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ABSTRACT

Microbial contamination of cereal grains intended for sprouting poses a significant food safety challenge, as
conventional decontamination methods often compromise seed viability and nutritional quality. This study
assessed the antimicrobial efficacy and safety of two visible-light-activated systems, zinc oxide nanoparticles
(ZnO NPs) and a chlorophyllin—chitosan (Chl-CHS) complex, for wheat seed decontamination. Antibacterial
efficacy was tested against Listeria monocytogenes and Escherichia coli in vitro, while antifungal effectiveness was
evaluated against yeast and mold populations naturally occurring on wheat seeds.

Under visible light, ZnO NPs demonstrated rapid, broad-spectrum bactericidal activity, reducing
L. monocytogenes and E. coli by > 3 logy at light doses of 22 and 30 J/cm?, respectively. The Chl-CHS complex
exhibited strong photodynamic efficacy against L. monocytogenes, achieving bactericidal inactivation at a lower
light dose (3 J/cm?; 10 min incubation), while E. coli required higher light exposure (45 J/cm?) and longer
incubation (60 min). Fungal populations decreased by 68-75% from the original yeast and mold count of
approximately 4 log CFU/g.

Germination tests indicated that neither treatment negatively impacted seed viability or sprouting over a five-
day period. Total antioxidant capacity remained unchanged compared to untreated controls, indicating that the
nutritional quality was preserved. Electron paramagnetic resonance spectroscopy further validated the treat-
ments’ safety, as no increase in integrated radical signals was observed after photoactivation, unlike ionizing
radiation, which produced stable free radicals.

In summary, visible-light-driven antimicrobial treatments using ZnO NPs and Chl-CHS complex offer an
effective, non-thermal, and seed-safe approach for enhancing the microbiological safety of wheat seeds and
sprouts.

1. Introduction

indicated that wheat sprouts are rich sources of vitamins, phenolic
compounds, antioxidants, flavonoids, dietary fiber, and essential amino

The consumption of fresh green wheat and other cereal sprouts has
risen significantly over the past decade, driven by growing consumer
interest in functional foods and plant-based nutrition. Sprouted grains
are generally considered to be more nutritious than their non-
germinated counterparts due to biochemical changes that occur dur-
ing germination, including enhanced enzymatic activity, increased
bioavailability of minerals, and accumulation of bioactive compounds
(Benincasa et al., 2019; Garcia et al., 2023). Numerous studies have
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acids (Gan et al., 2017; Ikram et al., 2021). Additionally, germination is
associated with a reduction in antinutritional factors such as phytic acid
and tannins (Yilmaz Tuncel et al., 2025). These compositional im-
provements have been linked to potential health benefits, including
improved glycemic response and positive effects on gut health,
contributing to the growing popularity of wheat sprouts as ingredients in
health-oriented food and beverage products (Gan et al., 2017; Maleki
et al., 2023).

Received 26 February 2026; Received in revised form 31 March 2026; Accepted 1 April 2026

Available online 2 April 2026

2212-4292/© 2026 Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar technologies.


https://orcid.org/0009-0007-0249-7654
https://orcid.org/0009-0007-0249-7654
https://orcid.org/0000-0001-8487-1492
https://orcid.org/0000-0001-8487-1492
https://orcid.org/0009-0007-8048-2116
https://orcid.org/0009-0007-8048-2116
https://orcid.org/0000-0001-8773-2869
https://orcid.org/0000-0001-8773-2869
mailto:kristina.aponiene@ff.vu.lt
www.sciencedirect.com/science/journal/22124292
https://www.elsevier.com/locate/fbio
https://doi.org/10.1016/j.fbio.2026.108811
https://doi.org/10.1016/j.fbio.2026.108811

K. Aponiene et al.

However, cereal grains, such as wheat, are often contaminated by
microbes throughout their growth, harvesting, storage, and distribution,
posing a continuous challenge to agricultural productivity and food
safety. Wheat seeds are frequently contaminated with various microbial
populations, including bacterial pathogens as well as spoilage yeasts,
and mycotoxin-producing fungi like Aspergillus, Penicillium, and Fusa-
rium, that can affect food safety and result in seed deterioration,
decreased vigor, and lower germination potential (Khapre et al., 2020;
Magallanes Lépez & Simsek, 2021; Myoda et al., 2019; Yang et al.,
2024). Among bacterial contaminants, Listeria monocytogenes and
Escherichia coli are of particular concern due to their prevalence in the
food chain and their association with foodborne outbreaks. Notably, the
large 2011 outbreak of Shiga toxin-producing Escherichia coli 0104:H4
linked to fenugreek sprouts in Europe caused more than 3400 infections
and 50 deaths (Buchholz et al., 2011). In addition, Listeria monocytogenes
contamination has been reported in sprouted products and fresh pro-
duce, including outbreaks linked to contaminated sprouts and
ready-to-eat vegetables (Garner & Kathariou, 2016). Therefore, these
microorganisms were selected as representative Gram-positive and
Gram-negative bacteria to evaluate the antimicrobial effectiveness of
the investigated treatment.

Conventional decontamination strategies for cereal grains and
sprouting seeds include chemical disinfectants (e.g., chlorine-based so-
lutions, organic acids, ozone, peroxyacetic acid, hydrogen peroxide) and
physical intervention methods (high pressure, thermal treatments,
debranning, ionizing irradiation). While these methods can reduce
surface microbial loads, their overall effectiveness is often limited, and
they negatively impact safety, cost-effectiveness, and food quality
(Benincasa et al., 2019; Yang et al., 2024). Chemical treatments may not
fully inactivate pathogenic bacteria, yeasts, and molds. Furthermore, the
repeated or intensive application of these chemicals can adversely affect
seed viability and germination, diminish the sensory and nutritional
quality of resulting sprouts, and pose a potential health risk due to
chemical residues. In addition, the use of chemical disinfectants raises
concerns about environmental impact and consumer acceptance ([kram
etal., 2021; Yang et al., 2024, 2025). Thermal methods can significantly
denature enzymes and gluten proteins, making them generally unsuit-
able for sprouting seeds, as they may damage the embryo (Schmidtetal.,
2019). Ionizing irradiation can effectively control a wide range of mi-
croorganisms; however, its use is limited by regulatory restrictions,
concerns about consumer acceptance, and potential changes it may
introduce to seed quality and biochemical properties (Los et al., 2018;
Schmidt et al., 2019). These limitations highlight the need for alterna-
tive decontamination technologies that can effectively eliminate mi-
croorganisms while preserving the seed functionality and meeting
consumer demand for minimally-processed, chemical-free food
products.

In this context, light-based antimicrobial approaches, particularly
photodynamic and photocatalytic methods, have emerged as promising
non-thermal alternatives for microbial control in food and agricultural
systems. These technologies rely on the activation of photosensitizing
compounds or photocatalysts by visible light to generate reactive oxy-
gen species (ROS) capable of microbial inactivation without requiring
high temperatures or chemical additives (Biswas et al., 2022; Wain-
wright et al., 2017; Wang et al., 2017; Youf et al., 2021). Among inor-
ganic photocatalysts, zinc oxide nanoparticles (ZnO NPs) have attracted
considerable interest due to their chemical stability, biocompatibility,
low toxicity, and strong ability to generate ROS upon photoactivation
(Baig et al., 2025). Numerous studies have shown that ZnO NPs exhibit
antimicrobial activity against a wide range of microorganisms, even in
the absence of light. Unmodified ZnO NPs have been shown to inhibit
both Gram-positive and Gram-negative bacteria, including major food-
borne pathogens such as Listeria monocytogenes, Escherichia coli, and
Salmonella spp., as well as spoilage yeasts and mycotoxin-producing
molds belonging to genera such as Aspergillus, Penicillium, and Fusa-
rium, which are commonly associated with food deterioration and safety
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concerns (Kim et al., 2020; Mahamuni-Badiger et al., 2024; Sirelkhatim
et al., 2015). Their effectiveness as antimicrobials has been validated in
liquid cultures, on solid media, and within food-related contexts, rein-
forcing their potential for use in food safety, agriculture, and
post-harvest protection (Kim et al., 2020; Zare et al., 2022).

In addition to their inherent antimicrobial properties, ZnO NPs
exhibit enhanced antimicrobial performance upon light activation.
Activated by light, ZnO NPs have demonstrated the ability to quickly
inactivate bacteria such as E. coli, L. monocytogenes, S. aureus, and
B. subtilis, as well as fungal contaminants, achieving bactericidal or
fungicidal effects at lower concentrations of NPs or shorter incubation
times (Kairyte et al., 2013; Aponiene et al., 2017, 2025; Du et al., 2021;
Karabas et al., 2025; Ntinez-Salas et al., 2021; Rezaei et al., 2020; Yang
et al., 2023). Due to their broad band gap, ZnO NPs are most efficiently
activated by ultraviolet radiation (UV-A or UV-B), which promotes the
generation of electron-hole pairs (Jin et al., 2019; Kim et al., 2020; Zare
et al., 2022); however, the use of UV light may be unfavorable for
practical applications because of its limited penetration depth and
possible negative effects on food matrices and biological tissues (Csapo
et al., 2019). The activation of ZnO NPs by visible light is feasible and
thus more appealing for practical applications. It is possible due to
intrinsic states and defect-related features, such as oxygen vacancies and
surface defects, which enhance light absorption in the visible spectrum
(Puranen et al., 2021). Consequently, visible-light-activated ZnO NPs
represent a promising alternative for safer and more
application-oriented antimicrobial technologies.

Unlike inorganic photocatalysts, chlorophyllin (Chl) — a water-
soluble derivative of natural chlorophyll — functions as a bio-based
photosensitizer (PS) with a distinct excitation mechanism. Chl absorbs
strongly in the visible light region, including the Soret band (~405 nm)
and the Q band (~670 nm), allowing it to be activated efficiently by low-
energy visible-light irradiation (Buchovec et al., 2016). Chl is an anionic
PS that generates ROS upon light activation; however, its antimicrobial
activity may be limited by poor interaction with the cell surface, espe-
cially with Gram-negative bacteria, due to the negatively charged outer
membrane. When combined with biopolymers like chitosan (CHS),
Chl-based systems can form stable complexes with enhanced antimi-
crobial properties under visible light, while leveraging CHS's biode-
gradability, biocompatibility, and film-forming properties (Buchovec
et al., 2016; Rizzi et al., 2016). CHS is a cationic biopolymer that pos-
sesses antimicrobial activity and a strong affinity for negatively charged
cells' outer membranes. After complexation with Chl, the Chl-CHS
complex acquires a net positive charge, thereby promoting stronger
interactions with bacterial membranes. This enhanced interaction im-
proves PS adsorption at the cell surface, and the increased local con-
centration of Chl enhances the photodynamic effect on bacteria. It has
been reported that CHS-based matrices can enhance the stability and
PDT performance of several PSs under visible light irradiation
(Genovese et al., 2025; Lai et al., 2025; Ni et al., 2024; Shrestha &
Kishen, 2012; Wang et al., 2022; Zhou et al., 2021). However, most
reported systems are either covalent conjugates or solid-film matrices. In
this study, we examine a system based on a non-covalent supramolec-
ular complex formed between sodium magnesium Chl and CHS
(Chl-CHS), assembled directly from aqueous media, and evaluate the
impact of electrostatic interactions and aggregation on photodynamic
efficiency. Previous studies have demonstrated the feasibility of
Chl-CHS systems for visible-light-driven antimicrobial applications
against selected bacteria and fungi in model food systems (Buchovec
etal., 2016, 2017; Luksiene & Buchovec, 2019; Lukseviciute & Luksiene,
2020). These findings support the selection of the Chl-CHS complex as a
promising candidate for further evaluation under conditions relevant to
cereal seed decontamination.

Despite increasing research interest in photoactivated antimicrobial
systems, comparative studies evaluating inorganic photocatalytic NPs
and bio-based PS complexes under identical experimental conditions
and using non-ionizing visible light sources remain limited. Moreover,
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most existing studies primarily focus on antimicrobial efficacy, while
systematic evaluations of seed quality parameters — such as germination
performance, antioxidant capacity, and free radical formation — are
much less common. Since food and sprouting applications require both
microbial safety and the preservation of biological functions, an inte-
grated assessment is necessary to determine the practical suitability of
photoactivated treatments. In this context, 405 nm visible light is
particularly relevant as an activation wavelength. It falls within the
visible spectrum and is classified as posing no or low photobiological
hazard under controlled exposure conditions (Chen et al., 2023; Leanse
et al., 2022), supporting its use in food and agricultural decontamina-
tion, especially where UV irradiation is not recommended.

The novelty of the present study lies in the direct comparison of
visible-light-activated ZnO NPs and a Chl-CHS complex for the decon-
tamination of wheat seeds, combined with a comprehensive evaluation
of seed quality and safety.

Accordingly, the aim of this study was to investigate and compare the
antimicrobial activity of ZnO NPs and Chl-CHS complex against
L. monocytogenes, E. coli, and naturally occurring yeasts and molds on
wheat seeds under visible-light illumination, while simultaneously
assessing their effects on seed germination, total antioxidant capacity,
and free radical generation. This approach enables evaluation of these
systems as safe, non-chemical, and non-thermal decontamination stra-
tegies for cereal grains intended for sprouting or food use.

2. Materials and methods
2.1. Preparation and characterization of ZnO NPs and Chl-CHS complex

A 50% colloidal dispersion of ZnO NPs in water with a nonionic
dispersant was purchased from Alfa Aesar (NanoShield, Germany). A
stock solution was prepared using 0.9% NacCl (Carl Roth, Germany) and
was used immediately. Final NP concentrations were achieved by
further dilution in 0.9% NaCl.

The Chl-CHS complex used in this study was prepared using non-
copperized chlorophyll sodium salt (magnesium Chl,
C34H31MgN4NasOg, Mw = 684.9 g/mol; Carl Roth, Germany) and low-
molecular-weight CHS (Aldrich, USA), following the protocol described
by Buchovec et al. (2016). A Chl stock solution (0.01%, w/v; 0.146 mM)
was prepared in deionized water and added dropwise into a CHS solu-
tion (1% (w/w) in 0.18% HCI (Supelco, Germany) under vigorous stir-
ring. The resulting solution had a pH of 2.4 at 20 °C. Detailed
preparation parameters and physicochemical characterization are
available in the original publication (Buchovec et al., 2016). Prior to
each experimental series, the freshly prepared Chl-CHS complex was
verified spectrophotometrically by recording its absorption spectrum to
confirm the presence of the characteristic Soret and Q bands and to
ensure batch-to-batch reproducibility.

UV-Vis absorption spectra of ZnO NPs (0.5 mM) and the Chl-CHS
complex containing 0.015 mM Chl and 1 g/L CHS were recorded using a
Helios Gamma spectrophotometer (Thermo Scientific, USA) with a
10.01 mm quartz cuvette. Fluorescence spectra were measured using a
PerkinElmer LS-55 fluorescence spectrophotometer (Beaconsfield, UK).

For the ZnO NPs, the fluorescence scan was conducted with the
following parameters: excitation wavelength of 375 nm, an emission
range of 400-700 nm, an excitation slit of 10 nm, an emission slit of 20
nm, and a scan speed of 200 nm/min.

For the Chl-CHS complex, the fluorescence scan was performed with
the following parameters: excitation wavelength of 402 nm, emission
range of 600-750 nm, excitation slit of 10 nm, emission slit of 20 nm, and
a scan speed of 200 nm/min.

For photostability experiments, the absorption spectra of ZnO NPs
(0.5 mM) and a Chl-CHS complex (0.015 mM Chl) were recorded before
and after exposure to 405 nm light, using the light-emitting diode (LED)-
based system described in section 2.2, with doses ranging from 12.7 to
76 J/cm?. Each spectrum is the average of three independent replicates.

Food Bioscience 79 (2026) 108811

Scanning electron microscopy (SEM) was used to determine the
morphology of ZnO NPs and the Chl-CHS complex. Samples were placed
on aluminium stubs, air-dried, and coated with a 15 nm gold layer using
a Q150T ES sputter coater (Quorum Technologies Ltd., Lewes, England).
Samples were imaged using an Apollo 300 scanning electron microscope
(CamScan, Bingham, UK) at an accelerating voltage of 20 kV.

2.2. LED-based light source device for photoactivation of ZnO NPs and
Chl-CHS complex

An InGaN LED array (LED Engine, Inc., LZ1-00UA0O) was used to
construct a light source for photoinactivation of microorganisms. It
consisted of an illumination chamber and a supply unit (Fig. 1A). The
light-emission maximum was at 405 nm, the distance from the top LEDs
to the sample was 6 cm, and the irradiance achieved was 10 mW/cm?. At
3.5 cm from the bottom of the LEDs to the sample, the irradiance was 11
mW/cm? (Fig. 1B).

The illumination dose was calculated as light intensity multiplied by
irradiation time. The sample exposure time was adjusted according to
the equation:

E=Pt M

Where E is the energy density (dose) in J/cm?, P is the irradiance (power
density) in W/cm?, and t is the time in seconds.

2.3. Bacterial cultures and growth conditions

Two food-borne bacterial strains were used: Listeria monocytogenes
ATC3C 7644 (provided by the National Veterinary Laboratory of
Lithuania) and Escherichia coli 0157:H7 (obtained from the microbial
strain collection of the University of Latvia). All strains were initially
maintained on Luria-Bertani Agar (LBA; Liofilchem, Roseto degli
Abruzzi, Italy) at 37 °C for 24 h. For inoculum preparation,
L. monocytogenes and E. coli cultures were grown overnight (~16 h) at
37 °C in 20 mL of tryptone soya broth supplemented with 0.6% yeast
extract (TSYE; Liofilchem, Roseto degli Abruzzi, Italy) and in 20 mL of
LB medium, respectively. Cultures were incubated with agitation at 120
rpm (Environmental Shaker — Incubator ES-20; Biosan, Riga, Latvia)
overnight. Cultures were diluted 1:20 in fresh TSYE (for
L. monocytogenes) and LB (for E. coli) to an initial optical density at 540
nm (ODs40) of 0.164. Bacterial suspensions were then incubated at 37 °C
with shaking (120 rpm) until reaching the mid-logarithmic phase, cor-
responding to ~1.16 x 10° colony-forming units per mL (CFU/mL) and
ODs49 = 0.9 for L. monocytogenes, and ~1 x 108 CFU/mL and ODg4g =
0.9 for E. coli. OD was measured using a Helios Gamma spectropho-
tometer (Thermo Fisher Scientific) with 10 mm quartz cuvettes. Bacte-
rial cells were subsequently harvested by centrifugation (10 min,
3420xg; Mikro 200, Hettich Zentrifugen, Germany), washed once, and
resuspended in 0.9% NaCl to a final concentration of ~1 x 10”7 GFU/mL
for subsequent experiments.

2.4. Inactivation of L. monocytogenes ATCy3C 7644 and E. coli 0157:H7
by photoactivated ZnO NPs and Chl-CHS complex

For samples activated by light, 20 mL aliquots of a bacterial sus-
pension (1 x 107 CFU/mL in 0.9% NaCl) containing 0.5 mM ZnO NPs
(pH 7.2) or a Chl-CHS complex (0.015 mM Chl) (pH 5.0) were incubated
in the dark at 37 °C for durations of 10 to 60 min. Following this, 150 pL
aliquots of the bacterial suspension were withdrawn, transferred into
sterile flat-bottom wells, and exposed to a light dose of 6.3-76 J/cm?.
Dark toxicity samples were not exposed to light, while control samples
included bacterial suspensions in 0.9% NaCl without illumination (dark
control) and suspensions illuminated with a light dose of 6.3-76 J/cm? in
the absence of antimicrobial agents (light control).

The antibacterial effect was evaluated by the spread plate method:
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LED (P — 10 mW/cm?)

LED (P — 11 mW/cm?)

Fig. 1. LED-based light source (A) and its detailed scheme (B).

100 pL of appropriate dilutions of the bacterial test culture after treat-
ment were surface-inoculated onto the LBA plates and incubated at
37 °C for 24 h. The surviving cell population was enumerated and
expressed by log1o (CFU/mL). The survivor ratio was determined using
the formula log;o(N/Ny), where N represents the CFU/mL in the sample
after treatment, and Ny indicates the initial CFU/mL prior to treatment.
Counts of <1 logjo (CFU/mL) were below the detection limit and were
therefore considered undetectable.

2.5. Decontamination of wheat seeds from yeasts and molds by
photoactivated ZnO NPs and Chl-CHS complex

The wheat seeds (Triticum aestivum) were obtained from local
farmers. No chemical treatments were applied to the seeds before the
experiments. The seed samples, each consisting of 100 seeds (approxi-
mately 5 g), were placed in sterile flasks and soaked in a solution con-
taining 5 mM ZnO NPs or Chl-CHS complex (0.015 mM Chl). The
treatment concentration of ZnO NPs was selected based on the antimi-
crobial levels reported in food-related studies and on preliminary trials
conducted in this work to achieve effective microbial inhibition without
adversely affecting seed germination. Additionally, the greater resis-
tance of yeasts and molds, due to their complex structures, was
considered when determining the concentration range.

The inoculum was incubated in the shaker (130 rev/min) in the dark
at 37 °C for 60 min. After incubation, the seed samples were transferred
to a sterile Petri dish in the treatment chamber without a cover and
exposed to a light dose of 40 J/cm?. Dark toxicity samples were treated
with ZnO NPs or the Chl-CHS complex in the absence of illumination.
The control samples were soaked in a 0.9% NaCl solution without sub-
sequent illumination. Illumination alone at a light dose of 40 J/cm? had
no measurable effect on total yeast and mold counts on wheat seeds
(data not shown).

After treatment, each sample was mixed with 45 mL of 0.9% NaCl in
a sterile 100 mL BagPage and homogenized for 60 s using a BagMixer
(Interscience, France). Next, 100 pL of appropriately diluted homoge-
nized seed suspension was inoculated onto dichloran glycerol (DG18)
agar plates (Liofilchem, Italy). Following this, all plates were incubated
in a thermostat at 30 °C for 144 h. The surviving cell population was
enumerated and expressed as logjy (CFU/g). The growth of micro-
mycetes was expressed as a percentage relative to the untreated control,
which was set at 100%. The naturally contaminated wheat seeds used in
this study carried an initial yeast and mold population of approximately
4 log CFU/g.

2.6. Wheat germination assay

Control and treated seeds (100 seeds per sample) were germinated
on filter paper in Petri dishes in the dark at 25 °C for 5 days, with the
filter paper moistened daily. The sprouting of the wheat seeds was
assessed daily by counting the number of germinated seeds and

expressing this count as a percentage.

2.7. Evaluation of total antioxidant capacity of wheat seeds

The total antioxidant capacity of both treated and untreated seeds
was assessed using the ferric reducing ability of plasma (FRAP) method,
as described by Benzie and Strain (1996). For the measurement, extracts
were prepared by combining 0.5 g of seeds with 25 mL of methanol
through homogenization. The FRAP working solution comprised 0.3 M
acetate buffer (pH 3.6), 0.01 M 2,4,6-tripyridyl-s-triazine (TPTZ) in
0.04 M HCI, and 0.02 M FeCl3-6H30 in distilled water. The FRAP reagent
was freshly prepared each day by blending 25 mL of acetate buffer, 2.5
mL of TPTZ, and 2.5 mL of FeCl3-6H20, and heating to 37 °C in a water
bath before use. For measuring antioxidant activity, 3 mL of the FRAP
reagent was mixed with 100 L of the sample solution, and the resulting
mixture was recorded at 593 nm after 4 min using a Helios Gamma
(Thermo Scientific) spectrophotometer. A standard curve was generated
using a solution of Fe (II) sulfate ranging from 100 to 1000 pM. The
results were expressed as mM Fe?*/kg of the food material's dry weight.

2.8. Electron paramagnetic resonance measurements

The generation of free radicals both in control and treated wheat
seeds was determined by electron paramagnetic resonance (EPR) spec-
troscopy. The wheat seeds were placed in capillaries (BLAUBRAND
micropipettes, intraMark, Hinckley, Great Britain), which were then
inserted into standard EPR tubes for measurement. Measurements were
performed on a Bruker Elexsys E580 FT-EPR spectrometer (Billerica,
USA) operating at X-band. The EPR spectra were recorded at a micro-
wave frequency of 9.85 GHz and a magnetic field modulation frequency
of 100 kHz.

To conduct a quantitative comparison, the area under the absorption
curves was calculated through double integration of the first-derivative
EPR spectra to evaluate differences in radical content across treatments.
Ionizing irradiation at a dose of 0.5 kGy was applied as a positive control
to generate stable radiation-induced radicals and to confirm the EPR
method's effectiveness in detecting persistent paramagnetic species in
wheat seeds. All EPR measurements were carried out under consistent
instrumental settings, and spectra were baseline-corrected before
integration.

The g-factor values were determined based on the EPR resonance
condition using the equation:

hv
= @
&= B
where h is Planck's constant (h = 6.626 x 10734 J /s), v is the microwave
frequency (9.85 GHz), f is the Bohr magneton (9.2740154 x 10724 /T ),
and By is the magnetic field strength at the center of the resonance line
(mT). The magnetic field position corresponding to the zero-crossing of
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the first-derivative EPR spectrum was used to determine By,

2.9. Statistics

All experiments were performed in triplicate, and results are
expressed as mean + standard deviation. Statistical analyses were con-
ducted using OriginPro 8.1 software (OriginLab Corporation, USA).
Differences among multiple treatment groups were evaluated using one-
way analysis of variance (ANOVA), followed by Tukey's honestly sig-
nificant difference (HSD) post-hoc test for pairwise comparisons. For
comparisons between two groups, Student's t-test was applied. Differ-
ences were considered statistically significant at p < 0.05.

3. Results

3.1. Characterization and photostability of ZnO NPs and Chl-CHS
complex

The optical characterization of ZnO NPs (0.5 mM) and the Chl-CHS
complex (0.015 mM Chl) showed distinct absorption and fluorescence
profiles. ZnO NPs exhibited their characteristic absorbance in the UV
region at 375 nm, while the Chl-CHS complex displayed a strong ab-
sorption band at 405 nm. The ZnO NPs displayed broad fluorescence
emission, peaking at 520 nm, while the Chl-CHS complex showed a
strong and well-defined fluorescence spectrum, characterized by pro-
nounced emission peaks within the visible region corresponding to the
typical fluorescence behavior of Chl-derived compounds, with the main
sharp peak occurring at 650 nm (Fig. 2A).

Fig. 2B shows SEM images of ZnO NPs at a concentration of 0.5 mM,
indicating a heterogeneous morphology with irregularly shaped parti-
cles and a tendency to form aggregates. The NPs appeared loosely
clustered, consistent with the typical behavior of ZnO NPs in saline
environments, driven by interparticle interactions. Fig. 2C presents the
SEM image of the Chl-CHS complex (0.015 mM Chl), which exhibited a
markedly different morphology characterized by a more uniform and
continuous surface structure. The matrix appeared relatively smooth
with evenly distributed porous or granular features, suggesting the
formation of an organized composite structure rather than discrete
particulate aggregates. This morphology indicates the successful incor-
poration or association of chlorophyll within the chitosan-based matrix.

Ilumination with increasing doses from 12.7 to 76 J/cm? produced
measurable changes in the absorbance spectra for both materials, as
shown in the corresponding photostability graphs (Fig. 3). The spectra
overlap closely, with only gradual, minor shifts observed between the
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non-illuminated sample and those exposed to progressively higher light
doses. Across the series, the overall spectral shapes remain consistent,
and the absorbance intensities show slight changes at increasing doses.

3.2. Antibacterial effect of photoactivated ZnO NPs and Chl-CHS
complex on L. monocytogenes and E. coli in vitro

The antibacterial tests indicated that the decrease in bacterial levels
of L. monocytogenes ATC3C 7644 and E. coli 0157:H7 was influenced by
the duration of incubation (Fig. 4) and the dose of illumination (Fig. 5)
following treatment with photoactivated ZnO NPs and the Chl-CHS
complex.

Fig. 4 represents the response of bacteria to increasing incubation
times when exposed to visible-light-activated ZnO NPs and the Chl-CHS
complex. When examining the effects of treatments under dark condi-
tions (without illumination), the data revealed that neither ZnO NPs nor
the Chl-CHS complex exhibits significant antibacterial activity against
Listeria cells in the absence of light (Fig. 4A). However, the ZnO NPs
demonstrated a measurable antibacterial effect against Escherichia. In
the non-illuminated samples containing 0.5 mM ZnO NPs, Escherichia
counts decreased by 0.5-1.4 log units as incubation time increased from
30 to 60 min (Fig. 4B). This suggests that the NPs exhibit partial anti-
bacterial activity even in the absence of light. In contrast, the Chl-CHS
complex shows no significant change compared to the control values
for Escherichia cells across all incubation periods under dark conditions.

Both treatments required illumination to demonstrate stronger
antibacterial activity. Longer incubation periods before illumination led
to greater bacterial inactivation; however, the two antimicrobial sys-
tems differ significantly in their efficiency.

For both L. monocytogenes and E. coli, treatment with 0.5 mM ZnO
NPs activated with a light dose of 17.3 J/cm? resulted in a rapid decline
in bacterial viability. This led to a bactericidal reduction of at least 3 log
units (99.9%) within relatively short incubation times of 9 min for
L. monocytogenes and 20 min for E. coli. Additionally, Listeria showed a
slightly faster decline in population than Escherichia, suggesting greater
susceptibility under these conditions.

The Chl-CHS complex (0.015 mM Chl) effectively reduced the
viability of both Gram-positive Listeria and Gram-negative Escherichia,
although its efficacy varied significantly between the two types. The
complex was particularly effective against L. monocytogenes, achieving
its bactericidal reduction threshold more quickly. The minimum pre-
illumination incubation time required to achieve a bactericidal effect
was only a few minutes (Fig. 4A). In contrast, its effectiveness against
E. coli was weaker, requiring a longer incubation time of 48 min and
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Fig. 3. Absorbance spectra of ZnO NPs (0.5 mM) (A) and Chl-CHS complex (0.015 mM Chl) (B), plotted as a function of illumination dose.

& ®
—a—27Zn0O NPs
—e—Zn0O NPs + light

i— ChI-CHS
—o— ChI-CHS + light

Survival ratio, log,o(N/Ny)

Incubation time, min

: \; sl ¢
! B ; i
\ 5L | —=—2ZnO NPs '

¢ i —e—ZnO NPs +light ! {

6 ! —=—ChlCHS : 1
! —e—Chl-CHS + light !

Il 1 1 1 1 1 1 Il 1 L Il

20 30 40 50 60 0 10 20 30 40 50 60

Incubation time, min
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log1o reduction). The red circle represents a difference that is statistically insignificant (p > 0.05) when compared to the light control.

higher illumination levels (38 J /cmz) to achieve reductions comparable
to those with ZnO NPs (Fig. 4B).

The illumination—dose-dependent inactivation curves showed the
relationship between light dose and bacterial survival for both treatment
systems (Fig. 5). Illumination alone did not affect the viability of either
L. monocytogenes or E. coli, as light-exposed controls showed no
measurable reductions in cell counts under any tested dose. However,
when ZnO NPs or the Chl-CHS complex were combined with illumina-
tion, a dose-dependent decrease in bacterial survival was observed for
both microorganisms. Treatment with 0.5 mM ZnO NPs after a 10-min

incubation resulted in a bactericidal effect on the Listeria culture at an
illumination dose of 22 J/cm? Meanwhile, the Chl-CHS complex
(0.015 mM Chl) was even more effective, requiring only 3 J/cm? of
illumination after 10 min of incubation to achieve the same reduction in
bacterial count. In E. coli, bactericidal inactivation was observed only at
higher illumination doses. Treatment with 0.5 mM ZnO NPs following a
10-min incubation resulted in a bactericidal reduction at an illumination
dose of 30 J/cm? Regarding the Chl-CHS complex (0.015 mM Chl),
bactericidal activity against E. coli necessitated both a longer incubation
time (60 min) and a higher illumination dose (45 J/cmz).
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Across both treatments, L. monocytogenes showed greater sensitivity
than E. coli, reaching undetectable levels at lower illumination doses.
Specifically, L. monocytogenes was inactivated to an undetectable level at
51 J/cm? after a 10-min incubation with 0.5 mM ZnO NPs and at 6 J/
cm? after a 10-min incubation with a Ch1-CHS complex (0.015 mM Chl).
In contrast, E. coli required illumination doses of 57 J, /cm?and 76 J /cmz,
respectively, to achieve the same level of inactivation under the same
experimental conditions with ZnO NPs and the Chl-CHS complex
treatments.

3.3. Decontamination of wheat seeds by photoactivated ZnO NPs and
Chl-CHS complex

Fig. 6 presents both quantitative and visual results illustrating the
decontamination of naturally contaminated wheat seeds treated with
photoactivated ZnO NPs (5 mM) and the Chl-CHS complex (0.015 mM
Chl).

Illumination alone (40 J /cmz) did not affect the total yeast and mold
population on wheat seeds (data not shown). Additionally, neither ZnO
NPs nor the Chl-CHS complex reduced contamination in the absence of
illumination. However, when combined with light exposure, both
treatments resulted in a significant reduction in yeast and mold levels.
Seeds treated with ZnO NPs or a complex of Chl-CHS (incubated for 60
min followed by 40 J/cm? of illumination) resulted in a 68-75%
decrease in yeast and mold counts compared to untreated controls
(Fig. 6). The visual images confirm the decreased surface contamination.

3.4. Germination of wheat seeds after the treatment with photoactivated
ZnO NPs and Chl-CHS complex

Fig. 7 presents both the quantitative germination data (panel A) and
the visual appearance of wheat sprouts (panel B) after 5 days for control
seeds and seeds treated with ZnO NPs or the Chl-CHS complex, either
non-photoactivated or activated by visible light.

All three curves exhibited a similar germination pattern. Over the 5-
day period, germination rates increased gradually, with treated samples
closely matching the control values throughout the measurement
period. Neither treatment showed any noticeable differences or delays in
germination onset. By day 5, all groups reached high germination rates,
with treated seeds overlapping or nearly aligning with the control curve,
indicating similar sprouting behavior. Each data point represents the
mean of three independent experiments, with 100 seeds per treatment;
error bars indicate standard deviations.
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Fig. 6. Decontamination of wheat seeds by photoactivated ZnO NPs (5 mM)
and Chl-CHS complex (0.015 mM Chl) (60 min incubation; 40 J/cm? light

dose): quantitative and visual data. Every point represents the mean of 3-6
independent experiments.
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3.5. Evaluation of total antioxidant capability of wheat seeds after the
treatment by photoactivated ZnO NPs and Chl-CHS complex

Fig. 8 presents the total antioxidant capacity of wheat seeds treated
with photoactivated ZnO NPs and the Chl-CHS complex, as well as non-
light-activated treatments, compared with untreated control seeds. The
values are expressed as mM Fe?"/kg dry weight, and each bar represents
the mean of triplicate measurements.

All groups exhibited FRAP values of similar magnitude. The treated
samples are at levels comparable to the control, showing no significant
increase or decrease in total antioxidant content. The error bars, which
reflect standard error, are included but appear small, suggesting low
variability among the replicates.

3.6. Electron paramagnetic resonance signal in wheat seeds after the
treatment by photoactivated ZnO NPs and Chl-CHS complex

Electron paramagnetic resonance (EPR) spectra of control wheat
seeds and seeds treated with photoactivated ZnO NPs or the Chl-CHS
complex are presented in Fig. 9. Both first-derivative and integrated
spectra are shown. An additional spectrum of seeds irradiated with 0.5
kGy ionizing radiation is provided for comparison.

The control seeds and those treated with ZnO NPs or Chl-CHS com-
plex exhibited similar first-derivative EPR profiles, characterized by
low-intensity signals with comparable line shapes and amplitudes. These
spectra closely overlap, indicating minimal differences among the three
groups under these conditions. The EPR spectra of wheat seeds treated
with photoactivated ZnO NPs or the Chl-CHS complex exhibited a single
weak paramagnetic signal centered in the g ~ 2.00 region. The calcu-
lated g-factor, determined from the resonance magnetic field using the
standard resonance condition, was g = 2.00-2.003, which is charac-
teristic of carbon- and oxygen-centered organic radicals naturally pre-
sent in plant matrices (Baltrenaite-Gediene et al., 2022; Vejerano & Ahn,
2023). Importantly, no increase in signal amplitude or emergence of
additional spectral components was observed in treated samples
compared with untreated controls.

To compare the approved irradiation levels for food applications,
EPR measurements were performed on samples irradiated at 0.5 kGy.
This dose is significantly below the maximum limit set by the Codex
General Standard for Irradiated Foods (Codex General Standard for
Irradiated Foods, 2003), which allows for irradiation doses of up to 10
kGy for food-related uses. The spectrum of the sample irradiated at 0.5
kGy shows a significantly stronger, more prominent EPR signal, with a
much greater amplitude than those of the other groups. Additionally, the
shape and intensity of this spectrum clearly differ from those of the
non-irradiated samples. The spectral shape and g-factor value (g =
2.006) were consistent with radiation-induced radicals previously
assigned to starch-derived hydroxyl and peroxyl species in cereal grains
(Korkmaz & Polat, 2000; Vazirov et al., 2023).

To enable a quantitative comparison between treatments, the EPR
spectra were converted from first-derivative form to absorption spectra
and subsequently double-integrated (Fig. 9b). The integrated spectra
show a consistent pattern. The control, ZnO NPs-treated, and Chl-CHS
complex-treated seeds display low and closely grouped integrated
signal traces, with minimal separation between them. In contrast, the
sample irradiated at 0.5 kGy exhibits a significantly higher integrated
signal, resulting in a distinct curve that sets it apart from the other three
spectra. This indicates a substantially greater magnitude of radical-
related signals in the irradiated sample.

4. Discussion

The current investigation presents a comprehensive evaluation of
two visible-light-activated antimicrobial systems: ZnO NPs and a
Chl-CHS complex. This study examines their effects on wheat seeds,
focusing on microbial inactivation, seed germination efficiency,
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Fig. 7. Sprouting of wheat seeds following treatment with photoactivated ZnO NPs (5 mM) and Chl-CHS complex (0.015 mM Chl) (60 min incubation; 40 J/cm>
light dose) compared with the control. The results are presented as quantitative germination data (A) and visual observations (B) after 5 days. Each data point
represents the mean of three independent experiments, with 100 seeds per treatment. The germination percentage is expressed as the mean number of germinated
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Fig. 8. Total antioxidant capacity in wheat seeds after the treatment with ZnO
NPs (5 mM) and Chl-CHS complex (0.015 mM Chl) (60 min incubation; 40 J/
cm? light dose) compared with the control.

antioxidant potential, and free radical formation. While both systems
demonstrated effective light-induced antimicrobial activity, their per-
formance differed in terms of inactivation kinetics, microbial selectivity,
and potential applicability in food systems.

The optical analysis of ZnO NPs and the Chl-CHS complex provides
important insights into their behavior during photoactivation and their
stability upon exposure to visible light, which are directly linked to their
effectiveness in antimicrobial applications. The absorption spectra
indicated that both systems align well with the 405 nm LED used in this
study, enabling a direct comparison of these two systems under the same
photoactivation conditions (Fig. 2). ZnO NPs displayed a distinctive
absorption edge in the near-ultraviolet region around 375 nm, which is
in line with transitions related to the intrinsic band gap, while also
permitting excitation by near-visible light due to defect states typically
found in nanoscale ZnO (Janotti & Van de Walle, 2009; Singh et al.,
2024). In comparison, the Chl-CHS complex exhibited a significant
absorption peak at 405 nm, which aligns with the Soret band of Chl,
thereby ensuring efficient excitation under the illumination conditions
used (Buchovec et al., 2017; Jiang et al., 2024; Li et al., 2017). Fluo-
rescence measurements revealed distinct photophysical characteristics
of the two systems. ZnO NPs displayed a broad emission spectrum
peaking at 520 nm, indicating radiative recombination associated with
defects, which are essential for producing ROS. In contrast, the Chl-CHS
complex emitted strongly at 650 nm, a characteristic of chlorophyll
derivatives, suggesting that Chl retains its photoactive electronic
configuration upon complexation with CHS. The preserved fluorescence
emission suggests that Chl remains photoactive within the Chl-CHS
complex under the tested conditions, although the occurrence of
aggregation-related effects cannot be excluded based solely on
steady-state absorption and fluorescence measurements.

SEM provided additional insight into the morphology of the tested
materials. ZnO NPs exhibited a heterogeneous structure, with irregu-
larly shaped particles and a tendency to form aggregates, consistent with
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Fig. 9. EPR spectra of wheat seeds after treatment with ZnO NPs (5 mM) and Chl-CHS complex (0.015 mM Chl) (60 min incubation; 40 J/cm? light dose) compared
with untreated control seeds and seeds subjected to ionizing irradiation at 0.5 kGy. Panel A displays the first derivative of the spectrum, while panel B presents the

corresponding integrated signal spectrum.
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their high surface energy and behavior in saline media. In contrast, the
Chl-CHS complex displayed a more uniform and continuous
morphology, characterized by a relatively smooth matrix with dispersed
microstructural features. These observations suggest the formation of an
organized composite system that may influence interactions with mi-
crobial cells and contribute to overall antimicrobial performance.

The physicochemical properties of the ZnO NPs used in this study
have been previously characterized in detail (Aponiene et al., 2025).
Briefly, at the working concentration of 0.5 mM, dynamic light scat-
tering analysis revealed a particle size distribution ranging from
approximately 80 to 400 nm, with an average hydrodynamic diameter
of ~190 nm, indicating partial aggregation in saline media. Structural
characterization by X-ray diffraction revealed a high-purity hexagonal
wurtzite phase, while FTIR analysis confirmed the presence of Zn-O
stretching vibrations and surface functional groups associated with
adsorbed species (Aponiene et al., 2025).

Photostability studies showed that both ZnO NPs and the Chl-CHS
complex did not exhibit significant changes in their spectral profiles
when irradiated with increasing doses of visible light up to 76 J/cm?.
Specifically, ZnO NPs gradually lost absorbance intensity without sig-
nificant changes in the absorption edge position (Fig. 3). This effect can
be assigned to previously reported photocatalytic properties of ZnO,
where semiconductor properties remain intact during irradiation and
surface processes are responsible for ROS generation (Du et al., 2021;
Sirelkhatim et al., 2015; Wang et al., 2017). The absence of significant
spectral shifts in the present study suggests that no major alterations of
the ZnO crystalline structure occurred within the applied light dose
range.

Similarly, the Chl-CHS complex maintained its characteristic Soret
(~405 nm) and Q (~670 nm) absorption bands during illumination.
Earlier studies have described the absorption and fluorescence proper-
ties of Chl-CHS systems and confirmed their photoactivity (Buchovec
et al., 2016; Luksiene & Buchovec, 2019); however, a systematic eval-
uation of their stability under increasing visible-light doses has not been
reported previously. Our findings demonstrate that the observed
decrease in absorbance did not involve shifts in the positions of the
major peaks or the development of new absorbance bands, suggesting
that no substantial alterations in the electronic configuration of Chl were
evident under the applied irradiation conditions. Notably, the observed
photostability of the Chl-CHS complex is particularly important, as free
chlorophyll derivatives are known to be prone to photodegradation
under light exposure (Buchovec et al., 2022; Li et al., 2022; Yi et al.,
2023). The interaction with CHS may contribute to the formation of a
protective microenvironment that stabilizes the photosensitizer and
mitigates photochemical degradation. Overall, both systems demon-
strated optical stability under irradiation, ensuring sustained ROS gen-
eration for reliable antimicrobial activity. Moreover, photostability is
particularly important for practical applications, as it indicates the po-
tential for sustained antimicrobial performance without rapid degra-
dation of the active components, which is a common limitation of many
photosensitizing systems.

Results indicated that both ZnO NPs and the Chl-CHS complex
require light activation to achieve significant antimicrobial effects,
confirming their photocatalytic and photodynamic nature (Figs. 4-5).
Mlumination alone had no measurable effect on bacterial viability
(Fig. 5; control + light samples), which is consistent with previous
studies (Buchovec et al., 2010; Kairyte et al., 2013; Kumar et al., 2014).
Incubation of bacterial cells with the Chl-CHS complex in the dark for
60 min also showed no antibacterial activity (Fig. 4), indicating that
ROS generated under visible light play a central role in microbial
inactivation. Previous research supports this conclusion, showing that a
longer incubation time — specifically, twice as long (120 min) — is needed
to achieve statistically significant inactivation of Salmonella cells
(Buchovec et al., 2016). In contrast, ZnO NPs demonstrated a modest
antibacterial effect against E. coli, even without illumination (Fig. 4B).
This effect may be attributed to direct interactions between the NPs and
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the bacterial cells, leading to membrane destabilization, a phenomenon
that has been previously reported for metal oxide nanoparticles
(Generalova & Dushina, 2025; Mendes et al., 2022; Stankic et al., 2016).
Additionally, Lakshmi Prasanna and Vijayaraghavan (2015) demon-
strated that the antibacterial activity of ZnO NPs in the dark can be
attributed to ROS generated by the interaction of water or moisture with
superoxide species, a process facilitated by surface defects. However, a
more significant antibacterial effect is observed when the photoactive
material is combined with illumination at 405 nm.

Upon photoactivation, ZnO NPs induced rapid inactivation of both
L. monocytogenes and E. coli, resulting in a clear bactericidal effect. This
effect was achieved with relatively short exposure times and moderate
illumination, indicating high antimicrobial efficiency. Further increases
in light exposure enabled complete inactivation of both bacterial pop-
ulations to undetectable levels, demonstrating a clear dose-dependent
response of the photocatalytic system. The rapid response indicates
that ZnO NPs function as a high-intensity, broad-spectrum antimicrobial
system, particularly suitable for applications requiring fast, efficient
decontamination. Earlier studies demonstrated that under visible light
(A > 420 nm), ZnO NPs markedly reduced E. coli viability by over 90%
after 6 hat 1.23 x 10°* M (Yang et al., 2023), while broad-spectrum
artificial solar light (300-1000 nm) achieved 6-log inactivation of
E. coli and 1-log reduction of Enterococcus sp. (Ntnez-Salas et al., 2021).
Other studies using UVA, UV-visible, or UV wavelengths (Ann et al.,
2014; Du et al., 2021; Karabas et al., 2025; Rezaei et al., 2020) reported
antimicrobial effects as well, but these conditions do not isolate
visible-light activation, and in some cases, visible or longer wavelengths
(e.g., 500 nm) had no effect on microbial proliferation.

The Chl-CHS complex displayed a distinct antimicrobial profile,
demonstrating particularly strong effectiveness against L. monocytogenes
at very low illumination doses, whereas higher illumination doses and
extended incubation times were required to achieve similar reductions
in E. coli (Figs. 4-5). As illustrated in Fig. 4, the Chl-CHS complex
showed notably strong activity against L. monocytogenes, achieving a
bactericidal reduction after only a brief incubation period prior to illu-
mination. In contrast, E. coli required significantly longer incubation
times, reaching the bactericidal threshold only after approximately 48
min of pre-incubation at higher illumination doses, indicating that the
Gram-negative bacterium is less susceptible to this photodynamic sys-
tem. This behavior suggests that photodynamic inactivation is more
dependent on interaction time and cell surface accessibility, making it
sensitive to structural differences in bacterial cell envelopes.

The illumination dose-response behavior further supports the
distinct susceptibility patterns of the two bacteria toward the Chl-CHS
system (Fig. 5). After a 10-min incubation with Chl-CHS complex
(0.015 mM Chl), L. monocytogenes was reduced to a bactericidal level
with a light dose as low as 3 J/cm? and achieved inactivation to an
undetectable level at 6 J/cm?. In contrast, E. coli exhibited markedly
higher resistance, requiring illumination doses of up to 45 J/cm? for
bactericidal reduction and 76 J/cm? to reach inactivation below the
detection limit, even after extended incubation. The differences
observed in the antibacterial properties of photoactivated ZnO NPs and
the Chl-CHS complex likely arise from the distinct modes of action and
their interactions with bacterial cell structures.

Visible-light-activated ZnO NPs exhibit broad-spectrum antimicro-
bial activity against both Gram-positive and Gram-negative bacteria,
attributed to multiple mechanisms of bactericidal action. Upon illumi-
nation, NPs act as photocatalysts by absorbing photons with sufficient
energy to promote electrons from the valence band to the conduction
band, generating electron-hole pairs. These charge carriers participate
in redox reactions at the nanoparticle surface, leading to the formation
of ROS - primarily superoxide anions (-Oz), hydroxyl radicals (-HO),
and hydrogen peroxide (H203) in the surrounding aqueous environment
(Du et al., 2021; Takhar & Singh, 2025), which create significant
oxidative stress in microbial cells, resulting in lipid peroxidation of cell
membranes, protein oxidation, disruption of cellular enzymatic
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functions, and damage to nucleic acids (Fekrirad et al., 2026; Singh
et al., 2020). Moreover, ZnO NPs can physically disrupt cell membranes
through adhesion and release of Zn?* ions, which interfere with essen-
tial cellular processes, such as membrane stability, protein activity, and
DNA replication (Vagena et al., 2024; Vitasovic et al., 2024). The syn-
ergy of these mechanisms enhances the range of cellular targets and
reduces the likelihood that a single bacterial defense mechanism can
fully protect the cell, thereby aiding the effective elimination of both
bacterial types.

In contrast, the antimicrobial activity of the Chl-CHS complex pri-
marily relies on a photodynamic mechanism. Chl acts as a PS, absorbing
visible light and transitioning from its ground state to an excited singlet
state, followed by intersystem crossing to a long-lived triplet state. This
excited triplet Chl can interact directly with surrounding biological
molecules to form ROS such as -O3 and -HO (type I reactions; electron
transfer), or, more commonly, it can transfer energy directly to molec-
ular oxygen, resulting in the formation of singlet oxygen (105) (type II
reactions; energy transfer), a highly reactive but transient species that
can oxidize cellular components close to the PS (Pablos et al., 2024;
Zhao et al., 2025). Incorporating CHS into the Chl-CHS complex en-
hances its antimicrobial activity. The positively charged biopolymer
CHS interacts with the negatively charged surfaces of microbial cells
through electrostatic forces, promoting close contact between the PS and
the target cells (Shrestha & Kishen, 2012). Unlike photocatalytic sys-
tems, which depend on semiconductor band structure, photodynamic
action relies on the efficient association of the PS with the cell and the
localized generation of ROS (Pablos et al., 2024; Zhao et al., 2025).
Singlet oxygen, in particular, is considered highly effective against
Gram-positive bacteria due to their thick but porous peptidoglycan layer
that permits ROS penetration, whereas Gram-negative bacteria have an
outer membrane composed of lipopolysaccharides, lipoproteins, and
phospholipids, which creates a complex protective barrier
(Maldonado-Carmona et al., 2022). Although ROS scavenging experi-
ments were not included in the present study, the proposed photo-
chemical pathways are consistent with the optical properties of the
tested systems and with previously reported mechanisms for photo-
activated ZnO NPs and Chl-based antimicrobial systems.

These distinct mechanisms underscore the complementary roles of
ZnO NPs and PS-based systems, suggesting that application strategies
should be customized to target specific pathogens. Visible-light-
activated ZnO NPs are promising for inactivation of broad-spectrum
microorganisms, while Chl-CHS systems may be especially effective
for rapid, targeted control of Gram-positive pathogens under relatively
low illumination doses. Overall, the choice of system should be tailored
to specific application requirements, including target microorganisms,
processing time constraints, and acceptable energy input.

After conducting in vitro antibacterial tests, the efficacy of photo-
activated ZnO NPs and the Chl-CHS complex was subsequently evalu-
ated against naturally occurring yeasts and molds on wheat grains,
which are among the most common sources of microbial contamination
in cereal-based foods and sprouting systems and pose a significant risk
during storage and sprouting.

Both photoactivated systems successfully reduced the levels of
naturally occurring yeasts and molds on wheat seeds, whereas neither
light exposure alone nor dark treatment resulted in any notable decon-
tamination (Fig. 6). This suggests that the observed reductions are due to
photoinduced antimicrobial effects rather than mechanical washing or
mere light exposure. The reduction in yeast and mold counts achieved
by this method ranges from approximately 68% to 75%. Although the
observed reduction does not correspond to complete sterilization, it is
highly relevant for food applications, where partial microbial reduction
combined with preservation of seed viability is often preferable to
aggressive chemical or thermal treatments. This level of effectiveness is
comparable to some conventional decontamination methods applied to
cereal grains, which often exhibit limited effectiveness and can nega-
tively impact seed quality.
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For example, conventional heat treatments, such as hot-air drying,
can reduce fungal contaminants on cereal grains, but this typically re-
quires high temperatures or prolonged exposure. For instance, using
superheated steam at 110-200 °C can inactivate molds by approximately
3 logs on wheat kernels within 30 s (Hu et al., 2016). In contrast, con-
ventional steam at 82 °C should be applied for 60 min to reduce the total
microbial load on corn grain by about 4 logs (Rose et al., 2012). How-
ever, it should be noted that significant loss of seed viability can occur
after prolonged treatment with dry heat at 90 °C (Gilbert et al., 2005).

Chemical treatments, such as organic acids and synthetic fungicides,
effectively control fungal growth in stored grains, typically reducing it
by 1-3 log1o units with increasing dose and exposure time. However,
their limited effectiveness, potential for fungal resistance, chemical
residues, increasing regulatory restrictions, and rising consumer de-
mand for clean-label products pose challenges (Szczygiet et al., 2024).

Traditional UVC treatment (254 nm) resulted in around 0.42 logio
(~62%) reductions of F. graminearum (Popovic et al., 2018) at a dose of
1000 mJ/cm? and 1.35 log109 (—95%) reductions of A. flavus (Udovicki
et al., 2022) at 3240 mJ/cm? on actual grain kernels, although direct
exposure to 254 nm UVC poses significant risks to human skin and eyes,
requiring strict shielding and safety measures during application (Jin &
Wang, 2024). Pulsed light treatments can achieve significantly greater
microbial reductions than standard continuous light sources; for
instance, a treatment with a pulsed light delivering 51.2 J/g of total
fluence resulted in about a 4 logip (~99.99 %) decrease in naturally
present molds on wheat grain. However, this high level of inactivation
was accompanied by an approximate 14-15% reduction in seed
sprouting, underscoring the potential effects on seed viability at
elevated pulsed-light exposures (Aron Maftei et al., 2014). Ozone
fumigation of cereal grains shows varying degrees of antifungal effec-
tiveness, depending on treatment intensity. For instance, treating stored
maize with 50 ppm ozone for 3 days results in approximately a 63%
reduction in Aspergillus parasiticus (Jian et al., 2013). In contrast, higher
concentrations or longer exposure times, such as 100 ppm for 6 h in
wheat, lead to a roughly 81.6% overall reduction in fungal presence
(Sanchez et al., 2025). Additionally, a 24-h exposure to malting barley
resulted in reductions of about 99.2% in total fungal count and 98.2% in
Fusarium incidence (Sanchez et al., 2025). This underscores that effec-
tive ozone treatment for decontamination typically requires extended
exposure periods or higher concentrations, which could affect grain
quality.

From a regulatory perspective, it should be noted that safety criteria
for sprouts in the European Union are defined primarily by the absence
of specific foodborne pathogens rather than by reductions in total fungal
or yeast populations. Commission Regulation (EC) No 2073/2005, as
amended by Regulation (EU) No 209/2013, requires the absence of
Salmonella and Shiga toxin—producing Escherichia coli in sprouts, while
additional regulations governing sprouting seeds emphasize hygiene
controls and traceability (European Commission, 2005, 2013a; 2013b;
2013c). Therefore, although the treatments evaluated in this study
reduced micromycete growth by approximately 68-75% relative to the
control, this reduction should be interpreted as evidence of antifungal
activity rather than as a direct indicator of compliance with regulatory
safety criteria for seeds intended for sprouting.

The ability of ZnO NPs and the Chl-CHS complex to eliminate yeasts
and molds is particularly significant for sprouting processes, as they not
only cause spoilage but can also produce mycotoxins during the
germination phase (Deligeorgakis et al., 2023). The current results
suggest that treatments using visible light could improve the microbio-
logical safety of sprouts without the need for chemical fungicides or
aggressive physical methods. Additionally, germination tests further
validated their suitability for sprouting seeds, as neither photoactivated
ZnO NPs nor the Chl-CHS complex negatively affected seed viability,
vigor, or sprouting rates (Fig. 7). Treated seeds displayed germination
patterns that closely matched those of untreated controls over the 5-day
observation period, indicating that no detectable impairment of seed
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physiological performance occurred under the applied conditions.

These findings contrast with several reports on traditional chemical
and thermal decontamination methods, which have been associated
with reduced germination rates or delayed sprouting due to embryo
damage, enzyme denaturation, or chemical toxicity. For example, Clear
et al. (2002) observed that applying dry heat for 10 days at 80 °C, while
effective against F. graminearum, significantly diminished the germina-
tion rates of both wheat and barley seeds (effects of heat stress); dry heat
treatments on seeds at temperatures of 80 °C and above drastically
lowered germination percentages compared to the control group, indi-
cating disruption caused by heat to membranes and metabolic processes
(Bennett & Colyer, 2010); pulsed light sterilization has been demon-
strated to reduce germination rates of seeds intended for sprouting when
used at elevated fluences, implying photodamage that goes beyond
merely inactivating microbes (Aron Maftei et al., 2014); conventional
chlorine-based chemical disinfectants that lowered fungal levels on
sprouting seeds also showed links to reduced germination under specific
conditions, reflecting the effects of chemical toxicity at greater doses
(Shabana et al., 2021).

The preservation of germination performance demonstrated here
supports the suitability of photoactivated antimicrobial methods for
cereal grains meant for sprouting. Furthermore, the FRAP assay indi-
cated no significant differences in total antioxidant capacity between
treated and untreated seeds (Fig. 8), suggesting that neither ZnO NPs nor
the Chl-CHS complex altered the overall antioxidant capacity of wheat
seeds under the applied conditions. This is particularly relevant, as
germinated grains are appreciated for their high antioxidant levels,
which enhance their functional and health-promoting properties (Ikram
et al., 2021; Sun & Lee, 2025).

Prior research has indicated that various physical and chemical
treatments can degrade phenolic compounds or disrupt antioxidant
enzymes, thereby reducing the nutritional quality of sprouts. For
instance, thermal processing methods such as autoclaving and other
heat treatments change the phenolic profiles and antioxidant activity in
grain sprouts and seedlings, likely due to phenolic oxidation or poly-
merization (Randhir et al., 2008). Additionally, ozone treatment has
been shown to significantly reduce phenolic content and, consequently,
antioxidant potential in both seeds and sprouts. In a study on O3 expo-
sure at 50 ppm, wheat sprouts showed an 18.0% reduction in total
phenolic content compared to untreated controls, while broccoli and
radish sprouts experienced decreases of 47.7% and 20.2%, respectively,
suggesting that high ozone levels can reduce important antioxidant
compounds (Bernate et al., 2024). Furthermore, prolonged UV-C expo-
sure can lead to a decline in phenolic content and antioxidant activity in
seeds, due to membrane damage and oxidation (Arcos-Liminana et al.,
2025; Bang et al., 2021; Kamel et al., 2022).

Based on the observation that photoactivated ZnO NPs and the
Chl-CHS complex maintained total antioxidant capacity, further ex-
aminations of potential oxidative effects at a molecular level were
conducted. EPR spectroscopy was used to determine whether these
treatments could generate persistent free radicals within the seed ma-
trix, providing an additional safety assessment beyond conventional
antioxidant tests. The first derivative EPR spectra from seeds treated
with light-activated ZnO NPs or the Chl-CHS complex were highly
similar to those of the untreated controls, suggesting no detectable in-
crease in persistent free radical levels (Fig. 9). Conversely, seeds exposed
to ionizing radiation (0.5 kGy) displayed a significantly stronger EPR
signal, indicating the formation of stable radiation-induced radicals,
consistent with earlier findings. For instance, wheat seeds exposed to a
low-energy electron beam showed dose-dependent increases in EPR
signal intensity over the 0-20 kGy range, with significant radical accu-
mulation detectable even 23 days after irradiation (Vazirov et al., 2023).
Rice seeds irradiated with doses of 0.5-5 kGy formed various radical
species, identified as hydroxyalkyl (I), aldehydalkyl (II), and an un-
identified species (III), with a linear relationship to dose (Polat &
Korkmaz, 2003). Horse chestnut seeds exhibited increased EPR signals
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at doses of 1-10 kGy, with free radicals remaining detectable over time.
Notably, samples treated with 5 and 10 kGy still showed radicals 250
days later (Mladenova et al., 2025).

To ensure reliable signal quantification, the first-derivative EPR
spectra were double-integrated, thereby eliminating the effects of line-
width, modulation parameters, and overlapping spectral features. This is
particularly important in complex biological samples, where multiple
radical types may exist within a narrow g-factor range. As shown by
Vazirov et al. (2023), the area under the absorption curve, after double
integration, is directly proportional to the total amount of paramagnetic
centers. Therefore, it serves as the most dependable measure for
comparing radical levels across various treatments. The absence of an
increase in integrated EPR intensity following photoactivation suggests
that the ROS generated during illumination were short-lived and did not
result in detectable accumulation of stable radicals within the seed
matrix (Victoria et al., 2022). This behavior differs from treatment with
electron-beam or y-irradiation, where stable radicals can be detected for
weeks and are commonly used as markers of radiation exposure
(Mladenova et al., 2025; Vazirov et al., 2023).

These findings are particularly relevant for food safety and regula-
tory considerations, as concerns about radical formation and the long-
term oxidative effects have hindered the acceptance of ionizing irradi-
ation for decontaminating seeds and food. The lack of increased radical
signals after visible-light-activated treatments supports the idea that the
reactive species produced during illumination are short-lived and
restricted to the treatment period, without causing lasting oxidative
damage to the seed matrix.

From a practical perspective, these results indicate that visible-light-
activated antimicrobial systems could be integrated into seed sanitation
and sprout production processes as non-thermal alternatives to tradi-
tional disinfectants. Possible applications include pre-germination seed
treatment, LED-based decontamination chambers, and clean-label or
organic food processing systems. The use of 405 nm visible light is
especially advantageous, as it enables effective microbial control while
maintaining seed germination capacity, physiological quality, and
nutritional properties, making these systems suitable for functional
foods like sprouts and microgreens. For such applications, ZnO NPs
might be preferred if broad-spectrum activity is desired. In contrast, the
Chl-CHS complex may represent a more bio-based alternative for ap-
plications aligned with clean-label, sustainability-oriented processing
strategies.

Despite the promising findings, several limitations should be
acknowledged. First, all experiments were conducted at the laboratory
scale using a custom-built visible-light reactor; therefore, further
research is required to evaluate the scalability of these systems for seed
treatment in larger, industrial settings. Second, the microbiological
assessment was limited to two bacterial strains and naturally occurring
yeasts and molds, and thus, additional studies involving a broader range
of food-relevant pathogens, including spores and biofilm-forming mi-
croorganisms, are necessary to expand applicability. Third, although the
proposed photochemical mechanisms are supported by optical charac-
terization and existing literature, direct ROS-scavenging experiments
were not performed and therefore require further validation. In addi-
tion, a more comprehensive evaluation of antioxidant properties using
established quantitative assays (e.g., DPPH and ABTS), along with
detailed analysis of ROS generation and scavenging, is needed to better
elucidate the underlying mechanisms of action. Safety assessment also
remains essential, and future studies should address cytotoxicity toward
mammalian cells, potential environmental impacts, and dose-dependent
effects to ensure safe application. Finally, further work should focus on
optimizing treatment parameters for different cereal types, improving
process efficiency, and evaluating economic feasibility, scalability, and
integration into existing food production systems under realistic pro-
cessing conditions.
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5. Conclusions

In summary, the findings suggest that both ZnO NPs and the Chl-CHS
complex act as effective visible-light-based antimicrobial systems, each
possessing unique yet complementary properties. ZnO NPs exhibit broad
antimicrobial activity and relatively rapid inactivation rates, while the
Chl-CHS complex represents a bio-based alternative method with high
efficacy against Gram-positive bacteria, which may align well with
current clean-label and sustainability-oriented trends.

Importantly, the applied photoactivated treatments preserved seed
quality parameters essential for sprouting applications. Neither ZnO NPs
nor the Chl-CHS complex adversely affected germination capacity,
sprouting kinetics, or seed vigor, and no changes in total antioxidant
capacity were detected, indicating maintenance of the nutritional and
functional properties of wheat seeds under the tested conditions. In
addition, EPR spectroscopy further supported the safety of the photo-
activated approaches by demonstrating no detectable accumulation of
persistent free radicals.

The comparative evaluation conducted in this research fills a crucial
gap in the existing literature, as many earlier studies have focused solely
on either inorganic photocatalysts or organic PSs, often without simul-
taneously assessing seed quality parameters. By combining microbio-
logical effectiveness with physiological and biochemical safety
indicators, this study offers a comprehensive approach to assessing
visible-light-activated decontamination strategies for cereal grains.
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6. Abbreviations

CFU colony-forming units

Chl-CHS chlorophyllin—chitosan complex
EPR electron paramagnetic resonance
FRAP ferric-reducing ability of plasma
LED light-emitting diode

LBA Luria-Bertani Agar

ODs49 optical density at 540 nm

PS photosensitizer

ROS reactive oxygen species

SEM scanning electron microscopy

TPTZ 2,4,6-tripyridyl-s-triazine

TSYE tryptone soya medium supplemented with 0.6% yeast extract
ZnO NPs zinc oxide nanoparticles
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