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Abstract

The biosynthesis of zinc oxide nanoparticles (ZnO NPs) using plant extracts offers several
important advantages, including low residue generation, reduced costs, and potentially
faster production as compared to traditional chemical methods. In this study, for the
first time, ZnO NPs were biosynthesized using an annatto plant (Bixa orellana) leaf extract
and characterized using a range of analytical techniques, including scanning electron mi-
croscopy, X-ray diffraction, energy-dispersive X-ray spectroscopy, ultraviolet—visible and
Fourier transform infrared spectroscopies, thermogravimetric analysis, and point of zero
charge measurements, thus ensuring a comprehensive elucidation of their physicochem-
ical properties. Subsequently, photodegradation of methylene blue (MB) dye using the
biosynthesized ZnO NPs was successfully demonstrated. The photodegradation studies
showed that the ZnO NPs were capable of decomposing over 95% of MB after 110 min of
UV irradiation. In addition, the potential application of ZnO NPs for water disinfection
was evaluated by assessing their ability to eliminate microbial pathogens. Furthermore,
cell-free singlet oxygen and intracellular ROS detection assays were performed to inves-
tigate the NP antibacterial molecular mechanisms. Overall, our results reveal that the
ZnO NPs exhibit excellent potential for photodegradation applications and may contribute
to the development of more effective and sustainable solutions for water treatment and
quality control.

Keywords: ZnO nanoparticles; biosynthesis; ROS; photocatalytic degradation; bacterial
disinfection; water control

1. Introduction

Recent scientific advances have enabled the development of green synthesis of zinc
oxide nanoparticles (ZnO NPs) using plant-derived extracts. In contrast to traditional phys-
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ical and/or chemical synthesis methods, green-synthesized nanoparticles offer advantages
such as reduced residue generation during the synthesis process and lower toxicity, which
are beneficial to the environment [1]. In this approach, plant extracts act as stabilizing
agents during nanoparticle formation, thereby enhancing bioavailability and environmental
compatibility compared with conventionally synthesized nanoparticles [2].

Annatto tree (Bixa orellana) is a tropical plant native to the Americas and is well-known
for its reddish seeds, which are rich in carotenoids and used as food pigments [3]. Chemical
compounds present in annatto seeds, including terpenes, steroids, and carotenoids, exhibit
considerable therapeutic properties, with the reported photoprotective, antioxidant, an-
tidiabetic, anti-inflammatory, antimicrobial, anticancer, and anthelmintic characteristics [3].
Owing to their unique physicochemical properties, ZnO NPs have been extensively investi-
gated as photocatalytists. ZnO exhibits high stability, low toxicity, and strong UV-driven
photocatalytic activity. Furthermore, due to their simple implementation and high efficiency,
ZnO NPs have also been widely applied in wastewater treatment [4].

Water is an essential natural resource for all living organisms. Moreover, modern life
relies heavily on water in numerous industrial applications, ranging from food production
and pharmaceutical manufacturing to a wide array of other industries. Due to the recurrent
mismanagement of sewage, industrial, and agricultural wastes, various bacterial species
are often found in water sources, with the Enterobacteriaceae family microorganisms, such as
Escherichia coli and Salmonella spp., frequently being prevalent. Additionally, structural fac-
tors like aging pipelines and branched network systems promote the formation of bacterial
biofilms, including those formed by the waterborne pathogen Pseudomonas aeruginosa [5-7].
The presence of antibiotic-resistant bacteria and antibiotic resistance genes in aquatic envi-
ronments, particularly in wastewater, poses a significant global health concern, as these
elements can disseminate through various routes, contributing to the spread of antimicro-
bial resistance to humans and animals [8].

Given the enormous scale of water distribution networks, selecting practical and
effective methods for bacterial decontamination is essential. However, although decon-
tamination is crucial for eliminating pathogens in water used for various purposes, such
as drinking and recreational activities, this process might present significant challenges,
particularly when potential selection of resistant strains is considered [9]. The residues
of decontamination agents that remain in the environment, even at subinhibitory levels,
can pose a significant threat since the mutations conferring resistance typically incur a low
fitness cost [10]. Another important consideration is that, unlike mutations induced by
high-dose exposures, which tend to be highly specific, those selected by low doses often
accumulate over time. These mutations can interfere with a broad range of chemical agents,
potentially complicating future decontamination efforts [10].

Considering all these factors, the use of metal oxide nanoparticles for water disin-
fection may offer significant advantages, primarily due to the non-specific nature of their
antibacterial mechanisms [11]. Unlike traditional methods that target specific receptors
or biomolecules, metal oxide nanoparticles reduce the likelihood of bacterial resistance
build-up due to their multifactorial mode of action [12].

Here, we explore the use of annatto plant leaf extracts for the biosynthesis of ZnO
NPs. The resulting NPs were characterized using a range of analytical techniques, and their
photocatalytic activity in dye degradation was evaluated. In addition, the antibacterial
properties of NPs were investigated, with a particular focus on common waterborne
pathogenic microorganisms, and compared with those of ZnO NPs previously synthesized
using coffee leaf extracts [13] and other ZnO NPs. Moreover, their potential molecular
antibacterial mechanisms were assessed using cell-free singlet oxygen and intracellular
ROS detection assays.
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2. Experimental/Methods
2.1. Materials

Fresh annatto plant (Bixa orellana) leaves were collected at a local rural farm in
Itapolis, Sao Paulo State, Brazil. Sodium hydroxide (NaOH), zinc nitrate hexahy-
drate (Zn(NOs),-6H,0), and all organic solvents were purchased from Sigma-Aldrich
(Burlington, MS, USA). Ultrapure water was used in all experiments.

2.2. Preparation of Annatto Plant Leaf Extracts

The leaves were thoroughly rinsed with ultrapure water to eliminate dust particles
and oven-dried at 35 °C for one week. After drying, the leaves were ground using a knife
mill and stored in plastic bags at room temperature. To obtain water-soluble extractives,
20 g (dry weight) of the ground material was suspended in 150 mL of ultrapure water
and autoclaved at 120 °C for 30 min. Finally, the aqueous extract was filtered to remove
residual solids.

2.3. Synthesis of Zinc Oxide Nanoparticles Using Annatto Plant Leaf Extracts

Zinc nitrate hexahydrate was added to the annatto plant leaf extract as a precursor at
a mass-to-volume ratio of 6:100 (w/v). The pH of the solution was adjusted to 6.5 using
a 6.5 M sodium hydroxide solution, and the resulting mixture was autoclaved at 121 °C for
1 h. After autoclaving, the mixture was allowed to cool down to room temperature and
then centrifuged at 13,000 rpm for 15 min at 25 °C. The supernatant was discarded, and
the solid residue was washed twice with water to remove impurities. The recovered solid
fraction was oven-dried at 105 °C for 24 h and subsequently calcined in a muffle furnace at
500 °C for 4 h.

2.4. Physical Characterization of NPs
2.4.1. X-Ray Diffraction Analyses

XRD analyses were performed on a Miniflex 600 X-ray diffractometer (Rigaku, Tokyo,
Japan) operated at 40 kV and 15 mA. The measurements were carried out at room tem-
perature using Cu Ko radiation (A = 1.5406 A). Diffraction patterns were recorded over
a 260 range of 5-70°, with an angular step of 0.02° and a counting time of 15 s per step. The
diffraction peaks were extracted from experimental diffractograms using a peak-fitting soft-
ware (PeakFit; Version 16, https://grafiti.com/). The average crystallite size was estimated
using the modified Scherrer equation [14]. In addition, the average crystallite size (D),
dislocation density (5), and microstrain (&) were also determined using the Williamson-Hall
method [15] according to the expressions 6 = # and & = ﬁ.

Rietveld Analysis

XRD data of the ZnO nanoparticle sample were further analyzed by the Rietveld
method using the BGMN refinement engine operated through the Profex graphical user
interface [16]. The refinement included background and peak-position related corrections,
together with phase scale factors and unit-cell parameters, while instrumental profile con-
tributions were treated as fixed and only sample-related peak-broadening parameters were
refined. To capture the observed line-broadening behavior, a bimodal profile-broadening
approach was applied, representing the diffraction profiles as the superposition of a narrow
and a broad component interpreted as two crystallite-size populations and/or broadening
states, which is recommended when the specimen exhibits bimodal distributions of broad-
ening effects that are not adequately represented by a single peak-shape function. The
quality of fit was evaluated using standard Rietveld agreement indicators (e.g., Rwp and
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goodness-of-fit), and refined microstructural outputs from the bimodal model characteristic
sizes of the two components and their relative contributions were evaluated.

2.4.2. UV-Vis Spectrophotometric Measurements

The optical properties of the ZnO NPs were characterized using a UV-Vis spec-
trophotometer (UV-2600i, Shimadzu, Nakagyo-ku, Kyoto, Japan) in a wavelength range of
220-850 nm. From the obtained optical absorption spectrum, the nanoparticle band gap
was estimated using the Tauc plot method, using the following relation:

(ahv)!/? = A(hv — Ey)

where « is an absorption coefficient, A is a constant, hv is the photon energy, and Eg is the
band gap energy.

2.4.3. SEM and EDS Analyses

The morphological characteristics of the biosynthesized ZnO NPs were examined by
scanning electron microscopy (SEM) using a field-emission scanning electron microscope
(FESEM SUPRA™35, Carl Zeiss, Oberkochen, Germany) operated at an accelerating voltage
of 5 kV. The samples were prepared as a 1 mg/mL suspension in ethanol and allowed to
dry on the sample holder prior to analysis.

The elemental composition of the synthesized NPs was evaluated by energy-dispersive
X-ray spectroscopy coupled to scanning electron microscopy (SEM-EDS) (Zeiss, LEO 440,
Oberkochen, Germany). The ZnO NP powder was deposited onto carbon tape and sputter-
coated with a thin layer of gold before analysis.

2.4.4. FT-IR Analysis

Infrared (IR) spectra of the samples were recorded using a Nicolet 6700 FT-IR spec-
trometer (Thermo Fisher Scientific, Waltham, MA, USA). The sample pellets were prepared
using a hydraulic press, and the spectra were recorded in the wavenumber range of
400-4000 cm 1.

2.4.5. TGA of the ZnO NPs

The thermal stability of the ZnO NPs was evaluated using a Mettler Toledo thermo-
gravimetric analyzer (TGA Q50 V20.13; Columbus, OH, USA). Approximately 5.5 mg of
the nanoparticle powder was heated up to 1000 °C at a rate of 20 °C/min under a flow of
synthetic air.

2.4.6. Point of Zero Charge pH (pHypzc)

The point of zero charge (PZC) of the biosynthesized ZnO NPs was determined using
the pH drift method. Briefly, 25 mg of ZnO NPs were added to 10 mL of NaCl solution
(C =12.5 x 1073 molar) with initial pH values of 2, 4, 6, 8, 10, and 12 adjusted using NaOH,
and the suspensions were stirred for 24 h. The final pH of each sample was then measured.
The pHyp,. was determined from the plot of final pH versus initial pH as the point where
the addition of the NPs does not change the pH (e.g., the final pH equals the initial pH).

2.5. Photocatalytic Activity Experiments

The biosynthesized ZnO NPs were used as a photocatalyst for methylene blue (MB)
dye. In a standard photocatalysis experiment, 25 mg of the photocatalyst was dispersed in
100 mL of MB water solution with a dye concentration of 5 mg/L, with initial pH of MB. To
achieve adsorption-desorption equilibrium, the mixture was stirred in the dark for 30 min.
After the dark period, a mixture containing MB and the photocatalyst was irradiated with
UV-A light for seven hours using eight 6-watt UV-A T-5-BL Lucmat lamps (Sao Paulo, SP,
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Brazil) and a maximum emission wavelength of 368 nanometers (nm). During the course
of the experiment, 1.5 mL aliquots were taken every one hour to evaluate dye degradation.

Next, to evaluate the pH dependence of MB dye photodegradation, pH of the solution
was adjusted using NaOH to several different pHs (8, 10, and 12), and the photocatalytic
experiments were repeated in the presence of ZnO NPs and in their absence (negative
control experiments). The supernatant was subjected to centrifugation at 13,300 rpm for
10 min. The degradation of the dye was monitored by measuring the decrease in the
maximum absorbance of the supernatant, with a peak centered at A = 663 nm, using
a Thermo Scientific Multiskan GO UV /Vis Microplate Reader Spectrophotometer (Thermo
Scientific, Waltham, MA, USA) over a wavelength range of 200-1000 nm.

The percentage of degradation was quantified using the following equation:

Co—C 009 = DA
0 0

Degradation percentage = x 100%

Here, A is the initial absorbance of dyes corresponding to the initial concentration Cy,
and A; is the absorbance with concentration C; at time interval t.

Finally, dominant reactive oxygen species (ROS) were evaluated using the following
quenchers: ethylenediaminetetraacetic acid (EDTA), dimethyl sulfoxide (DMSO), para-
benzoquinone (BQ), and Isopropyl alcohol (IPA), which are scavengers of different ROS.
EDTA targets photogenerated holes (h*), DMSO scavenges electrons (e™), BQ sequesters
superoxide radicals (O,e7), and IPA scavenges hydroxyl radicals (eOH).

2.6. Determination of the Minimal Inhibitory Concentration

An NP stock suspension was prepared at a concentration of 50 mg/mL in Mueller-
Hinton broth (MHB), followed by a two-fold serial dilution down to a final concentration of
1.56 mg/mL. Using a 96-well microplate, each well was filled with 160 uL of MHB, 20 pL
of NP suspension, and 20 pL of bacterial suspensions of either E. coli, P. aeruginosa, or S.
enterica at 5 x 10 CFU/mL, prepared from an overnight culture grown at 37 °C. The wells
containing 200 uL of MHB alone were used as sterility controls, while those containing
180 pL of MHB and 20 pL of bacterial suspension served as growth controls. All conditions
were tested in triplicate.

Due to the inherent turbidity caused by the nanoparticles in the culture medium, the
conventional method of determining the Minimal Inhibitory Concentration (MIC) based on
the absence of turbidity is not feasible in this case. Therefore, we employed the resazurin
viability assay, which relies on the reduction in non-fluorescent resazurin to fluorescent
resorufin by metabolically active cells, thus allowing for an accurate assessment of cell
viability [17].

The microplate was incubated at 37 °C for 24 h, after which 40 puL of a 0.15 mg/mL
resazurin solution was added to each well. Following an additional 2 h incubation at
37 °C, 100 pL from each well was transferred to a black microtiter plate for fluorescence
measurement (excitation: 550 nm; emission: 590 nm). The MIC was defined as the smallest
concentration of NP reducing fluorescence to the same levels as in sterility controls.

2.7. Cell-Free Singlet Oxygen Detection

To assess singlet oxygen (10,) production in a cell-free environment, the contents
of one vial (100 pg) of the fluorescent sensor Singlet Oxygen Sensor Green (Invitrogen,
Carlsbad, CA, USA) were dissolved in 33 pL of methanol to prepare a 5 mM stock solution.
Each nanoparticle sample was suspended in 1 mL of deionized water, and 2 L of the stock
solution was added to each suspension. As a negative control, 2 uL of the stock solution
was added to 1 mL of deionized water without nanoparticles, resulting in a final sensor
concentration of 10 uM in all conditions.

https:/ /doi.org/10.3390/pr14030459



Processes 2026, 14, 459

6 of 23

Aliquots of 100 uL from each experimental condition were transferred, in triplicate,
to the wells of a black 96-well microtiter plate. Fluorescence was then measured with an
excitation wavelength of 505 nm and 525 nm emission wavelength detection to quantify
singlet oxygen generation.

2.8. Intracellular ROS Detection

Intracellular ROS production was evaluated using CM-H,DCFDA (Invitrogen,
Carlsbad, CA, USA), a general oxidative stress fluorescent probe. The contents of one
vial (50 ng) were dissolved in 17 puL of dimethyl sulfoxide (DMSO) to prepare a 5 mM
stock solution.

E. coli ATCC 25922, P. aeruginosa ATCC 27853, and S. enterica serovar Typhimurium
ATCC 14028 were grown overnight at 37 °C. The bacterial cells were harvested by cen-
trifugation, washed with sterile saline, and resuspended to a standardized concentration
of 10° CFU/mL. To 1 mL of each bacterial suspension, 2 uL of the CM-H,DCFDA stock
solution was added, yielding a final probe concentration of 10 uM. The suspensions were
incubated at 37 °C for 30 min, followed by centrifugation and an additional wash with
sterile saline.

For the assay, 50 pL of each labeled bacterial suspension was transferred to wells of
a black 96-well microtiter plate, followed by 50 uL of 5 mg/mL ZnO NPs biosynthesized
using annatto leaf extracts, or sterile saline (negative control), and ZnO NPs synthesized
using coffee leaf extract for comparison. All conditions were tested in triplicate. The plate
was incubated for 2 h at 37 °C, after which fluorescence was measured using an excitation
wavelength of 495 nm, and emission was detected at the wavelength of 520 nm.

3. Results and Discussion

3.1. Analytical Characterization of the NPs
3.1.1. X-Ray Diffraction

X-ray diffraction (XRD) was employed to evaluate the biogenic ZnO NPs synthesized
using annatto plant leaf extract. Well-defined, strong diffraction peaks were observed at
26 angles of 31.65°, 34.22°, 36.11°, 47.43°, 56.50°, 62.77°, 67.87°, and 68.98° (Figure 1a). The
latter peaks are consistent with a hexagonal wurtzite structure (JCPDS 5-0664) of ZnO NPs
and correspond to the crystallographic planes (100), (002), (101), (102), (110), (103), and
(112), respectively. No additional secondary phases were detected in the experimental XRD
patterns (Figure 1). Among the various ZnO crystalline structures, the hexagonal wurtzite
form is the most stable, which is potentially advantageous for ZnO NP applications [18].

The average crystallite size was estimated using the Scherer equation [19], yielding
a value of 11.8 £+ 0.9 nm. The Williamson-Hall method [15] renders a similar estimate
for the average crystallite size of approximately 9.88 nm (Figure 1a). Furthermore, the
microcrystalline strain (¢) and dislocation density () were determined as 1.5 X 1073 and
10.2 x 1073 nm~2, respectively.

To obtain more in-depth structural analysis, the X-ray data were subjected to Rietveld
refinement. The Rietveld refinement further corroborated the fact that the biogenic NPs
crystallize as single-phase hexagonal wurtzite ZnO, consistent with the absence of extra
reflections in the experimental pattern. Figure 2 shows the refined XRD structure, and
the inset shows the crystalline structure of wurtzite ZnO. The refined lattice parameters
for the two bimodal ZnO components were essentially identical in 2 = 0.325 nm and very
close in ¢ = 0.520-0.521 nm, which agrees well with typical room-temperature wurtzite
ZnO lattice constants reported in the literature [20,21]. The bimodal microstructure model
resolved two coherent-domain crystallite size populations, with ZnO1 (47 wt%) showing
a larger crystallite size of 47 nm and ZnO2 (53 wt%) a smaller crystallite size of 26 nm,
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indicating a broadened two-population crystallite-size distribution rather than a single
average size. When weighted by the refined phase fractions, the bimodal model gives an
overall fraction-weighted mean crystallite size of ~35.9 nm, highlighting that the Rietveld-
derived coherent-domain size is dominated by the smaller-size contribution but still reflects
the presence of a substantially larger-size fraction.
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Figure 1. (a) X-ray diffraction (XRD) pattern of biogenic ZnO NPs synthesized using annatto tree leaf
extract. (b) Williamson—Hall plot used for the estimation of an average crystallite size, dislocation
density, and a microstrain [15].
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Figure 2. Rietveld refinement of the ZnO XRD data using bimodal function Profex.

Rietveld refinement (Table 1) renders a higher average crystallite size (26 nm and
47 nm) as compared to both the Scherer estimate and the Williamson-Hall approach
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(11.8 = 0.9 nm and 9.88 nm, respectively). Notably, these large crystallite sizes are compa-
rable with the average NP size estimated from scanning electron microscopy images (see
below). This might indicate that a fraction of the NP distribution is composed of single
crystal particles, whereas the rest represents polycrystalline NPs. Furthermore, although
of the same order of magnitude, microcrystalline strain obtained from Rietveld refine-
ment (~4.5 x 107%) is also higher than the one estimated by the Williamson-Hall method
(1.5 x 1073). These differences are related to different underlying assumptions and should
be considered within the scope of specific settings and method limitations.

Table 1. Crystal parameters and Rietveld refinement statistics for the ZnO NP sample.

h Parai?t’:;:l(nm) Crystallite Microcrystalline Refinement Statistics
Phase Size (nm) Strain (&) (10-%)
a c Rexp  Rwp X2 GOF
Zn01 (47%) 0.325 0.520 47 42
1.62 2.46 2.30 1.5
Zn0O2 (53%) 0.325 0.521 26 51

3.1.2. UV-Visible Spectroscopy

The surface plasmon resonance (SPR) band of ZnO NPs typically appears in UV-Vis
spectra as a characteristic absorption peak between 310 and 380 nm [18]. Figure 3 shows the
UV-Vis absorption spectrum of the ZnO NPs within the wavelength range of 200 to 850 nm,
with a prominent absorption maximum at 321 nm. The biosynthesized ZnO NPs exhibit
strong intrinsic absorption in the ultraviolet region (A <400 nm) and weak absorption in the
visible region (A > 400 nm). ZnO is a wide bandgap semiconductor, and the UV absorption
arises from direct electronic transitions between the valence band (primarily O 2p orbitals)
and the conduction band (Zn 4s orbitals).

0.5 o~ 6,000,0004
5 st Tauc Plot
— % 4,000,000
=. 04 o 300,00 Eg = 3 eV
“ p 2,000,000
~— Dl
3) g 1,000,000
U 0.3+ 0 =
= m 5 1 ) 3
< Energy (eV)
=
5 02
7))
=
< 0.1
0.0

2(.)0 4(.]0 6(.)0 8(.)0 10.00
wavelength (nm)

Figure 3. UV-Vis absorption spectra of the biosynthesized ZnO NPs. The inset shows the Tauc plot
used to determine the optical band gap (Eg).
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From the experimental UV-Vis spectra, the Tauc-Wood method was used to estimate
the ZnO NPs band gap (Eg). The Eg value was obtained by a linear extrapolation of the
(ahv)? versus hv plot (Tauc plot), yielding an estimated band gap of 3.0 eV, which is within
the range of previously determined optical band gaps for ZnO NPs [17-19] and is slightly
higher than that of bulk ZnO (Eg = 3.37 eV). Although the Tauc plot method has certain
limitations—such as absorption tails, quantization effects, spectral overlap of different
bands, excitons/many-body effects, and optical transitions via localized charge carriers [22],
it remains widely used due to its simplicity. Previous studies of bioengineered ZnO NPs
reported optical band gaps estimated using Tauc plots in the range of 2.75-4.1 eV [23,24].
Based on these data, UV irradiation is expected to efficiently excite the ZnO NPs.

3.1.3. Results of SEM and EDS Analyses

The size and morphology of the ZnO NPs synthesized using annatto plant leaf ex-
tracts were examined by SEM (Figure 4a,b). The images were recorded at magnifications
corresponding to scales of 5 um and 500 nm, respectively, revealing that the ZnO NPs are
agglomerated. The agglomerates consist of ZnO NPs clustered together (Figure 4a,b). SEM
images also (Figure 4a,b) show that the ZnO NPs exhibit a nearly spherical morphology,
which is commonly encountered for biosynthesized ZnO NPs [25,26].

Count (%)

40

cps/eV
16

Average Size= 42.95 +5.20 nm d)
w|l W
2 A L Mass Mass Norm. Atom abs. error [%]
10 Rt (%) (%]  (3sigma)
Carbon 6 535 6.84 18.02 131
i Oxygen 81931 24.71 48.87 2.73
6 Zinc 30 53.50 68.45 33.12 13.07
. o 78.15 100.00 100.00
2
: T

0

s 50 0 2 4 6 8 10 12 1

Particle Size (nm) Energy [keV]

Figure 4. SEM characterization of biosynthesized ZnO NPs: (a) low-magnification image; (b) high-
magnification image; (c) particle size distribution; and (d) energy-dispersive X-ray spectroscopy
(EDS) analysis.

To estimate an average particle size (Figure 4c), high-magnification SEM images were
analyzed. The diameters of 200 individual NPs were measured and statistically analyzed
using Image] 1.54 g software, resulting in a size range of 35-55 nm and an average diameter
of 43 £ 5 nm. The observed NP agglomeration can be attributed to the high specific sur-
face area of the nanoparticles, which promotes clustering [27]. It is well documented that
a commercial-grade zinc oxide has a surface area range of 2.5 to 12 m? /g, while nanoparti-
cle zinc oxide can have much higher surface areas [28]. Indeed, ZnO nanoparticles obtained

https:/ /doi.org/10.3390/pr14030459
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from zinc nitrate hexhydrate Zn(NOj3),.6H;,O via a precipitation route with sodium car-
bonate Na,COj3 in water had surface areas between 25.36 and 8.78 m?/g, depending on
the annealing temperature [29]. At the same time, the mesoporous ZnO nanoparticles
prepared using the sol-gel method were reported to have a specific surface area ranging
between 50.41 m?/g and, quite impressively, 578 m?/g [30]. Similar high surface areas
were reported for green-synthesized nanoparticles. For example, BET analysis of ZnO
nanoparticles synthesized using Peganum harmala seed extract revealed a specific surface
area of 442 m?/ g [31]. ZnO NPs synthesized utilizing Canna indica L. leaf extract exhibited
a very high BET surface area of 718.7 m?2/ g [32], whereas green ZnO NPs derived from
red seaweed (Pterocladia capillacea) had a BET surface area of 113.751 m?/ g [33]. All this
evidence is consistent with a high surface area expected for NPs, favoring their clustering
and aggregation, which depends on their morphology and conditions of synthesis [34].

Comparison of the particle size obtained from SEM average crystallite size XRD
estimates indicates that the SEM-observed particles are mostly polycrystalline; however,
a fraction of NPs can be monocrystalline (see above).

NP aggregation has an impact on their photocatalytic properties [35], and therefore,
below we have investigated dye photocatalytic degradation using ZnO NPs biosynthesized
with annatto tree leaf extract. Furthermore, nanoparticle shape plays a crucial role in their
antibacterial activity [36]. In particular, spherical nanoparticles are known to exhibit strong
antibacterial properties [37], as their high surface-to-volume ratio enhances interactions
with bacterial membranes.

Finally, EDS analysis was performed to determine the elemental composition of the
ZnO NPs (Figure 4d). The EDS analyses confirmed the presence of two main elements,
zinc (Zn) and oxygen (O). The atomic and weight percentages of Zn and O were 33.12%
(68.45%) and 24.71% (48.87%), respectively. A small fraction of carbon was also detected,
likely originating from residual organic compounds from the annatto tree leaf extract that
remained in the samples after sintering.

3.1.4. FT-IR Spectroscopy Evaluation

In line with the EDS analysis, the contribution of functional groups from the phyto-
chemicals present in the plant extract used for the synthesis of ZnO NPs was also identified
via FT-IR analysis (Figure 5). The broad band centered around 3500 cm ™! in the FT-IR spec-
trum can be attributed to strong stretching vibrations of hydroxyl groups (—OH) present
in phenolic compounds and flavonoids from the annatto plant leaf extract. A less intense
peak at 1620 cm ™! arises from the stretching vibrations of C=C double bonds encountered
in alkenes and aromatic compounds [38]. Similarly, the peaks observed at 1400 cm~! and
1050 cm~! can be associated with C-O stretching modes [39]. Additionally, the strong band
around 550 cm ! can be attributed to the stretching vibrations of Zn-O bonds, confirming

the successful formation of ZnO NPs [40].

3.1.5. Point of Zero Charge (pHyp,c) Measurements

The point of zero charge (pHp,c) is reached when the positive and negative charges
on the surface of a nanoparticle are equal. Analysis of Figure 6 shows that ZnO NPs
PHpzc = 8.73. This means that, when the pH of the solutions is higher than the pPHpzc, the
dominant charge of the NP surface will be negative. On the other hand, when the value
of the pH solution is lower than pHy,., the predominant charge of the surface will be
positive [41]. This has impacts on the interactions between the NPs and dyes and thus the
photocatalytic degradation of dyes [13-23]. This phenomenon was further investigated in
dye photocatalytic degradation studies (see below).
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Figure 5. IR spectra of the bioengineered ZnO NPs using annatto tree leaf extract.
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Figure 6. The point of zero charge (pzc) plot for the ZnO nanoparticles biosynthesized using annatto
leaf extract.
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3.1.6. Thermogravimetric Analysis (TGA)

The thermal behavior of the nanoparticles up to 1000 °C was evaluated by TGA
under both N and air atmospheres. In both cases, a relatively steep transition at ap-
proximately 200 C, corresponding to about 2.5% of mass loss, is observed, followed by
a featureless, slow descent up to around 800 °C, where a second transition occurs. The first
transition is most likely related to the evaporation of water molecules physically adsorbed
on the ZnO NPs, whereas the second weight loss may be attributed to the removal of
residual organic material, CO, desorption from the material surface, and the reorganization
of the ZnO NPs. It can be observed that the transition in the absence of oxygen (Figure 7a)
is considerably sharper than in the air atmosphere. At the same time, total mass loss in
the air (10.45%, Figure 7b) is higher than under a nitrogen atmosphere (8.55%, Figure 7a),
which is most probably related to oxidation of the organic matter attached to the NPs.
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Figure 7. Thermogravimetric analysis of ZnO NPs biosynthesized using annatto tree leaf extract in
the atmosphere of (a) N and (b) Air.

3.2. ZnO Nanoparticles Photocatalytic Activity

The photocatalytic degradation properties of the biosynthesized ZnO nanoparticles
were evaluated in the photodegradation of MB dye. A change in the maximum absorp-
tion in UV-Vis spectra as a function of UV irradiation time is shown in Figure 8a. The
photocatalytic degradation of MB under UV irradiation in the presence of ZnO NPs was
initially performed without adjustment of pH for the MB dye with an initial concentration
of 5 ppm and 25 mg of ZnO catalyst for a period of 7 h. It is evident from Figure 8a that
there is a gradual decrease in the peak (Amax = 663 nm) with increasing the light irradiation
time. The gradual decrease in the UV-Vis intensities might be due to the adsorption of
dye particles on the active sites of the ZnO photocatalyst. The catalytic degradation of MB
dye solution in the presence of ZnO NPs was also quantified by the ratio, Ct/Cy, where
Cp and Ct correspond to the initial and final concentrations of MB dye solution. Figure 8b
shows the comparison of changes in the Ct/C0 ratio vs. time. After seven hours of UV
light exposure, 70% of the MB dye was photodegraded (Figure 8c). The kinetic studies of
photocatalytic degradation of MB dye over the synthesized ZnO NPs photocatalyst under
UV light (Figure 8d) displayed that the photocatalytic degradation process occurs through
the Langmuir-Hinshelwo pseudo-first-order reaction according to the following Equation:

C
In— = —ky t
HCO 1

https:/ /doi.org/10.3390/pr14030459
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where Cy, C, and k; represent the initial concentration of MB dye, the concentration of MB
dye at time t, and the observed pseudo-first-order rate coefficient, respectively. The plots of
In(C/Cy) for the pseudo-first-order are shown in Figure 8d. The MB photodegradation rate
constants of 0.16501 h~! have accomplished under UV light.
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Figure 8. (a) MB dye absorption spectra using green synthesized ZnO NPs under UV light source.
(b) Ratios (C/Cyp). (c) The degradation efficiency and (d) the plots of In(C/Cy) versus irradiation time.

3.3. pH Optimization of the Photocatalytic Reaction

Photocatalysis can be applied, for example, to remove poorly biodegradable and/or
organic substances from wastewater. In this process, organic dyes can be completely
degraded or eventually reach an efficiency endpoint. In this study, we investigated the
temporal evolution of the absorbance spectra during a photocatalytic experiment using
ZnO NPs for the degradation of a 5 mg/L methylene blue (MB) solution at three different
pH values and compared them with the same process in the absence of nanoparticles
(negative control experiments).

Figure 9 demonstrates strong dye degradation promoted by ZnO NPs at pH 10 and
pH 12, reaching 71.24% and 95.27% removal, respectively, after 110 min of UV light ex-
posure. At pH 8, a much lower degree of dye degradation is observed over the 110 min
period, resulting in only approximately 8.35% degradation. In the absence of ZnO NPs, the
degradation is very small for all the pH values, demonstrating a crucial role of ZnO NPs
in this catalysis. At pH = 8, the surface of the nanoparticles becomes slightly positively
charged, which repels the cationic MB dye, thereby reducing adsorption and negatively
impacting photodegradation efficiency. In contrast, at pH 10 and pH 12, the ZnO surface
becomes negatively charged, enhancing electrostatic attraction with the positively charged
MB molecules, which leads to their stronger interactions with the ZnO NPs and more
efficient photodegradation.

https:/ /doi.org/10.3390/pr14030459
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Figure 9. Photodegradation of methylene blue (MB) by ZnO NPs biosynthesized with annatto tree
leaf extract at different pH values.

It is informative to compare the experimentally observed photocatalytic efficiency
using photoactivated biogenic ZnO NPs with the photocatalytic efficiencies reported in the

literature (Table 2).

Table 2. Photodegradation efficiencies of various plant-based biogenic ZnO NPs.

Light

/ Plant Extract Bandgap, eV Source/Time Dye/Antibiotic Efficiency = References
ZnO Annatto . Methylene blue o Current
(quasi-spherical) plant leaves 30 UV, 110 min (MB), 5mg/mL 95.27% study
. . Methylene blue o
ZnO (spherical) Coffee leaves 3.2 UV, 120 min (MB), 5 mg /mL 70% [13]
ZnO (spherical) Oiti leaves 2.75 UV, 120 min Crystal violet (CV) 79% [23]
ZnO Alchornea laxiflora . . . Congo red (CR) o
(quasi-hexagonal) leaves 2.50-3.67 Sunlight 60 min dye, 1.5 mg/L 87% [42]
ZnO (spherical Amoxdeillin (AMX) 895678// inf
spheric Pullulan 3.3 UV, 120 min and paracetamol 070 70 [43]
and hexagonal) AMX
(PCT) 30 ppm and PCT
Garlic bulbs . . Methylene blue o
ZnO (nanorods) (Allium satioum) 3 Sunlight, 150 min (MB), 10 ppm 96% [44]
ZnO (flower . ) . . Malachite green o
like shape) Euphorbia sanguinea 2.72-4.37 Sunlight, 60 min dye, 15 mg/L 92% [45]
ZnO (Spherical Actinidia deliciosa . p-bromophenol o
and hexagonal) (kiwi) fruit peel 3.06 UV, 120 min 15mg/L 96.3% [46]

https:/ /doi.org/10.3390/pr14030459
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Table 2. Cont.

Light S . .
/ Plant Extract Bandgap, eV Source/Time Dye/Antibiotic Efficiency = References
ZnO C . Methylene blue o
(semi-spherical) Justicia spicigera 33 UV, 120 min (MB), 15 mg /L 90% [47]
ZnO (Sphere Pog‘e%:anfte' 2.84,2.63 UV 270 min  Methyl orange MO, 32%, 87%, (48]
and hexagonal) anecT s;)c(l)e,r and 2.59 ! 50 mg/L and 52%

It is clear that the experimentally observed photodegradation efficiency achieved in the
current study is equal to or superior to the efficiencies achieved previously with different
types of pollutants and light sources (Table 2). This highlights the high quality of biogenic
ZnO NPs produced with annatto tree leaf extract in photodegradation applications.

3.4. ROS Scavenging Experiments

The most important reactive oxygen species involved in the breakdown of organic
compounds should be identified in order to shed light on a photocatalytic process utilizing
ZnO. When MB is photodegraded using ZnO, four different radical scavengers, ethylenedi-
aminetetraacetic acid (EDTA), dimethyl sulfoxide (DMSO), para-benzoquinone (BQ), and
Isopropyl alcohol (IPA), can be added to capture the roles of photogenerated holes (h*),
electrons (e™), superoxide radicals (O, ™), and hydroxyl radicals (éOH), respectively, in
photocatalytic process [49,50]. All scavengers but BQ were tested at the same concentration
(1.0 mM), with 5 ppm of aqueous MB solution at pH = 12 and using 25 mg of ZnO catalyst,
whereas the former scavenger was applied at 0.5 mM concentration. The plots of C/Cy and
the percentage of dye degradation in the presence and absence of scavengers are depicted
in Figure 10a,b. The photodegradation efficiency of MB was significantly reduced in com-
parison to the absence of scavengers. EDTA, DMSO, and BQ reached only 24.1%, 26.91%,
and 31.8%, respectively. At the same time, the addition of IPA had little effect, leading to
90.6% of the maximum degradation, which is close to 95.35% observed in the absence of
scavengers. According to the influence of scavengers on the efficiency of MB photodegrada-
tion, their inhibitor effect is arranged as EDTA > DMSO > BQ > IPA > No scavengers. Thus,
one can conclude that, while ‘OH only slightly impacts the photodegradation process, h*
e, and ‘O~ radicals play crucial roles in the ZnO NP driven photocatalysis of MB dye.

100
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Figure 10. (a) Effects of adding BQ, DMSO, EDTA, and IPA during the degradation of MB dye mixture
over ZnO; (b) the maximum percentage degradation with the different scavenging agents.
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3.5. Reusability of the Photocatalyst

Next, the reusability of the biosynthesized ZnO NPs photocatalyst has also been
investigated. After each cycle of the reaction, the ZnO catalyst was recovered from the
reaction mixture by centrifugation, and before using it for other cycles to analyze the
degradation efficiency, the ZnO catalyst was washed thoroughly with ethanol and double-
distilled water to eradicate the residual dye molecules from the catalyst surface. The
recovered ZnO nanophotocatalyst was reused four times in photodegradation experiments
of MB dye degradation under similar experimental conditions without an apparent decrease
in its photocatalytic efficiency (Figure 11). The progress of the reaction was monitored by
measuring the absorbance of aliquots of the reaction solution that are taken at regular time
intervals. Figure 11 reveals that the ZnO NPs have not only excellent catalytic efficiency
but also remain stable after the fourth cycle and beyond. To investigate the impact of
the photocatalytic process on the photocatalyst itself, we recovered the ZnO NPs at the
end of the fourth cycle and subjected them to an XRD analysis. The XRD studies reveal
a well-preserved crystalline structure. The dislocation constant, the microstrain, and the
average size of the ZnO nanoparticles biosynthesized before and after the photocatalytic
degradation were calculated from the XRD patterns and summarized in Table 3. Our results
demonstrate that UV light illumination of the ZnO NPs leads to a significant increase in
the average crystallite size and a decrease in the dislocation density (Table 3), presumably
caused by the NPs photoannealing.
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ycle 1 |#cycle 2 jcycle 3f| cycle 4

0.6+

C/C,

0.4+

0.2+

0.0=

L L L] L] L
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Figure 11. The reusability of the ZnO NPs.

Table 3. Average crystallite size, dislocation density, and strain for the bioengineered ZnO nanoparti-
cles before and after 4 cycles of the photocatalytic degradation.

Average Crystallite Dislocation Density

Size (nm) (6) (nm-2) Strain
Before 9.88 10.2 x 1073 1.5 x 1073
After 26.20 1.46x 1073 1.08 x 1073

https:/ /doi.org/10.3390/pr14030459
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3.6. Antibacterial Activity of the NPs Against Microbial Pathogens

ZnO NPs are known to have excellent antibacterial activities [51,52]. Combined
with their low toxicity and cost-effective production, these properties make ZnO NPs
a highly promising material for antimicrobial applications [51,52]. In previous studies, the
antibacterial effects of ZnO NPs have been demonstrated against both Gram-positive and
Gram-negative bacteria, including E. coli, P. aeruginosa, Staphylococcus aureus, Enterococcus
faecalis, Streptococcus pyogenes, Vibrio cholerae, and Klebsiella pneumoniae, among others [52].

Here, we applied the biosynthesized ZnO NPs to interfere with the growth of E. coli,
P. aeruginosa, and S. enterica. The NPs were able to inhibit the growth of the waterborne
pathogens E. coli, P. aeruginosa, and S. enterica at concentrations ranging from 0.312 to
2.5 mg/mL (Table 4). For comparison, we also used ZnO nanoparticles biosynthesized
using coffee leaf extract, as described previously [13], which also demonstrated excellent
antimicrobial properties (Table 4). This indicates a possibility of their applications as
water decontaminating agents. Although, at first glance, these concentrations may appear
somewhat high for water decontamination purposes, it is important to keep in mind that
these NPs are easy to produce using the environmentally friendly approach. More precise
evaluation of the economic viability of water treatment using the biosynthesized ZnO NPs
should involve a detailed cost analysis under specific settings.

Table 4. Minimum Inhibitory Concentrations for the two biosynthesized nanoparticles (using annatto
tree and/or coffee leaf extracts) against different microbial pathogens.

Microrganism

MIC of ZnO NP Synthesized Using MIC of ZnO NP Obtained Using

Annatto Tree Leaf Extract (mg/mL) Coffee Leaf Extract (mg/mL)
E. coli ATCC 25922 25 1.25
P. aeruginosa ATCC 27853 0.312 0.312
S. enterica serovar Thyphimurium 95 95

ATCC 14028

3.7. Insights into Putative Molecular Mechanisms of the ZnO NPs Bacterial Toxicity

One of the proposed mechanisms of ZnO nanoparticles’ antibacterial activity, reported
in the literature, involves the generation of reactive oxygen species (ROS) [51,52]. There-
fore, we evaluated the ability of ZnO nanoparticles synthesized using annatto and coffee
extracts to generate intracellular reactive oxygen species (ROS), as well as singlet oxygen in
a cell-free system. As shown in Figures 11 and 12, both singlet oxygen and intracellular ROS
were produced in statistically significant amounts by the two nanoparticles. It is important
to note that the singlet oxygen indicator used in Figure 11 inherently exhibits weak basal
blue fluorescence, which may be detected in the control group; however, in the presence of
singlet oxygen, this indicator emits green fluorescence. In addition, for the dye employed
in Figure 12, dye-dye quenching and subsequent photobleaching upon illumination may
occur, leading to an apparent increase in fluorescence in control samples. To account for
these effects, statistical analyses were performed, confirming that the differences between
the negative control and nanoparticle-treated groups were statistically significant.

Recently, Mendes et al. (2022) [53] investigated the potential mechanism of action
of ZnO NPs against Escherichia coli, Staphylococcus aureus, Pseudomonas aeruginosa, and
Bacillus subtilis. The authors observed that, although the nanoparticles did not interfere
with bacterial cell division, the cell membranes of all tested strains showed signs of damage
after just 15 min of exposure. The authors proposed that this effect is related to the
semiconductor nature of ZnO, a transition metal oxide with a wide bandgap. Upon
exposure to radiation with energy exceeding the bandgap, electrons are excited to the
conduction band, producing positively charged holes in the valence band. These holes

https:/ /doi.org/10.3390/pr14030459
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possess strong oxidizing properties and can react with water or other biomolecules, leading
to the formation of reactive oxygen species (ROS). ROS are capable of disrupting key
cellular processes such as protein synthesis and DNA replication. In addition to oxidative
stress, membrane damage may also result from charge destabilization due to electronic
excitation, as well as from the release of Zn?" ions in aqueous environments. These zinc
ions can further impair bacterial metabolism by inhibiting glycolytic enzymes [53].
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Figure 12. Quantification of singlet oxygen produced by biosynthetic ZnO NPs produced
by annato tree and by coffee leaf extracts in aqueous media. Bars represent the standard
deviation. ***—p < 0.0001; ns—nonsignificant difference. One-way ANOVA with Tukey’s multi-
ple comparisons test.

This ROS-based mechanism is highly dependent on exposure to external light of spe-
cific wavelengths, which may limit ZnO nanoparticles” antibacterial efficiency in systemic
applications [54,55]. However, this limitation is not a concern for water decontamination,
where light exposure can be more easily controlled, thereby highlighting an important
advantage of ZnO nanoparticles for environmental applications.

The growing concerns regarding water contamination by bacterial pathogens and
the spread of antimicrobial resistance [8] underscore the urgency in developing effective
and sustainable water disinfection methods. In this study, we explored the biosynthesis
of ZnO NPs using annatto tree and coffee leaf extracts and evaluated their antibacterial
properties against common waterborne pathogens: Escherichia coli, Pseudomonas aeruginosa,
and Salmonella enterica. The obtained results demonstrate the promising potential of biosyn-
thesized ZnO NPs as water disinfectant agents and demonstrate that both biogenic ZnO
NPs can be used for elimination of microbial pathogens.

The ZnO NPs biosynthesized with annatto leaf extract demonstrated inhibitory ac-
tivity against E. coli, P. aeruginosa, and S. enterica at concentrations ranging from 0.312 to
2.5 mg/mL (Table 4). In comparison with ZnO NPs synthesized with coffee leaf extract [12],
similar or slightly lower efficacy was observed for annatto tree leaf extract ZnO NPs against
E. coli, but identical MICs for P. aeruginosa and S. enterica. This suggests that both plant
extracts are effective in producing nanoparticles with antimicrobial properties, although
the specific characteristics of the bioactive compounds in each extract may influence the
final properties of the nanoparticles and their interaction with different bacterial species.
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The lower MIC for P. aeruginosa with both nanoparticles, compared to E. coli and S. enterica,
may indicate a higher sensitivity of this bacterium to the nanoparticles or differences in its
virulence mechanisms or cell wall structure that make it more susceptible.

The investigation of antibacterial mechanisms confirmed that the toxicity of ZnO
NPs is significantly associated with the generation of reactive oxygen species (ROS). Both
singlet oxygen (Figure 12) and intracellular ROS (Figure 13) were produced in statistically
significant amounts by both annatto tree and coffee leaf extract-based NPs, corroborating
previous findings that point to ROS formation as one of the main mechanisms of antimicro-
bial action of ZnO NPs [51,52]. This process is promoted by the semiconductor nature of
ZnO NPs, since their exposure to UV light, considering the 3 eV band gap, leads to electron
excitation and hole formation, which react with water and other biomolecules to generate
ROS. The ROS cause oxidative damage of essential cellular components, such as proteins
and DNA, and can also induce cell membrane damage [53]. The release of Zn%* jons in

aqueous environments also contributes to bacterial toxicity by interfering with cellular
metabolism [53].
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Figure 13. Quantification of intracellular reactive oxygen species produced by ZnO NPs biosyn-
thesized using annatto tree and by coffee leaf extracts in (a) E. coli ATCC 25922, (b) P. aeruginosa
ATCC 27853, and (c) S. enterica ATCC 14028. Bars represent the standard deviation. ***—p < 0.0005;

**—p < 0.005; *—p < 0.05; ns—nonsignificant difference. One-way ANOVA with Tukey’s multiple
comparisons test.

The dependence of ROS generation on external light exposure [54], which can be
a limitation for systemic applications, becomes an advantage in water disinfection contexts,
where lighting control is feasible.

Although ZnO NPs are often considered “resistance-proof” due to their multi-factorial
mode of action [12], a recent study [56] demonstrated that S. enterica can develop adapta-
tions, such as membrane modifications and increased biofilm formation, after prolonged
exposure to subinhibitory concentrations of ZnO NPs. These findings underscore the need
for more in-depth investigations into the molecular mechanisms of action of metal-based
nanoparticles and the anticipation of potential resistance pathways.

4. Conclusions

Water quality is essential for human life; therefore, the development and implemen-
tation of adequate water treatment procedures is of utmost importance. In this study, we
successfully synthesized biogenic ZnO NPs with an average size of 42.95 & 5.2 nm and
a bandgap of 3 eV using annatto plant leaf extract, thoroughly characterized them using
an array of analytical techniques, and applied them for both elimination of waterborne
pathogens and dye photodegradation. The potential antibacterial mechanisms of the NPs
were investigated, revealing statistically significant production of intracellular reactive
oxygen species as well as an extracellular singlet oxygen generation. Furthermore, the
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biosynthesized ZnO NPs were significantly more efficient against Pseudomonas aeruginosa
as compared to E. coli and S. enterica. The integration of annatto tree leaf extract in the
green synthesis of ZnO NPs not only improves their structural characteristic but also
enhances their functional properties, making them efficient agents for dye degradation
(reaching over 95% efficiency after 110 min of UV light exposure) and bacterial elimination.
This eco-friendly approach to nanoparticle synthesis aligns with sustainable practices in
materials science.
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