, O, S, C 20 UV 85.61 (120) 10 Initial pH 0.152 MB [104]

Licania tomentosa
leaf 3 g in 150 mL 500 ◦C 3 Zn and O 12.5 UV 94.5 (60 min) 5 12 0.051 MB This work

Licania tomentosa
leaf 3 g in 150 mL 500 ◦C 3 Zn and O 25 UV 81 (70 min) 5 10 0.0102 CV This work

Zone of inhibition (mm) and MIC as demonstrated by green ZnO NPs

Plant Extract mass Temperature
of calcination

Morphology
structure Composition Bacterial strains MIC

(µg/mL) Ref.

Equisetum diffusum D 5 g in 100 mL 450 ◦C Spherical Zn, O, S, C

Listeria monocytogenes,
Staphylococcus epidermidis,

Escherichia coli and Bordetella
bronchiseptica

30, 20, 70 and 90 [104]

M. oleifera 50 g in 200 mL 80 ◦C Agglomerated
shape Zn and O

C. albicans, E. coli, K. paneumoniae,
P. aeruginosa, S. aureus and A.

baumannii

18.89, 16.56, 10.85, 4.11,
5.42, and 6.23 [105]

Pomegranate Leaf and Flower 10 g in 100 mL 80 ◦C Spherical Zn and O

B. cereus, P. aeruginosa, E. faecalis,
A. hydrophila, S. pneumoniae, E.

faecium, S. aureus. E. coli, L.
monocytogenes, M. catarrhalis, S.

typhi and K. pneumoniae

0.93, 0.88, 1.25, 0.85,
0.93, 0.816, 1250, 1250,

0.71, 1250, 0.6, and 1250
[106]

Licania tomentosa leaf 3 g in 150 mL 500 ◦C Spherical Zn and O

E. coli ATCC 35218, E. faecalis
ATCC 29737, K. pneumoniae
ATCC 700603, P. aeruginosa

ATCC 27853, P. aeruginosa B3, S.
aureus SA01 and S. aureus

ATCC 29213

1000, 250, 1000,
1000,2000, 1000 and

1000
This work
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6. Disk Diffusion
We also conducted additional studies of antimicrobial activities of the green ZnO

NPs using disk diffusion assays using representative Gram-positive and Gram-negative
bacterial strains. Table 4. presents the results obtained in the disk diffusion assay for
Staphylococcus aureus 03 and Escherichia coli 1TCC 25922.

Table 4. Antibacterial activity of ZnO NPs against Staphylococcus aureus (03) and Escherichia coli 1TCC
25922, expressed in inhibition zones (mm).

Zone of Inhibition (ZOI) (mm)

Bacteria Controle (+) 10 mg/mL
Concentration of ZnO NPs

10 mg/mL 5 mg/mL 2.5 mg/mL 1.25 mg/mL

Staphylococcus aureus 03 (24 h) 20 ± 0.8 13.5 ± 0.5 12 ± 0.8 9.7 ± 0.5 8 ± 0.5

Escherichia coli 25922 (24 h) 18 ± 1.1 5 ± 1 3 ± 1 No No

Escherichia coli 25922 (48 h) 19 ± 1 6 ± 0.5 4 ± 0.5 No No

30 mg/mL 15 mg/mL 7.5 mg/mL 3.75 mg/mL

Escherichia coli 25922 (24 h) 18 ± 1.1 8 ± 1.1 5 ± 0.5 4.6 ± 0.5 1 ± 1.7

The ZnO NPs synthesized demonstrated an inhibitory effect on the bacterial growth,
with greater antibacterial activity observed at a concentration of 10 mg/mL and 30 mg/mL,
which resulted in inhibition zones of 13.5 mm and 8 mm, respectively, for Staphylococcus
aureus SA03 (Figure 18A) and Escherichia coli 1TCC 25922 (Figure 18C). On the other hand,
the concentration of 2.5 mg/mL and 1.25 mg/mL NPs did not produce any inhibition zones
(Figure 18B) for Escherichia coli 1TCC 25922 indicating a directly proportional relationship
between the concentration of the NPs and antibacterial activity [107–109]. The positive
control (ampicillin, 10 mg/mL) produced an inhibition zone of 19 mm, confirming the sen-
sitivity of the strain to the standard antibiotic, while negative controls showed no inhibition
activity for either bacterium. These results are consistent with early studies [83,110], which
reported that Gram-positive bacteria tend to be more susceptible to ZnO NPs, likely due to
structural differences in their cell walls that facilitate NP penetration. The higher concentra-
tion of NPs required to inhibit E.coli can be attributed to the structural composition of this
bacterium’s cell walls, which consists of a thin layer of peptidoglycan associated with an
outer membrane rich in lipopolysaccharides [111,112]. This can reduce the penetration and
action of the nanoparticles.

Figure 18. (A) Inhibition zones produced by the ZnO NPs against Staphylococcus aureus SA03.
(B,C) Inhibition zones produced by ZnO NPs against Escherichia coli ATCC 25922.
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7. Conclusions
Here, the ZnO NPs have been produced in an efficient, uncomplicated and environ-

mentally friendly way utilizing Licania Tomentosa Benth leaf extracts. The Tauc plot, based
on UV-Vis spectra of the ZnO NPs, reveals a relatively small band gap of 3.0 eV. EDX anal-
ysis demonstrated only Zn and O in the NPs’ elementary composition. X-ray diffraction
studies showed that the biosynthesized ZnO NPs have a hexagonal wurtzite structure.
Scanning electron microscopy confirmed that the ZnO NPs have a spherical shape with an
average diameter of 25.5 ± 1.1 nm. An average crystallite size of 15.9 nm was estimated,
based on X-ray diffraction data using the Scherrer equation and 10.83 using the Williamson–
Hall approach. Moreover, the ZnO NPs exhibited elevated antimicrobial activity against
all tested strains, including isolates with multidrug resistance phenotypes. Their MICs
range from 250 to 2000 µg/mL, notably demonstrating efficacy against E. faecalis ATCC
29737 (MIC = 250 µg/mL). The nanoparticles also exhibited significant antibiofilm activity,
effectively inhibiting biofilm formation in E. faecalis ATCC 29737, P. aeruginosa ATCC 27856,
and S. aureus SA01. In addition, photodegradation experiments showed that 12.5 mg and
25 mg of green ZnO NPs at pH 12 and 10 resulted in the highest equilibrium elimination
of MB and CV (94.52% and 81%, respectively). Collectively, the biosynthesized ZnO NPs
using Licania tomentosa Benth leaf extracts show a great promise as multifunctional material
with applications in antimicrobial treatments, biofilm control, and photocatalytic reme-
diation, making them potentially attractive for medical, environmental, and wastewater
management technologies.
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