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Photodynamic decontamination using chlorophyllin is often limited by photosensitizer leaching, surface staining, poor
reusability, and inconsistent antimicrobial performance. To address these challenges, a food-compatible chlorophyllin—
Ca,(PO,), nanohybrid was synthesized and optimized to improve chlorophyllin immobilization and photodynamic
efficacy. Encapsulation efficiency increased with calcium ion concentration and incubation time, reaching approximately
99% under optimized synthesis conditions despite the absence of highly ordered nanoflower architectures. Upon
visible-light irradiation, the nanohybrid exhibited potent antibacterial activity against Salmonella typhimurium,
achieving approximately 98% bacterial reduction. Additional studies demonstrated effective photodynamic
inactivation (PDI) of gram-positive bacteria, including Staphylococcus aureus and Bacillus subtilis, confirming broad-
spectrum antimicrobial activity. Reactive oxygen species scavenger assays identified singlet oxygen as the primary
antimicrobial species responsible for bacterial inactivation, while fluorescence staining, scanning electron microscopy
analysis, and intracellular leakage studies confirmed extensive membrane disruption. The nanohybrid also achieved
approximately 98% PDI of naturally occurring microbial populations recovered from fresh-cut cucumber, cabbage,
and spinach surfaces. Unlike free chlorophyllin, the immobilized nanohybrid showed negligible chlorophyllin release,
no visible surface staining, and retained substantial antibacterial activity over multiple reuse cycles. Collectively, these
findings demonstrate that chlorophyllin—Ca,(PO,), nanohybrid provides a reusable, non-migrating, and consumer-
compatible photodynamic platform for enhancing the microbial safety of fresh-cut produce.

1. INTRODUCTION

significant global public health burden, highlighting the urgent need

Fresh-cut produce (FCP) is widely consumed because it is rich in
bioactive phytochemicals, vitamins, minerals, and other health-
promoting secondary metabolites [1]. However, the minimal
processing involved in its preparation and its frequent consumption
in raw form make FCP highly vulnerable to microbial contamination
and subsequent spoilage [2]. Numerous foodborne disease outbreaks
worldwide have been linked to contaminated fresh fruits and
vegetables, with Escherichia coli and Salmonella among the most
frequently implicated pathogens [3]. According to the World Health
Organization, foodborne and waterborne diseases continue to pose a
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for effective and sustainable food safety interventions [4].

Conventional decontamination approaches for FCP include physical
treatments such as ultraviolet irradiation, high-pressure processing,
ultrasound, and pulsed electric fields, as well as chemical sanitizers
[5]. Although these methods can reduce microbial contamination, their
effectiveness is often limited under industrial conditions, and some
treatments may adversely affect the sensory and nutritional quality of
produce or require substantial energy input. Chlorine-based sanitizers
remain the most widely used decontamination agents; however, their
application is associated with the formation of potentially toxic and
carcinogenic disinfection by-products [6]. These limitations have
stimulated interest in alternative non-thermal, environmentally
friendly technologies for fresh-produce decontamination.

Nanotechnology has emerged as a promising platform for microbial
control owing to its high efficiency, tunable physicochemical properties,
and multifunctionality [7]. In particular, light-activated antimicrobial
approaches, including photodynamic and photothermal treatments,
have demonstrated considerable potential for pathogen inactivation
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without contributing to antimicrobial resistance [8]. Photodynamic
inactivation (PDI) relies on photosensitizers that generate reactive
oxygen species (ROS) upon light irradiation, resulting in irreversible
oxidative damage to microbial membranes, proteins, and nucleic acids
[7]. Among the available photosensitizers, chlorophyll derivatives
have attracted considerable attention because of their natural origin,
abundance, and food-grade status. Chlorophyllin, a water-soluble
semi-synthetic derivative of chlorophyll, efficiently generates ROS
under visible light and has been successfully applied for microbial
inactivation on food surfaces [9]. Several studies have demonstrated
effective photodynamic decontamination of fruits, vegetables, and
food-contact surfaces using chlorophyllin-based systems without
compromising product quality [10].

Despite these advantages, free chlorophyllin suffers from several
limitations, including photobleaching, photosensitizer leaching,
surface staining, and poor reusability, which restrict its practical
application. Recent advances in organic—inorganic nanohybrid and
nanoflowers, hierarchical nanostructures characterized by high surface
area and enhanced structural stability, offer promising opportunities
to overcome these challenges [11,12]. Immobilization of bioactive
molecules within such a nanohybrid has been shown to improve
functional stability, catalytic performance, and reusability [13].
Notably, plant-derived biomolecules have also been successfully
incorporated into nanohybrid structures, replacing proteins or enzymes
as organic building blocks [14,15].

Recent advances in antimicrobial PDI have increasingly focused
on the development of nanostructured carrier systems to improve
photosensitizer stability, loading capacity, controlled delivery, and
ROS generation efficiency. Among these, metal-organic frameworks
(MOFs), MOF-derived nanozymes, photoresponsive hydrogels, and
multifunctional nanocomposites have emerged as promising platforms
for antimicrobial phototherapy due to their high surface area, tunable
porosity, and versatile surface chemistry [16-19]. Recent studies
have demonstrated the successful application of MOF-based systems
for photosensitizer encapsulation, biofilm eradication, infected
wound treatment, and synergistic photodynamic—photothermal or
photodynamic—antibiotic therapies through enhanced ROS generation
and controlled delivery of photoactive agents [20-22]. Despite
their promising performance, many MOF-based systems rely on
multistep synthesis procedures, specialized organic ligands, organic
solvents, solvothermal processing, and relatively complex fabrication
strategies that may increase production costs and limit large-scale
implementation [19,22]. Consequently, there remains a need for
simpler, environmentally benign, and scalable photosensitizer delivery
platforms that can maintain high photodynamic efficiency while
reducing material and processing complexity, particularly for food
safety applications where practical implementation and regulatory
acceptance are important considerations.

Calcium phosphate-based nanomaterials represent an attractive
alternative owing to their low toxicity, biodegradability,
environmental compatibility, and ease of preparation under mild
aqueous conditions. In contrast to many advanced nanocarrier
systems, calcium phosphate nanohybrid can be synthesized using
inexpensive precursors without the need for harsh reaction conditions,
toxic organic solvents, high-temperature solvothermal treatments,
or elaborate surface modifications. Furthermore, calcium phosphate
materials are capable of interacting with and stabilizing a wide
range of bioactive compounds, making them promising carriers for
naturally derived photosensitizers [23,24]. These characteristics are
particularly advantageous for food safety applications, where simple,
sustainable, and scalable antimicrobial technologies are required for

the decontamination of fresh-cut fruits and vegetables. Incorporation
of chlorophyllin, a water-soluble derivative of chlorophyll with well-
established photosensitizing properties, into a calcium phosphate
matrix may therefore provide an environmentally friendly and
effective strategy for photodynamic microbial control.

In this study, we report the synthesis, optimization, and application
of a food-compatible chlorophyllin-Ca,(PO,), nanohybrid for light-
triggered antimicrobial decontamination of FCP. The work focuses on
improving chlorophyllin immobilization, enhancing photodynamic
antibacterial ~efficacy, minimizing photosensitizer —migration,
and enabling material reusability. By combining a food-grade
photosensitizer with a simple, aqueous-based calcium phosphate
nanohybrid platform, this study offers a sustainable and consumer-
friendly alternative to conventional chemical sanitizers for fresh-
produce decontamination.

2. MATERIALS AND METHODS

2.1. Materials

Chlorophyllin sodium salt and the reagents used for phosphate-
buffered saline (PBS) preparation were obtained from Sigma—Aldrich
(Catalog No. 8048-12-6). Luria—Bertani (LB) broth and Mueller—
Hinton agar were purchased from HiMedia Laboratories Pvt. Ltd.,
India (Catalog Nos. M001 and M 173, respectively) and were used for
bacterial cultivation and viable count determination.

2.2. Methods

2.2.1. Synthesis of Ca(PO)),-nanohybrid with and without
chlorophyllin

Chlorophyllin sodium salt was used as the organic component for
nanohybrid synthesis. Ca,(PO,), nanohybrids were prepared in
the presence and absence of chlorophyllin to evaluate the effect of
photosensitizer incorporation. Briefly, 1 ml of CaCl, stock solution
(200 mM) and 200 pl of chlorophyllin stock solution (25 mM, unless
otherwise specified) were added to 100 ml (PBS; 10 mM, pH 7.4). The
reaction mixtures were vortexed for 30 seconds and incubated at 4°C
in the dark for 72 hours under static conditions. Following incubation,
the resulting precipitates were recovered by centrifugation at 5,000
x g for 15 minutes, washed twice with PBS to remove unbound
components, and dried at 4°C in the dark to obtain the nanohybrid
powder. Control Ca,(PO,), nanohybrids were synthesized under
identical conditions in the absence of chlorophyllin, with all other
reaction parameters maintained unchanged.

2.2.2. Characterization of nanohybrid

The structural and morphological characteristics of the synthesized
nanohybrids were investigated using complementary analytical
techniques. Surface morphology was examined by scanning electron
microscopy (SEM; FEI Nova NanoSEM 450; resolution 1 nm at
15 kV and 30 Pa) at the Central Instrumentation Facility, Savitribai
Phule Pune University. Chlorophyllin incorporation into the calcium
phosphate matrix was confirmed by Fourier transform infrared
spectroscopy (Bruker Platinum Tensor 37). Crystalline phase analysis
was performed using X-ray diffraction (XRD) on a PANalytical
Empyrean-4 diffractometer.

2.2.3. Optimization of nanohybrid synthesis

Chlorophyllin-loaded nanohybrids were synthesized by systematically
varying the CaCl, stock solution concentration, chlorophyllin
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concentration, PBS volume, incubation temperature, and incubation
time. To evaluate the effect of calcium concentration, 1 ml of CaCl,
stock solution (100-700 mM) was added to 100 ml PBS (10 mM,
pH 7.4) together with 200 pl of chlorophyllin stock solution (25
mM), followed by incubation at 4°C for 72 hours. A control reaction
containing PBS and chlorophyllin but lacking CaCl, was prepared
under identical conditions. Following incubation, the precipitate
and supernatant were separated by centrifugation at 5,000 x g for
15-20 minutes. The recovered precipitates were dried and subjected
to SEM analysis. Encapsulation efficiency (EE) was determined
by quantifying the concentration of unencapsulated chlorophyllin
remaining in the supernatant after nanohybrid formation. Briefly, the
absorbance of the supernatant was measured at 406 nm using a UV—
visible spectrophotometer, and chlorophyllin concentration (mg ml™)
was estimated from the corresponding absorbance values. The EE was
subsequently calculated using Equation (1).

Encapsulation Efficiency (%) = [Coc—cs] x 100 (1)
0

where:

C, = initial chlorophyllin concentration before nanohybrid synthesis

(mg ml™)

C, = concentration of unencapsulated chlorophyllin in the supernatant
(mg ml™).

To investigate the effect of buffer volume on nanohybrid formation,
the PBS volume was varied from 10 to 100 ml while maintaining
constant additions of 1-ml CaCl, stock solution (200 mM) and 200-
ul chlorophyllin stock solution (25 mM). The reaction mixtures were
incubated under the standard synthesis conditions described above, and
the resulting precipitates were recovered by centrifugation for further
analysis. Only the PBS volume was varied during this experiment;
therefore, the final reagent concentrations changed proportionally with
the reaction volume.

The influence of chlorophyllin concentration on nanohybrid formation
and EE was evaluated by varying the chlorophyllin stock solution
concentration from 5 to 25 mM while maintaining constant reaction
conditions comprising 100-ml PBS (10 mM) and 1 ml of 200 mM
CaCl, stock solution. Following incubation, the precipitate and
supernatant fractions were separated by centrifugation and analyzed
to determine EE.

To assess the effect of incubation temperature, reaction mixtures
containing 100-ml PBS (10 mM), 1 ml of 200-mM CaCl, stock
solution, and 200 pl of 25 mM chlorophyllin stock solution were
incubated either at 4°C or at room temperature (30°C) under otherwise
identical conditions. The effect of incubation time on chlorophyllin
encapsulation was investigated by incubating identical reaction
mixtures for 24, 48, and 72 hours. At each designated time point,
the precipitate and supernatant were separated by centrifugation and
subsequently analyzed.

2.2.4. Photodynamic antibacterial activity assay

The antibacterial activity of chlorophyllin was evaluated against
Salmonella typhimurium NCIM 2501 (S. typhimurium) using a direct-
contact PDI assay. The bacterial culture was grown in LB broth at 37°C
under aerobic conditions and harvested by centrifugation at 5,000 x g
for 15 minutes. The resulting cell pellet was washed and resuspended
in sterile distilled water, and the bacterial suspension was adjusted to

an optical density of OD ;= 0.1. For the photodynamic treatment, 900-
ul aliquots of the standardized bacterial suspension were transferred
to sterile microcentrifuge tubes and mixed with chlorophyllin solution
at the desired concentration. The photokilling activity was initiated by
exposing the reaction mixture, held in transparent glass bottles, to a
cool white LED bulb (20 W, 6500 K;; broad visible spectrum emission).
The light source was positioned at a fixed distance of 4.5 cm from the
sample surface, and illumination was carried out for 25 minutes under
identical experimental conditions for all treatments. The irradiance
at the sample position was estimated using a smartphone-based light
meter application (light meter, Android platform) and was found to
be 412.7 £ 3.1 W/m? [mean + standard deviation (SD), n = 3]. Based
on the irradiation time, the corresponding estimated fluence dose
was approximately 74.3 J/cm? Following illumination, the samples
were serially diluted in sterile saline solution, and 10-pl aliquots of
appropriate dilutions were spread onto Mueller—Hinton agar plates.
The plates were incubated at 37°C for 24 hours, after which viable
bacterial colonies were enumerated and expressed as colony-forming
units (CFU). To compare the antibacterial performance of the
immobilized and free photosensitizer systems, a parallel experiment
was performed using chlorophyllin—Ca,(PO,), nanohybrid (10 mg)
instead of free chlorophyllin while maintaining identical bacterial
concentrations, illumination conditions, and incubation parameters.
Antibacterial efficacy was expressed as log reduction and percentage
reduction in viable bacterial counts, calculated according to Equations
(2) and (3).

N,
Log Reduction = log,, (WOJ 2)

where:
N, = microbial count of untreated control (CFU ml™)

N = microbial count after treatment (CFU ml™).

N.
Percentage Reduction (%) = (OTNJ %100 (3)

where:
N, = microbial count of untreated control (CFU ml™")
N = microbial count after treatment (CFU ml ™).

A decrease in CFU/ml relative to untreated controls was considered
indicative of antimicrobial activity.

2.2.5. Evaluation of photodynamic antibacterial activity against
gram-positive bacteria

To evaluate the antibacterial spectrum of the chlorophyllin—Ca,(PO,),
nanohybrid beyond gram-negative bacteria, PDI studies were
performed against Staphylococcus aureus NCIM 5021 and Bacillus
subtilis NCIM 2724. Bacterial cultures were prepared as described in
Section “Photodynamic antibacterial activity assay”. Briefly, 990-ul
aliquots of bacterial suspension (OD,, = 0.1) were mixed with the
chlorophyllin—Ca,(PO,), nanohybrid and subjected to photodynamic
treatment under the optimized conditions described previously.
Untreated control samples were maintained under identical conditions
without the addition of the nanohybrid. Following treatment, viable
bacterial counts were determined by serial dilution and plating
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on Mueller—Hinton agar. Antibacterial efficacy was expressed as
log reduction and percentage reduction in viable bacterial counts,
calculated according to Equations (2) and (3). All experiments were
performed in triplicate, and the results are presented as mean + SD.

2.2.6. Effect of chlorophyllin concentration, light exposure time,
and bacterial cell density on PDI

Salmonella typhimurium cultures were prepared as described
previously. To optimize the photodynamic treatment conditions, the
effects of chlorophyllin concentration (5-25 mM), illumination time
(5-30 minutes), and initial bacterial cell density (OD,, = 0.1-0.3) were
systematically evaluated. For each experiment, a single parameter was
varied while all other conditions were maintained constant. Following
treatment, antibacterial activity was determined by viable colony
counting as described earlier and expressed as CFU, log reduction,
and percentage reduction.

2.2.7. Effect of nanohybrid amount, light exposure time, and
bacterial cell density on nanohybrid-mediated PDI

The photodynamic antibacterial activity of the chlorophyllin—
Ca,(PO,), nanohybrid against S. fyphimurium was evaluated using
the procedure described above. To optimize treatment conditions,
the effects of nanohybrid dosage (5-15 mg), illumination time, and
initial bacterial cell density (OD,, = 0.1-0.3) were systematically
investigated by varying one parameter at a time while maintaining
all other conditions constant. Antibacterial efficacy was determined
by viable colony enumeration following serial dilution and plating,
and the results were expressed as CFU, log reduction, and percentage
reduction in bacterial counts.

2.2.8 ROS scavenger assay

The involvement of ROS in the photodynamic antibacterial activity
of the chlorophyllin-Ca,(PO,), nanohybrid was investigated using
selective  ROS scavengers, following methodologies commonly
employed in antimicrobial PDI studies [25-27]. Sodium azide and
mannitol were selected as scavengers of singlet oxygen (*10,)
and hydroxyl radicals (*OH), respectively, because of their well-
established ROS-quenching properties [28]. Salmonella typhimurium
was cultivated in LB broth at 37°C until the exponential growth
phase was reached. Cells were harvested by centrifugation at 10,000
x g for 10 minutes, washed twice with sterile distilled water, and
resuspended in sterile distilled water. The bacterial suspension was
adjusted to an optical density of OD,,, = 0.1. For each treatment, 900
ul of the standardized bacterial suspension was transferred to sterile
microcentrifuge tubes and supplemented with 10 mg of chlorophyllin—
Ca,(PO,), nanohybrid.

To evaluate the contribution of individual ROS species, either sodium
azide (100-mM stock solution; 10 pl) or mannitol (1-M stock solution;
10 pl) was added prior to illumination, resulting in final concentrations
of approximately 1 and 10 mM, respectively. The lower concentration
of sodium azide was selected because of its high efficiency as a singlet
oxygen quencher, whereas the higher concentration of mannitol was
employed to compensate for its comparatively lower hydroxyl radical
scavenging capacity [25,27]. Control samples consisted of bacterial
suspensions supplemented with sterile distilled water to maintain the
same final reaction volume as the treatment groups. Photodynamic
reactions were initiated immediately by exposure to visible-light
irradiation under the optimized conditions described previously.
Following 25 minutes of illumination, the samples were serially
diluted in sterile saline solution and spread plated onto Mueller—

Hinton agar. After incubation at 37°C for 24 hours, viable colonies
were enumerated and expressed as CFU. Antibacterial efficacy was
calculated as log reduction and percentage reduction in viable bacterial
counts according to Equations (2) and (3). All experiments were
performed in triplicate, and the results are presented as mean + SD.

2.2.9. Live—dead cell staining of S. typhimurium treated with
chlorophyllin-Ca (PO ), nanohybrid

The effect of chlorophyllin-Ca,(PO,), nanohybrid on bacterial
viability and membrane integrity was evaluated using acridine orange/
ethidium bromide (AO/EtBr) dual fluorescence staining. Salmonella
typhimurium cultures were prepared and subjected to photodynamic
treatment under the optimized conditions described previously.
Following treatment, bacterial cells were harvested by centrifugation
at 5,000 x g for 10 minutes, washed twice with sterile saline, and
resuspended in a staining solution containing AO/EtBr (1 pg ml?!
each). After incubation in the dark at room temperature for 30 minutes,
the cells were washed twice with sterile saline and resuspended in
sterile saline.

For fluorescence microscopy, stained cell suspensions were mixed with
an equal volume of 0.8% agarose, and 10-pl aliquots were mounted
on glass slides. Samples were examined using a Zeiss Axioscope
Al fluorescence microscope under a 100x objective with excitation
and emission filters of 495 and 515 nm, respectively [29]. Viable
cells with intact membranes exhibited green fluorescence due to AO
uptake, whereas membrane-compromised or dead cells exhibited red
fluorescence as a result of ethidium bromide penetration and nucleic
acid binding.

To obtain semi-quantitative validation of the fluorescence microscopy
observations, AO and EtBr fluorescence intensities were additionally
measured using a multimode microplate reader. Following
photodynamic treatment, bacterial suspensions were serially diluted
in sterile saline, and appropriate dilutions were transferred to black
96-well microplates in triplicate. AO (5 pl, 100 pg ml!) and ethidium
bromide (5 pl, 100 ug ml') were added to each well, followed by
incubation in the dark for 15 minutes at room temperature. AO
fluorescence was recorded at excitation/emission wavelengths of
485/530 nm, whereas EtBr fluorescence was measured at 530/620
nm. Blank wells containing AO and EtBr in saline without bacterial
cells were used for background correction. Corrected fluorescence
intensities, fluorescence ratios, and viability parameters were
calculated according to Equations (4)—(8).

Corrected AO = A0 AO 4

Sample - Blank

Corrected EtBr = EtBr — EtBr %)

Sample Blank

The red/green fluorescence ratio, used as an indicator of bacterial
membrane damage and cell viability, was calculated as follows:

Fluorescence Ratio = Forpr 6)
A0

where:

Fs, = corrected EtBr fluorescence intensity

F,, = corrected AO fluorescence intensity.



Shukla et al.: Visible-light-activated chlorophyllin—calcium phosphate nanohybrid 2026: Article in Press 5

The percentage of live and dead bacterial cells was calculated
according to the following equations:

Live cell percentage,

_Fao 00 7
FAO + FEtBr

LiveCells (%) =

where:
Fs, = corrected EtBr fluorescence intensity

F,,, = corrected AO fluorescence intensity.

Dead cell percentage,

F,
Dead Cells (%) = —FB~— x 100 ®)
AO + FEtBr
where:
F s, = corrected EtBr fluorescence intensity

F,, = corrected AO fluorescence intensity.

All fluorescence measurements were performed in triplicate (n = 3),
and results are expressed as mean + SD.

The AO/EtBr fluorescence-based viability analysis was performed
with minor modifications based on previously reported ratiometric
fluorescence methods for rapid bacterial viability quantification.

2.2.10. Mechanistic investigation of photoactive killing of S.
typhimurium by chlorophyllin—Ca (PO ), nanohybrid

Field-emission scanning electron microscopy (FESEM; Quanta FEG
450, the Netherlands) was used to examine morphological alterations in
S. typhimurium cells following photodynamic treatment, as described
previously [30] with minor modifications. Briefly, treated bacterial
cells were washed with PBS, fixed with 2.5% (v/v) glutaraldehyde at
4°C overnight, and subsequently dehydrated through a graded ethanol
series (20%, 40%, 60%, 80%, and 90%) for 15 minutes each, followed
by two washes with absolute ethanol. A 2-ul aliquot of the dehydrated
cell suspension was air-dried, sputter-coated with gold, and examined
by FESEM.

Membrane integrity was further evaluated by determining the leakage
of intracellular constituents, as described previously [31]. Following
photodynamic treatment, the bacterial suspensions were centrifuged,
and the resulting supernatants were analyzed spectrophotometrically
at 260 and 280 nm. Absorbance at 260 and 280 nm was used as an
indicator of extracellular nucleic acids and proteins, respectively,
released as a consequence of membrane damage.

2.2.11. Decontamination of FCP using chlorophyllin solution and
chlorophyllin-Ca (PO ), nanohybrid

The antibacterial efficacy of free chlorophyllin and chlorophyllin—
Ca,(PO,), nanohybrid for FCP decontamination was evaluated using
cucumber slices as a model system. Fresh cucumbers were sliced
aseptically and surface-sterilized by immersion in 70% ethanol,
followed by thorough rinsing with sterile distilled water to remove
residual ethanol.

Artificial contamination was achieved by uniformly spreading 100
ul of a S. typhimurium suspension (OD,, = 0.1) onto the surface
of each cucumber slice. The inoculated slices were maintained at
room temperature for 30 minutes to facilitate bacterial attachment
and subsequently air-dried. The contaminated slices were then
divided into two treatment groups: (i) free chlorophyllin (25 mM)
and (ii) chlorophyllin—Ca,(PO,), nanohybrid. Following visible-light
irradiation under the optimized photodynamic treatment conditions,
the cucumber slices were washed with sterile saline, and the wash
solutions were collected for microbiological analysis. Decontamination
efficacy was determined by viable colony enumeration as described
previously.

To further assess the practical applicability of the photodynamic
system, additional experiments were performed using naturally
occurring microflora recovered from cucumber, cabbage, and spinach
surfaces, as described in Section “Assessment of PDI of natural
produce-associated microflora”.

2.2.12. Assessment of PDI of natural produce-associated
microflora

Toevaluate the effectiveness of the chlorophyllin-Ca,(PO,), nanohybrid
against naturally occurring microbial populations present on fresh
produce surfaces, cucumber, cabbage, and spinach samples were
examined without artificial inoculation. For cucumber, representative
portions of the fruit were used, whereas approximately 8 x 8 cm
sections of cabbage leaves and whole spinach leaves, including stem
portions, were selected as representative leafy vegetables. The samples
were immersed in sterile 10-mM PBS and incubated for 30 minutes
to facilitate the release of surface-associated microorganisms into the
buffer. Subsequently, 990 pul of the resulting microbial suspension was
transferred to sterile microcentrifuge tubes and mixed with 10 mg
of chlorophyllin—Ca,(PO,), nanohybrid. The reaction mixtures were
exposed to visible light under the optimized photodynamic treatment
conditions described previously. Control samples received sterile
distilled water in place of the nanohybrid while maintaining identical
experimental conditions. Following treatment, microbial populations
were quantified by viable colony enumeration as described earlier.
Antimicrobial efficacy was expressed as log reduction and percentage
reduction in microbial counts according to Equations (2) and (3). All
experiments were performed in triplicate, and the results are presented
as mean + SD.

2.2.13. Evaluation of chlorophyllin retention and stability in the
Ca (PO ), nanohybrid

The retention and stability of chlorophyllin immobilized within the
chlorophyllin—Ca,(PO,), nanohybrid were evaluated by monitoring
chlorophyllin detected in the surrounding aqueous phase during
prolonged exposure to PBS. Briefly, 10 mg of nanohybrid powder
was suspended in 900 pl of PBS (pH 7.4) and incubated at room
temperature. At predetermined time intervals (24, 48, 72, 96, and 120
hours), the suspension was centrifuged at 8,000 x g for 5 minutes, and
the absorbance of the supernatant was measured at 405 nm using a
UV-visible spectrophotometer. The absorbance values were used as
an indicator of chlorophyllin present in the aqueous phase. Following
each measurement, the pellet was resuspended in fresh PBS and
returned to the incubation conditions until the next sampling interval.
The nanohybrid samples were stored at 4°C between measurements.
Changes in absorbance over time were used to assess the extent of
chlorophyllin retention within the nanohybrid matrix and the stability
of chlorophyllin immobilization under aqueous conditions.
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2.2.14. Reusability of chlorophyllin-Ca (PO ), nanohybrid for
photodynamic antibacterial activity

The reusability of the chlorophyllin—Ca,(PO,), nanohybrid was
evaluated over five consecutive PDI cycles against S. typhimurium.
For the initial cycle, 10 mg of nanohybrid was suspended in 100 pl of
sterile distilled water and mixed with 900 pl of bacterial suspension
(OD,,, = 0.1). Photodynamic treatment was performed under the
optimized conditions described previously, while untreated controls
received sterile distilled water instead of the nanohybrid. Following
each treatment cycle, the nanohybrid particles were recovered by
centrifugation at 5,000 x g for 10 minutes, resuspended in 100 pl of
sterile distilled water, and reused with a fresh bacterial suspension
for the subsequent cycle. This recovery and reuse procedure was
repeated for five consecutive cycles under identical experimental
conditions. Antibacterial efficacy after each cycle was determined by
viable colony enumeration as described previously and expressed as
CFU, log reduction, and percentage reduction relative to the untreated
control. All experiments were performed in triplicate, and the results
are presented as mean + SD.

2.2.15. Statistical analysis

All experiments were performed in triplicate, and results are presented
as mean + SD. Statistical analysis was carried out using OriginPro
software. Differences among treatment means were evaluated by one-
way analysis of variance (ANOVA) according to the following model:

Yij = p + i + &ij

where Yij represents the observed value, x is the overall mean, ti is
the treatment effect, and &ij is the random error. When significant
differences were detected, Tukey's honestly significant difference test
was applied for multiple comparisons. Differences were considered
statistically significant at p <0.05.

3. RESULTS AND DISCUSSION

3.1. Synthesis of Chlorophyllin—Ca (PO,), Nanohybrid

The successful synthesis of the chlorophyllin-Ca,(PO,), nanohybrid
demonstrates the feasibility of immobilizing a food-grade
photosensitizer within an organic—inorganic matrix for photodynamic
applications. Upon mixing chlorophyllin, CaCl,, and PBS, the reaction
mixture rapidly formed a fine green precipitate, indicating spontaneous
nanohybrid formation. Such rapid precipitation is characteristic of
organic—inorganic hybrid systems assembled through the interaction
of metal ions and organic molecules in aqueous environments [32].
The formation of the nanohybrid is attributed to the interaction of
Ca?" ions with functional groups present in chlorophyllin, particularly
carboxylate and hydroxyl moieties, which can serve as coordination
sites and promote nucleation [33,34]. Simultaneously, phosphate
ions present in PBS facilitate the formation of a calcium phosphate
matrix, resulting in the co-assembly of chlorophyllin and inorganic
calcium phosphate into a stable hybrid structure. The immediate
appearance of the precipitate suggests that nanohybrid formation
occurs spontaneously under mild aqueous conditions without the need
for elevated temperatures, organic solvents, or additional cross-linking
agents. Although the synthesized material did not exhibit a highly
ordered flower-like architecture, subsequent characterization and
functional studies confirmed effective chlorophyllin immobilization
and photodynamic activity, indicating that functional performance

was not dependent on the formation of a specific nanostructural
morphology.

3.2. Morphological and Structural Characterization of
Nanohybrid

The morphological features of Ca,(PO,), and the chlorophyllin—
Ca,(PO,), nanohybrid were examined by SEM. Pure Ca,(PO,),
synthesized in the absence of chlorophyllin formed irregular,
loosely aggregated precipitates (Fig. 3a). On the contrary, the
chlorophyllin—Ca,(PO,), nanohybrid exhibited aggregated and less-
ordered morphologies rather than the highly organized flower-like
architectures commonly reported for enzyme—inorganic nanoflowers
(Fig. 3b; Supporting Document Fig. 1). These observations suggest
isotropic calcium phosphate growth in the presence of chlorophyllin.

Despite the absence of a classical nanoflower morphology, the
synthesized material exhibited high chlorophyllin EE and strong
photodynamic antibacterial activity. In photodynamic systems,
functional performance depends primarily on the accessibility and
photoactivity of the immobilized photosensitizer rather than on
the formation of a specific hierarchical structure. Although highly
organized nanostructures may provide greater surface area and
facilitate mass transfer, the antibacterial activity, ROS-scavenger
studies, fluorescence staining, and intracellular leakage assays
collectively demonstrate that chlorophyllin remained photoactive after
immobilization within the calcium phosphate matrix. These findings
indicate that effective nanohybrid formation is governed principally by
molecular interactions between chlorophyllin and calcium phosphate
rather than by the development of a particular morphology.

XRD analysis further confirmed nanohybrid formation (Fig. 4). Pure
Ca,(PO,), exhibited diffraction peaks characteristic of B-tricalcium
phosphate (JCPDS 09-0169). Following chlorophyllin incorporation,
the nanohybrid retained the characteristic calcium phosphate
reflections, although with reduced intensity and noticeable peak
broadening, indicating a decrease in long-range crystallinity. The
absence of distinct chlorophyllin diffraction peaks suggests that
chlorophyllin was molecularly dispersed or present in an amorphous
state within the calcium phosphate matrix.

The broad diffraction features observed in the nanohybrid pattern
further indicate that the calcium phosphate phase was predominantly
amorphous, consistent with the formation of amorphous calcium
phosphate (ACP). Compared with crystalline calcium phosphate
phases, ACP typically possesses greater structural disorder and higher
surface area, characteristics that may facilitate the incorporation and
stabilization of bioactive molecules. In the present system, however,
calcium phosphate primarily functioned as a support matrix, whereas
chlorophyllin served as the photoactive component responsible
for ROS generation under visible-light irradiation. Consequently,
the observed antimicrobial activity is attributed principally to
chlorophyllin-mediated ROS production rather than to the crystallinity
of the calcium phosphate phase.

Because ROS generation and antibacterial activity were retained
despite the largely amorphous nature of the support matrix, the present
findings suggest that strict control over calcium phosphate crystallinity
is not essential for achieving effective photodynamic performance.
Nevertheless, comparative studies involving amorphous and crystalline
calcium phosphate matrices, together with Brunauer-Emmett-Teller
analysis surface area analysis and direct ROS quantification, would
provide valuable insight into the influence of structural organization
on photosensitizer accessibility and photodynamic efficiency.
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3.3. Optimization of Chlorophyllin EE

The efficiency of chlorophyllin immobilization was strongly
influenced by calcium ion concentration (Fig. 1). Increasing the CaCl,
stock solution concentration from 100 to 500 mM enhanced EE from
88.80% + 0.71% to 98.76% =+ 0.40%, indicating improved nucleation
and greater incorporation of chlorophyllin within the developing
calcium phosphate matrix. A further increase in CaCl, stock solution
concentration resulted in a decline in EE, likely due to rapid bulk
precipitation that reduced effective interactions between chlorophyllin
molecules and the inorganic phase [35].

The volume of PBS also significantly affected nanohybrid formation.
Maximum EE (98.73% + 0.27%) was achieved at a PBS volume of
100 ml (Fig. 2), suggesting that increased reaction volume promoted
more uniform ion distribution and controlled nucleation, thereby
facilitating chlorophyllin incorporation. Similarly, chlorophyllin stock
solution concentrations between 20 and 25 mM produced the highest
EEs (Supporting Document Fig. 2), highlighting the importance of
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Figure 1. Effect of CaCl, stock solution concentration (100-700 mM;
corresponding to final reaction concentrations of approximately 1-7 mM) on
chlorophyllin EE.
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Figure 2. Effect of PBS buffer volume on chlorophyllin encapsulation.

maintaining an appropriate balance between the organic and inorganic
components during nanohybrid assembly.

On the contrary, incubation temperature exerted only a minor influence
on chlorophyllin immobilization. However, incubation time markedly
affected nanohybrid formation, with EE increasing from 79.19% =+
0.41% after 24 hours to 98.24% =+ 0.18% after 72 hours (Supporting
Document Fig. 3). The gradual increase observed over time suggests
progressive incorporation and stabilization of chlorophyllin within the
calcium phosphate matrix as nanohybrid growth proceeded.

Collectively, these results demonstrate that chlorophyllin
immobilization is governed primarily by factors that influence
calcium phosphate nucleation and growth. Under the optimized
conditions identified in this study, near-complete encapsulation was
achieved, providing a stable platform for subsequent photodynamic
antimicrobial applications.

3.4. Photodynamic Antibacterial Activity of Free Chlorophyllin

The photodynamic antibacterial activity of free chlorophyllin was
initially evaluated against S. typhimurium using a direct-contact
photoinactivation assay. Increasing free chlorophyllin concentration
from 5 to 25 mM progressively enhanced antibacterial activity,
resulting in bacterial reductions ranging from approximately 37%
to 99% (Supporting Document Figs. 4-7). Similarly, extending the
illumination period from 5 to 30 minutes increased bacterial reduction
from approximately 11% to 95%, confirming the importance of both
photosensitizer concentration and light exposure for effective PDI. On
the contrary, increasing the initial bacterial density (OD,, = 0.1-0.3)
reduced antibacterial efficacy, with bacterial reduction decreasing from
approximately 99% to 64%. This observation is consistent with the
limited availability and diffusion range of ROS at higher cell densities,
where a greater number of bacterial cells compete for the oxidative
species generated during illumination. Collectively, these results
confirm the photodynamic antibacterial potential of chlorophyllin
against S. fyphimurium and were used to identify the treatment
conditions subsequently employed for evaluating the chlorophyllin—
Ca,(PO,), nanohybrid.

3.5. Photodynamic Antibacterial Activity of Chlorophyllin—
Ca,(PO,), Nanohybrid

The influence of operational parameters on chlorophyllin—
Ca,(PO,),nanohybrid-mediated PDI of S. typhimurium was
systematically evaluated. Increasing the initial bacterial density (OD,,
= 0.1-0.3) resulted in a progressive decline in antibacterial efficacy,
indicating that higher microbial loads reduce the effectiveness of
photodynamic treatment under fixed illumination and nanohybrid
amount (mg). Illumination time had a pronounced effect on bacterial
inactivation. CFU reductions of approximately 9%, 38%, and 55%
were observed after 5, 10, and 15 minutes of visible-light exposure,
respectively, while approximately 98% bacterial reduction was
achieved after 25 minutes. Statistical analysis revealed significant
differences among illumination times, confirming that prolonged
light exposure enhanced photodynamic antibacterial activity. The
progressive increase in bacterial reduction with increasing illumination
duration is consistent with the cumulative generation of ROS
during treatment. Nanohybrid dosage also significantly influenced
antibacterial performance. Increasing the nanohybrid amount
enhanced bacterial inactivation, with 10 mg identified as the minimum
dosage required to achieve near-maximal antibacterial activity under
the optimized conditions. Tukey's post hoc analysis demonstrated
significant differences between lower and higher nanohybrid
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(a)

(b)

Figure 3. SEM showing morphology of synthesized nanohybrid. (a) Ca,(PO,),. (b) Chlorophyllin—Ca,(PO,),.
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Figure 4. Comparative XRD profiles of Ca,(PO,), and chlorophyllin—Ca (PO,),.

Table 1. Antibacterial efficacy of chlorophyllin—-Ca,(PO,), nanohybrid
against gram-positive bacterial strains following photodynamic
treatment.

Log reduction (Mean =  Reduction (%) (Mean +

Bacteria STDEV) STDEV)
S. aureus 2.33+0.18* 99.84 +0.23
Bacillus subtilis ~ 2.40 +0.01 100.00

*For statistical calculation of log reduction, a detection limit of 1 CFU was assumed.

dosages, supporting the concentration-dependent enhancement of
photodynamic efficacy. Although further increases in nanohybrid
dosage produced only marginal improvements in bacterial reduction,
this observation suggests that the system approached its maximum
antibacterial performance under the experimental conditions employed
(Supporting Document Fig. 8). Collectively, these results demonstrate
that bacterial load, illumination time, and nanohybrid dosage are
key determinants of photodynamic performance. The statistically
significant improvements observed with increasing illumination
time and nanohybrid dosage support the robustness of the optimized
treatment conditions selected for subsequent experiments.

3.6. PDI of Gram-Positive Bacteria

To determine whether the antimicrobial activity of chlorophyllin—
Ca,(PO,), nanohybrid extends beyond gram-negative bacteria, PDI

studies were conducted using the gram-positive organisms S. aureus
and B. subtilis. These bacteria possess thick peptidoglycan cell walls
and are often considered more challenging targets for antimicrobial
agents due to structural differences compared with gram-negative
organisms.

Photodynamic treatment of S. aureus reduced viable counts from
211.33 £ 3.50 CFU in untreated controls to 0.33 & 0.52 CFU following
visible-light activation of the nanohybrid. This corresponded to a
mean log reduction of 2.33 = 0.18 log CFU and a percentage reduction
of 99.84% + 0.23% (Table 1). Similarly, treatment of B. subtilis.
resulted in the complete elimination of detectable colonies, reducing
viable counts from 250.33 + 7.77 CFU in the untreated control to
zero detectable colonies after treatment. This corresponded to a mean
log reduction of 2.40 + 0.01 log CFU and complete (100%) bacterial
inactivation (Table 1).

The observed activity against both gram-positive species demonstrates
that the photodynamic antimicrobial action of chlorophyllin—
Ca,(PO,), nanohybrid is not restricted to gram-negative bacteria
such as S. fyphimurium. Upon visible-light irradiation, chlorophyllin
generates ROS, including singlet oxygen and free radicals, which
can rapidly oxidize membrane lipids, proteins, and nucleic acids.
Because ROS-mediated damage targets multiple cellular components
simultaneously, bacterial susceptibility is less dependent on classical
antibiotic-resistance mechanisms.

Particularly noteworthy was the complete elimination of detectable
B. subtilis cells following treatment, indicating highly effective ROS-
mediated killing even in gram-positive organisms possessing robust
peptidoglycan layers. Together with the previously observed activity
against S. typhimurium, these results demonstrate the broad-spectrum
antibacterial efficacy of the chlorophyllin—-Ca,(PO,), nanohybrid
and support their potential application as a versatile photodynamic
antimicrobial platform for food-safety applications.

3.7. Comparative Photodynamic Antibacterial Efficacy of Free
Chlorophyllin and Chlorophyllin—Ca (PO, ), Nanohybrid

The photodynamic antibacterial activity of the chlorophyllin—Ca,(PO,),
nanohybrid was evaluated and compared with free chlorophyllin.
Untreated controls, light-only controls, and nanohybrid-only controls
exhibited negligible reductions in viable bacterial counts, confirming
that neither visible light nor the nanohybrid alone possessed significant
antibacterial activity under the experimental conditions. On the
contrary, visible-light irradiation in the presence of the nanohybrid
resulted in substantial inactivation of S. typhimurium.
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Figure 6. Effect of exposure time on the photokilling of S. typhimurium using
chlorophyllin-Ca,(PO,), nanohybrid.

Nanohybrids synthesized using increasing chlorophyllin loading
during nanohybrid synthesis (stock concentration, mM) exhibited
progressively greater antibacterial activity (Fig. 5). The percentage
reduction increased from 13.90% + 4.20% at 5 mM to 98.83%
+ 0.30% at 25 mM, indicating that higher chlorophyllin loading
enhanced photodynamic efficacy. One-way ANOVA followed by
Tukey's multiple comparison test confirmed significant differences
between most treatment levels. Significant increases in antibacterial
activity were observed between 5 and 10, 10 and 15, and 15 and
25-mM nanohybrids (p < 0.001). Although the increase between
15 and 20 mM was less pronounced, it remained statistically
significant (p < 0.05). These findings demonstrate that increasing
chlorophyllin incorporation within the nanohybrid significantly
improves antibacterial performance, likely by increasing the number
of photoactive sites available for ROS generation under visible-light
irradiation.

Photosensitizers are often less effective against gram-negative
bacteria because the negatively charged outer membrane can restrict
photosensitizer interaction and partially protect cells from oxidative
damage [9,36,37]. Nevertheless, the chlorophyllin-Ca,(PO,),
nanohybrid achieved efficient inactivation of S. typhimurium under
visible-light exposure.

[llumination time also exerted a significant influence on antibacterial
activity (Fig. 6). The percentage reduction increased from 9.28% =+
9.59% after 5 minutes of illumination to 98.16% + 1.59% after 25
minutes. Tukey's multiple comparison analysis revealed significant
differences between 5 and 10 minutes (p <0.01), 5 and 15 minutes (p <
0.001), and 5 and 20 minutes (p < 0.001). On the contrary, differences
between 10 and 15 minutes and between 15 and 20 minutes were not
statistically significant (p > 0.05), suggesting a more gradual increase
in antibacterial activity during the intermediate stages of treatment.
However, 25 minutes of illumination produced significantly greater
bacterial inactivation than all shorter exposure periods (p < 0.001),
resulting in near-complete inactivation. These results confirm that
photodynamic efficacy is strongly dependent on irradiation time and
support the role of cumulative ROS generation during prolonged
visible-light exposure.

The enhanced antibacterial performance of the nanohybrid
compared with free chlorophyllin is attributed to immobilization of
chlorophyllin within the calcium phosphate matrix, which promotes
close association between photoactive sites and bacterial cells.
Because ROS possess short lifetimes and limited diffusion distances,
localized ROS generation at or near the bacterial surface is expected
to enhance oxidative damage to cellular membranes and improve
antibacterial efficiency. This interpretation is consistent with the ROS-
scavenger experiments, fluorescence staining, SEM observations, and
intracellular leakage studies presented in subsequent sections.

3.8. ROS-Mediated Antibacterial Mechanism

To identify the ROS responsible for bacterial inactivation,
photodynamic antibacterial assays were performed in the presence of
sodium azide and mannitol, which selectively quench singlet oxygen
(*10,) and hydroxyl radicals (*OH), respectively. ROS-scavenger
experiments are widely employed to elucidate the mechanisms
underlying antimicrobial PDI [25,26].

In the presence of mannitol, viable S. typhimurium counts decreased
from 218.00 = 12.96 CFU in the untreated control to 7.67 = 1.21 CFU
following photodynamic treatment, corresponding to a log reduction
of 1.46 + 0.08 and a percentage reduction of 96.47% + 0.60% (Table
2). Although antibacterial activity remained substantial, the slight
decrease in efficacy compared with the scavenger-free treatment
suggests that hydroxyl radicals may contribute to bacterial killing
but are unlikely to be the dominant ROS species involved. On the
contrary, the addition of sodium azide almost completely suppressed
antibacterial activity, with viable counts remaining at 197.67 + 2.16
CFU after treatment. This corresponded to only 0.04 £ 0.03 log
reduction and 8.98% =+ 5.97% reduction in bacterial count (Table 2).
The pronounced inhibition observed in the presence of sodium azide
clearly indicates that singlet oxygen is the primary reactive species
responsible for bacterial inactivation.

These findings are consistent with the established photochemistry of
chlorophyll-derived photosensitizers. Upon visible-light excitation,
chlorophyllin undergoes intersystem crossing to a long-lived triplet
state capable of transferring energy to molecular oxygen, resulting in
singlet oxygen generation through a type Il photodynamic pathway
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Table 2. ROS scavenger assay demonstrating the role of singlet oxygen and hydroxyl radicals in the photodynamic antibacterial activity of
chlorophyllin—Ca,(PO,), nanohybrid against S. typhimurium. Results are expressed as mean CFU, log reduction, and percentage reduction.

Treatment CFU (Mean = STDEYV)
Control 218.00 £ 12.96
Nanohybrid + Light + Mannitol 7.67+1.21
Nanohybrid + Light + Sodium Azide 197.67 £2.16

Log reduction (Mean = STDEYV)

Reduction (%) (Mean = STDEV)

0 0
1.46+0.08 96.47 £ 0.60
0.04 £0.03 8.98 +5.97

[25,28]. Similar singlet oxygen-dominated antibacterial mechanisms
have been reported for chlorophyllin-based and porphyrin-based
photodynamic systems, where sodium azide significantly diminished
antimicrobial activity while hydroxyl radical scavengers exerted only
minor effects [20,26,27].

The mechanistic findings obtained from the ROS-scavenger assay are
further supported by the complementary evidence presented in this
study. AO/EtBr fluorescence staining revealed extensive membrane
permeabilization following photodynamic treatment, while SEM
analysis demonstrated severe morphological deformation and loss
of cellular integrity. Furthermore, significant leakage of intracellular
nucleic acids and proteins was observed, indicating disruption of the
bacterial cell envelope. Together, these results demonstrate that ROS
generated by photoactivated chlorophyllin induces oxidative damage
to membrane lipids, proteins, and other essential cellular components,
ultimately leading to irreversible bacterial cell death.

The short lifetime and limited diffusion distance of singlet oxygen
suggest that PDI occurs primarily in the immediate vicinity of the
photosensitizer. Although SEM images of the dried material revealed
an aggregated nanohybrid morphology, effective antimicrobial activity
was nevertheless achieved, indicating that bacterial cells were able to
interact sufficiently with the nanohybrid surface under the experimental
conditions employed. Consequently, ROS generated by immobilized
chlorophyllin are likely to exert their effects locally at the particle—cell
interface rather than through long-range diffusion. Importantly, this
localized mode of action indicates that cellular uptake or internalization
of the photosensitizer is not required for bacterial killing. Instead,
oxidative damage occurs predominantly at the cell surface following
exposure to ROS generated by the immobilized photosensitizer.

From a practical perspective, the absence of a requirement for
photosensitizer uptake represents a significant advantage for food
decontamination applications. The immobilized chlorophyllin remains
associated with the calcium phosphate nanohybrid matrix while retaining
potent antimicrobial activity, thereby reducing concerns associated
with free photosensitizer exposure and potential chemical residues on
treated produce. Combined with its demonstrated stability, negligible
chlorophyllin release, and reusability over multiple treatment cycles,
the nanohybrid platform offers a promising and consumer-compatible
approach for photodynamic decontamination of FCP.

3.9. Live-Dead Staining of S. typhimurium Treated with
Chlorophyllin-Ca,(PO,), Nanohybrid

Bacterial viability following photodynamic treatment was assessed
using AO/EtBr dual staining and fluorescence microscopy. Untreated
control samples, which were not exposed to either the nanohybrid or
visible light, predominantly exhibited green fluorescence, indicating
intact bacterial membranes and high cellular viability, with only a few
red-fluorescent cells observed (Fig. 7a,b). This confirmed minimal
background cell death under control conditions.

On the contrary, samples irradiated in the presence of the chlorophyllin—
Ca,(PO,), nanohybrid displayed a pronounced shift from green to

© @

Figure 7. The live dead staining of S. typhimurium: (a) control without
exposure to nanohybrid showing most of the bacterial cells live appearing
in green color; (b) control without exposure to nanohybrid showing very
few dead bacterial cells appearing in red color; (c) test after exposure to
nanohybrid and light showing very few of the bacterial cells live appearing in
green color; (d) test after exposure to nanohybrid and light showing most of
the bacterial cells dead appearing in red color.

red fluorescence, accompanied by a substantial reduction in green
fluorescence intensity (Fig. 7c,d). The dominant red fluorescence
observed after treatment indicates extensive membrane damage and
loss of bacterial viability following photodynamic activation. Similar
green-to-red fluorescence transitions have been reported for a variety
of photodynamic antimicrobial systems and are considered reliable
indicators of irreversible membrane injury and bacterial cell death.
Li et al. [38] demonstrated comparable fluorescence changes using
AlEgen-based photosensitizers, while Garcez et al. [39] reported
dominant red fluorescence in antibiotic-resistant E. coli following
photodynamic treatment. Similar staining patterns have also been
observed in biofilm-associated infections [40,41]. Collectively, these
observations support red fluorescence as a robust indicator of severe
bacterial injury and PDI.

To provide semi-quantitative validation of the fluorescence microscopy
observations, AO and EtBr fluorescence intensities were further
measured using a multimode microplate reader. AO fluorescence
served as an indicator of viable cells with intact membranes, whereas
EtBr fluorescence reflected membrane-compromised or dead
bacterial cells. Untreated control samples exhibited significantly
higher corrected AO fluorescence intensity (6,391.65 + 143.05) and
minimal corrected EtBr fluorescence (49.58 + 6.50), confirming the
predominance of viable bacterial cells (Table 3). On the contrary,
photodynamically treated samples showed a marked decrease in AO
fluorescence (996.67 + 20.93) together with a substantial increase
in EtBr fluorescence (10,149.30 + 460.75), indicating extensive
membrane permeabilization following treatment (p < 0.001).
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Table 3. Semi-quantitative AO/EtBr fluorescence analysis of photodynamically treated S. typhimurium.

Corrected AO Corrected EtBr
Sample
fluorescence fluorescence
Untreated control 6,391.65 + 143.05 49.58 + 6.50

Chlorophyllin-Ca,(PO,),

KKk
nanohybrid + light 996.67+20.93

10,149.30 + 460.75%**

Red/Green fluorescence ratio
(EtBr/AQ)

0.008 £ 0.001

Live cells (%)  Dead cells (%)

99.23 +0.12 0.77+0.12

10.18 £ 0.34%** 8.95+0.28***  91.05 + 0.28***

*Data are expressed as mean + SD (n = 3). ***p < 0.001 compared with the untreated control.
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Figure 8. Scanning electron micrographs of S. typhimurium. (a) Untreated control cells showing intact rod-
shaped morphology and smooth cell surfaces. (b) Cells treated with chlorophyllin-Ca,(PO,), nanohybrid
under visible-light irradiation show severe morphological damage, including surface deformation and loss of
cellular integrity. Magnification: 30,000%; scale bar = 3 um.

The red-to-green fluorescence ratio (EtBr/AQO), which provides a
quantitative measure of bacterial membrane integrity, increased
dramatically from 0.008 + 0.001 in untreated controls to 10.18 + 0.34
in treated samples, representing an approximately 1,270-fold increase
(» <0.001). Fluorescence-derived viability analysis further revealed a
significant decline in live bacterial populations from 99.23% + 0.12%
in untreated controls to 8.95% + 0.28% following photodynamic
treatment, whereas dead cell populations increased from 0.77% +
0.12% to 91.05% + 0.28% (p < 0.001) (Table 3).

The application of fluorescence analysis in the present study is
consistent with recent advances in fluorescence-based bacterial viability
assessment. He et al. [42] reported that ratiometric fluorescence sensing
improves the accuracy and reliability of bacterial viability quantification
by minimizing variability associated with absolute fluorescence
measurements. Similarly, Wang et al. [43] demonstrated that fluorescence
ratio-based approaches provide rapid and sensitive estimation of viable
bacterial populations in complex environmental samples. In agreement
with these reports, the substantial increase in the EtBr/AO fluorescence
ratio observed in the present study quantitatively confirms the extensive
bacterial damage induced by chlorophyllin-mediated photodynamic
treatment. The pronounced increase in EtBr fluorescence further
supports ROS-mediated membrane disruption as a major antibacterial
mechanism. Upon visible-light activation, chlorophyllin generates
singlet oxygen and other ROS that oxidatively damage membrane
lipids, proteins, and nucleic acids, leading to loss of membrane integrity
and enhanced EtBr uptake. Concurrently, the marked reduction in AO
fluorescence reflects the depletion of viable bacterial cells following
treatment. Collectively, the fluorescence microscopy observations and
semi-quantitative fluorescence measurements strongly corroborate the
CFU reduction, SEM analysis, intracellular leakage assay, and ROS
scavenger studies, confirming that photoactivated chlorophyllin—
Ca,(PO,), nanohybrid induces extensive membrane disruption and
irreversible bacterial cell death in S. Typhimurium.

3.10. Evaluation of Cell Membrane Integrity Following
Photodynamic Treatment

Structural alterations in S. typhimurium following photodynamic
treatment were examined using SEM. Untreated bacterial cells
retained their characteristic rod-shaped morphology with smooth,
intact surfaces (Fig. 8a). On the contrary, cells exposed to visible light
in the presence of the chlorophyllin-Ca,(PO,), nanohybrid exhibited
pronounced morphological alterations, including surface collapse,
membrane deformation, cellular shrinkage, and loss of structural
integrity (Fig. 8b).

Although SEM images revealed pronounced surface deformation,
membrane collapse, and loss of cellular integrity in treated cells,
the observed morphological alterations alone cannot unequivocally
distinguish ROS-induced membrane disruption from potential
dehydration artifacts associated with SEM sample preparation.
Therefore, SEM observations were interpreted in conjunction with
the AO/EtBr fluorescence viability assay described in Section
“Live-dead staining of S. typhimurium treated with chlorophyllin-
Ca,(PO,), nanohybrid”. The substantial increase in EtBr fluorescence
intensity and the approximately 1,270-fold increase in the EtBr/AO
fluorescence ratio following photodynamic treatment demonstrated
extensive membrane permeabilization, allowing selective penetration
of EtBr into damaged bacterial cells. Furthermore, fluorescence-
derived viability analysis indicated that more than 91% of the bacterial
population was membrane-compromised following treatment. These
findings provide independent evidence of membrane damage and
support the interpretation that the morphological alterations observed
by SEM are associated with genuine loss of membrane integrity rather
than solely arising from sample preparation artifacts.

These ultrastructural disruptions are consistent with ROS-mediated
oxidative stress generated upon chlorophyllin photoactivation via a
type II photochemical pathway [7]. Singlet oxygen and other ROS
are known to attack membrane lipids, proteins, and nucleic acids,
ultimately leading to bacterial cell death [44]. Importantly, lethal
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damage does not require internalization of the photosensitizer, as ROS
generated at or near the cell surface are sufficient to induce membrane
failure [8,45].

To further confirm membrane disruption, intracellular leakage
assays were performed. Supernatants from untreated control samples
exhibited negligible absorbance at 260 and 280 nm, indicating minimal
release of nucleic acids or proteins. On the contrary, supernatants
from photodynamically treated samples showed markedly increased
absorbance (A260 = 1.25; 2280 = 1.11), reflecting substantial leakage
of intracellular components (Supporting Document Fig. 9).

The intracellular leakage results further complement the SEM and
fluorescence-based membrane integrity analyses. Although SEM
imaging does not permit definitive visualization of membrane pores at
the magnifications employed, treated cells clearly exhibited membrane
deformation, surface collapse, and loss of structural integrity. These
morphological changes were accompanied by substantial leakage of
intracellular constituents, as evidenced by the increased absorbance of
the extracellular medium at 260 and 280 nm, corresponding to nucleic
acids and proteins, respectively. Furthermore, AO/EtBr staining
demonstrated extensive membrane permeabilization, with treated cells
exhibiting markedly increased EtBr uptake and a significant increase
in the EtBr/AO fluorescence ratio. Collectively, these independent
observations indicate that photodynamic treatment compromises the
bacterial membrane barrier, facilitating the release of intracellular
biomolecules into the surrounding medium. The combined SEM,
fluorescence, and leakage data therefore provide complementary
evidence that membrane disruption is a major contributor to bacterial
inactivation by the chlorophyllin—Ca,(PO,), nanohybrid.

When considered together with the SEM observations and AO/EtBr
membrane permeability analysis, the observed leakage of nucleic
acids and proteins provides strong evidence that photodynamic
treatment compromises membrane barrier function, resulting in loss of
intracellular contents and ultimately bacterial cell death. Similar leakage
patterns and membrane-disruption mechanisms have been reported for
other chlorophyllin-based photodynamic antimicrobial systems [31].

3.11. Decontamination of FCP

Treatment of cucumber slices with free chlorophyllin solution resulted
in incomplete microbial inactivation and noticeable surface staining
(Supporting document Fig. 10), highlighting a common limitation for
consumer acceptability [46,47].0n the contrary, cucumbers treated
with the chlorophyllin—Ca,(PO,), nanohybrid showed no visible
staining, indicating reduced photosensitizer migration and improved
aesthetic compatibility. The enhanced performance of the nanohybrid is
attributed to chlorophyllin immobilization within the calcium phosphate
matrix, which improves photostability, localizes ROS generation at
the microbial interface, and minimizes diffusion into plant tissues.
Similar advantages have been reported for chlorophyllin incorporated
in Ca—P matrices in non-food systems [48]. Unlike light-only
treatments requiring prolonged exposure for partial inactivation [49],
the nanohybrid achieved complete bacterial inactivation under mild
illumination. Furthermore, the insoluble nanohybrid can be recovered
and reused, unlike free chlorophyllin, aligning with industry demands
for cost-effective and sustainable photodynamic decontamination [9,50].

To further assess the practical applicability of the developed
photodynamic system, additional experiments were conducted
against naturally occurring microbial populations associated with
fresh produce surfaces. Unlike inoculated pathogen studies, these
experiments better represent real-world fresh-produce contamination,

Table 4. Photodynamic decontamination of fresh-produce-associated natural
microflora using chlorophyllin—Ca,(PO,), nanohybrid under visible-light
irradiation.

Produce Log reduction (Mean * Reduction (%) (Mean +
STDEV) STDEV)
Cucumber 1.75+£0.14 98.14 + 0.56
Cabbage 2.03+0.29 99.08 +£0.94
Spinach 1.94+0.12 98.82+0.32

where heterogeneous microbial communities comprising spoilage
organisms and environmental microorganisms coexist on produce
surfaces. For cucumber-associated natural microflora, the untreated
samples exhibited an average microbial count of 160.67 + 6.66 CFU,
whereas photodynamic treatment with chlorophyllin-Ca,(PO,),
nanohybrid reduced the count to 3.00 + 1.0 CFU. This corresponded
to a mean log reduction of 1.75 + 0.14 log CFU and a percentage
reduction 0f 98.14% + 0.56% (Table 4). The reduction was statistically
significant compared with the untreated control (»p < 0.001). These
findings indicate that the antimicrobial activity of the nanohybrid
is not restricted to S. typhimurium but extends to mixed microbial
populations naturally present on cucumber surfaces.

To evaluate whether the effectiveness of the nanohybrid was
influenced by the surface characteristics of the produce, naturally
occurring microflora recovered from cabbage and spinach leaves were
also examined. Leafy vegetables generally possess more complex
surface architectures, including folds, veins, stomata, and microscopic
crevices that can facilitate microbial attachment and reduce the
efficacy of conventional decontamination treatments. Nevertheless,
photodynamic treatment reduced cabbage-associated microbial counts
from 213.00 + 12.53 CFU to 2.00 + 2.0 CFU, corresponding to a
2.03 + 0.29 log reduction and 99.08% + 0.94% reduction in viable
microorganisms. Similarly, spinach-associated microflora decreased
from 590.33 + 19.66 CFU to 7.00 + 2.0 CFU following treatment,
corresponding to a 1.94 £+ 0.12 log reduction and 98.82% + 0.32%
reduction (Table 4). In both cases, the reductions were highly
significant compared with the untreated controls (p < 0.001).

The consistent antimicrobial performance observed across cucumber,
cabbage, and spinach demonstrates that the photodynamic efficacy
of chlorophyllin-Ca,(PO,), nanohybrid is largely maintained despite
substantial differences in produce surface morphology and naturally
occurring microbial communities. The antimicrobial activity is
attributed to visible-light activation of immobilized chlorophyllin,
which generates ROS capable of inducing oxidative damage to
microbial membranes, proteins, and nucleic acids. Furthermore,
immobilization within the calcium phosphate nanohybrid matrix likely
enhances photosensitizer stability, minimizes leaching, and promotes
sustained photodynamic activity, thereby improving microbial
inactivation efficiency. Collectively, these findings demonstrate that
chlorophyllin—Ca,(PO,), nanohybrid is effective not only against
inoculated S. #yphimurium but also against naturally occurring
microbial populations present on a variety of fresh-produce surfaces.

A potential limitation of the present study is that the inoculated
pathogen decontamination experiments were conducted using
surface-associated bacterial populations and did not specifically
evaluate microorganisms residing within stomata, epidermal crevices,
or internalized plant tissues. Such protected microenvironments are
known to reduce the effectiveness of many produce sanitization
strategies because antimicrobial agents may have limited access to
deeply embedded cells. Furthermore, in the assessment of natural
produce-associated microflora, microorganisms were first detached
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from cucumber, cabbage, and spinach surfaces into PBS prior to
photodynamic treatment. Consequently, the observed microbial
reductions demonstrate the antimicrobial efficacy of the chlorophyllin—
Ca,(PO,), nanohybrid against produce-associated microorganisms but
do not directly establish its ability to inactivate bacteria located within
stomatal cavities or other protected plant microstructures. Because
ROS generated during photodynamic treatment are short-lived and
act primarily near the site of generation, bacterial accessibility to the
photosensitizer remains an important factor influencing treatment
efficacy. Future studies employing fluorescently labeled bacteria,
confocal laser scanning microscopy, or artificial internalization
models would be valuable for determining the effectiveness of the
nanohybrid system against microorganisms residing within stomata
and other protected plant microenvironments. Despite this limitation,
the observed antimicrobial efficacy against both inoculated pathogens
and naturally occurring produce-associated microflora highlights the
potential of chlorophyllin-Ca,(PO,), nanohybrid as a sustainable
photodynamic decontamination strategy for fresh-cut fruits and
vegetables.

Although the optimized photodynamic treatment required 25 minutes
of visible-light exposure to achieve maximum antimicrobial efficacy
under the laboratory conditions employed in this study, further reduction
of treatment time may be feasible for industrial implementation. In
photodynamic systems, microbial inactivation is primarily governed
by the total light dose delivered to the photosensitizer. Consequently,
increasing light intensity, improving light distribution, reducing the
distance between the light source and the produce surface, or employing
high-power LED arrays may significantly shorten the required exposure
time while maintaining equivalent antimicrobial performance. In
addition, commercial fresh-produce processing operations commonly
utilize thin product layers, conveyor-based transport systems, and
continuous illumination chambers, which can enhance light penetration
and photosensitizer activation. The relatively rapid ROS generation
observed in the present study suggests that process optimization
through engineering modifications could further improve treatment
throughput. Future studies should therefore focus on evaluating higher
illumination intensities, continuous-flow treatment configurations, and
pilot-scale processing systems to establish the industrial feasibility
of chlorophyllin—Ca,(PO,), nanohybrid-mediated photodynamic
decontamination.

Although the present study primarily focused on microbial
decontamination efficacy, no visible discoloration, staining, or surface
damage was observed on cucumber, cabbage, or spinach samples
following photodynamic treatment. Since preservation of product
quality is a critical consideration for fresh-produce applications, future
studies should include instrumental evaluation of texture, firmness,
color, chlorophyll retention, and storage stability to comprehensively
assess the impact of chlorophyllin—Ca,(PO,), nanohybrid on produce
quality during post-treatment storage.

3.12. Stability and Retention of Chlorophyllin Within the
Ca,(PO,), Nanohybrid

The absorbance values measured in the supernatants remained
very low throughout the incubation period, indicating negligible
chlorophyllin release from the chlorophyllin—Ca,(PO,), nanohybrid.
A small increase in absorbance was observed during the initial stages
of incubation, which may correspond to the release of weakly surface-
associated chlorophyllin. Subsequently, a slight decrease in absorbance
was observed at later time points (Table 5). Because the absorbance
values were close to the detection limit, these fluctuations are likely
influenced by analytical variation and/or gradual degradation of trace

Table 5. Absorbance of PBS supernatants collected after repeated washing
cycles of chlorophyllin-Ca,(PO,), nanohybrid. Measurements at 405

nm were used as a qualitative indicator of chlorophyllin presence in the
supernatant and to assess immobilization stability.

Incubation time (h) Absorbance at 405 (nm)
24 0.007
48 0.035
72 0.017
96 0.006
120 0.001
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Figure 9. Reusability of chlorophyllin-Ca,(PO,), nanohybrid for PDI of S.
typhimurium over five consecutive cycles. Antibacterial activity is expressed
as a percentage reduction in viable bacterial counts relative to the untreated
control. Error bars represent SD (n = 3).

amounts of released chlorophyllin in aqueous solution. Overall,
the results demonstrate strong retention of chlorophyllin within the
calcium phosphate matrix and support the stability of the nanohybrid
under the tested conditions.

3.13. Reusability of Chlorophyllin-Ca,(PO,), Nanohybrid for
Photodynamic Antibacterial Inactivation

The practical applicability of photosensitizer-based antimicrobial
systems depends not only on their antibacterial efficacy but also on
their operational stability and potential for repeated use. Therefore,
the reusability of chlorophyllin-Ca,(PO,), nanohybrid was evaluated
through five consecutive PDI cycles against S. typhimurium.

The recovered chlorophyllin—Ca,(PO,), nanohybrid retained substantial
photodynamic antibacterial activity during repeated reuse cycles against
S. typhimurium. The first cycle exhibited the highest efficacy, resulting
in a 99.27% + 0.66% reduction in viable bacterial counts. A gradual
decline in antimicrobial performance was observed with successive
reuse cycles; however, significant bacterial inactivation was maintained
throughout the study. Percentage reductions of 93.06% + 1.35%,
86.78% + 1.55%, 73.91% £ 2.82%, and 62.11% + 2.70% were achieved
during the second, third, fourth, and fifth cycles, respectively (Fig. 9).
The progressive reduction in antibacterial efficacy over successive
cycles may be attributed to partial loss of active surface sites, gradual
photobleaching of immobilized chlorophyllin molecules, or minor
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material losses during recovery and washing steps. Nevertheless,
the nanohybrid remained capable of achieving appreciable bacterial
inactivation even after five consecutive cycles, demonstrating the
strong association of chlorophyllin with the calcium phosphate
matrix and supporting the stability and recyclability of the developed
photodynamic system. These findings provide direct evidence that the
immobilized photosensitizer retains functional activity upon reuse,
thereby addressing a key limitation of free chlorophyllin, which cannot
be readily recovered and reused following treatment.

It is noteworthy that the initial antibacterial activity of free chlorophyllin
and chlorophyllin—Ca,(PO,), nanohybrid was found to be comparable
under the optimized photodynamic treatment conditions described in
this study. Therefore, the primary advantage of nanohybrid formation is
not necessarily an increase in immediate antibacterial efficacy but rather
the immobilization of the photosensitizer within a recoverable inorganic
matrix. Free chlorophyllin remains dissolved in the treatment medium
after photodynamic treatment and cannot be readily separated for reuse.
Consequently, fresh photosensitizers must be supplied for each treatment
cycle, which may increase material consumption and operational costs.

On the contrary, immobilization within the calcium phosphate
nanohybrid matrix enables facile recovery of chlorophyllin by simple
centrifugation and allows repeated photodynamic application while
retaining substantial antibacterial activity. The ability to recover
and reuse the photosensitizer represents a significant practical
advantage, particularly for food decontamination applications
where large treatment volumes may be required. Furthermore, the
sustained antibacterial performance observed over multiple cycles
is consistent with the low chlorophyllin leaching values reported in
Section ““Stability and retention of chlorophyllin within the Ca,(PO,),
nanohybrid”, indicating that a substantial fraction of the immobilized
chlorophyllin remained associated with the nanohybrid structure
during repeated use.

From an application perspective, reusability is a key factor influencing
process economics and sustainability. The ability to repeatedly utilize
the same photosensitizer-containing material reduces chlorophyllin
consumption, minimizes waste generation, and lowers the likelihood of
residual photosensitizer accumulation in treated systems. Collectively,
these findings demonstrate that chlorophyllin-Ca,(PO,), nanohybrid
retains significant photodynamic antibacterial activity after repeated
use and provides a practical advantage over free chlorophyllin through
enhanced recoverability and operational reusability.

Although the present study demonstrated effective antimicrobial
activity and low chlorophyllin leaching, the amount of residual
nanohybrid remaining on produce surfaces after treatment was
not quantitatively determined. Nevertheless, the total quantity of
nanohybrid applied during treatment was low (10 mg), and both
constituent materials, calcium phosphate and chlorophyllin, possess
favorable food-compatibility profiles. Calcium phosphate is widely
used in food and nutraceutical applications, while chlorophyllin is a
food-grade chlorophyll derivative. Future studies should investigate
nanohybrid wash-off behavior and residual surface deposition
following treatment and rinsing to further assess consumer exposure
under practical processing conditions.

4. CONCLUSION

This study demonstrates that calcium phosphate can serve as an
effective immobilization matrix for chlorophyllin, producing a
stable food-compatible photodynamic nanohybrid with high EE and
minimal chlorophyllin release. Structural characterization revealed
that antimicrobial performance was achieved despite the absence

of highly ordered flower-like architectures, indicating that efficient
chlorophyllin—calcium phosphate integration is more critical than
morphological complexity for photodynamic function.

Upon visible-light activation, the chlorophyllin—Ca,(PO,), nanohybrid
exhibited strong antibacterial activity against both gram-negative and
gram-positive bacteria, including S. yyphimurium, S. aureus, and B. subtilis.
Mechanistic investigations combining ROS scavenger assays, fluorescence-
based viability analysis, SEM observations, and intracellular leakage studies
demonstrated that bacterial inactivation occurs primarily through singlet
oxygen-mediated oxidative damage to the cell envelope, resulting in loss of
membrane integrity and irreversible cell death. The findings further indicate
that direct uptake of the photosensitizer by bacterial cells is not required
for antimicrobial activity, as localized ROS generation at the particle—cell
interface is sufficient to induce lethal damage.

The nanohybrid also effectively reduced naturally occurring microflora
recovered from cucumber, cabbage, and spinach surfaces. Unlike free
chlorophyllin, the immobilized photosensitizer could be recovered
and reused while retaining substantial antibacterial activity over
multiple treatment cycles, highlighting the practical advantages of the
nanohybrid approach for repeated applications.

Overall, the developed chlorophyllin-Ca,(PO,), nanohybrid
represents a promising photodynamic decontamination platform that
combines antimicrobial efficacy, operational stability, reusability,
and food-safety compatibility. Future work should focus on direct
surface decontamination studies on intact produce, optimization of
illumination conditions for industrial implementation, and evaluation
of product quality attributes, including texture, color, nutritional
quality, and shelf-life following treatment.

5. LIST OF ABBREVIATIONS

CFU, colony-forming units; FCP, fresh-cut produce; PBS, phosphate-
buffered saline; ROS, reactive oxygen species; SEM, scanning
electron microscopy; XRD, X-ray diffraction.
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