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Abstract

The increasing demand for safe, minimally processed, and sustainable food preservation
strategies has intensified interest in light-activated antimicrobial systems derived from natu-
ral sources. This review examines the application of plant-derived photoactive compounds
as functional agents that generate reactive species upon illumination, thereby facilitating
effective microbial inactivation. Emphasis is placed on the diversity of phytochemicals
exhibiting light-responsive properties, their mechanisms of action, and the factors influ-
encing their efficacy, including physicochemical characteristics, environmental conditions,
and formulation strategies. The review further discusses the role of delivery systems in
improving the stability, solubility, and bioavailability of these photoactive compounds, as
well as the influence of food matrix complexity on treatment performance. Applications
across a range of food systems, including fresh produce, animal-derived products, and
food packaging materials, are evaluated to demonstrate their practical relevance in food
preservation. In addition, current challenges are critically highlighted, including vari-
ability in plant extract composition, limited understanding of photosensitiser behaviour
within complex food matrices, restricted light penetration, and challenges associated with
standardisation and scalability. This work provides an overview of emerging natural pho-
toactive systems and their potential to advance safer and environmentally sustainable food
preservation technologies.

Keywords: natural pigments; reactive oxygen species; microbial control; light-activation;
food safety

1. Introduction
Food safety remains a critical global challenge, driven by persistent contamination of

food products with pathogenic microorganisms, including bacteria, fungi, and viruses [1].
Conventional preservation methods, such as thermal processing, refrigeration, chemical
preservatives, and irradiation, have been widely used to mitigate microbial contamination
and extend shelf life. However, these approaches present several limitations, including
deterioration of nutritional and sensory qualities, the emergence of microbial resistance,
and increasing consumer demand for minimally processed, additive-free foods [2,3].

In response to these challenges, there is growing interest in alternative preservation
strategies that are effective, sustainable, and compatible with clean-label trends. Among
these, antimicrobial photodynamic therapy (aPDT) has emerged as a promising non-
thermal technology for microbial control in food systems [4]. aPDT relies on the activation
of a photosensitizer (PS) by light of an appropriate wavelength in the presence of molecular
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oxygen, leading to the generation of reactive oxygen species (ROS) [5,6] that can inactivate
a broad spectrum of microorganisms. Figure 1 shows the three common components
of aPDT.

Figure 1. Key components of plant-derived aPDT: PS, light, and oxygen.

Plant-derived extracts have attracted significant attention as natural PSs due to their
rich composition of photoactive phytochemicals, including chlorophylls, flavonoids, phe-
nolic acids, anthocyanins, and carotenoids [7,8]. These compounds possess intrinsic light-
harvesting properties and can generate ROS upon illumination, thereby exerting antimi-
crobial effects. Notably, many of these compounds are already widely utilised in the
food industry as natural colourants, flavouring agents, and functional ingredients [9]. For
example, chlorophylls (green pigments), carotenoids (yellow–orange pigments), and antho-
cyanins (red–purple pigments) are commonly incorporated into food products to enhance
visual appeal while also contributing nutritional and health-promoting benefits [10].

Beyond their technological applications, plants are well recognised for their medicinal
value and diverse bioactive properties, including antioxidant, anti-inflammatory, antimi-
crobial, and anticancer activities [11]. These multifunctional properties make plant-derived
compounds particularly attractive for food preservation, as they can simultaneously im-
prove safety, quality, and health benefits. Importantly, the chemical diversity of plant
secondary metabolites remains largely underexplored, and it is highly likely that numer-
ous additional compounds with potent photosensitising capabilities are yet to be discov-
ered [12,13]. This highlights the vast and untapped potential of medicinal plants as a source
of novel, efficient, and multifunctional PSs for food applications.

The use of plant-based PSs offers several advantages, including biodegradability, low
toxicity, cost-effectiveness, and alignment with consumer preferences for natural products.
Consequently, plant extract-mediated aPDT represents a promising and sustainable strat-
egy for enhancing food safety and preservation while maintaining product quality and
environmental compatibility. This review, therefore, provides a comprehensive evaluation
of natural photoactive compounds as emerging tools for light-driven microbial control,
focusing on their underlying mechanisms, functional performance in complex systems,
formulation strategies, and practical applications in modern preservation technologies.
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2. Principles of Antimicrobial Photodynamic Therapy
aPDT is a light-activated antimicrobial approach that relies on the synergistic interac-

tion of three essential components: a PS, light of an appropriate wavelength, and molecular
oxygen [14]. Upon irradiation, the PS absorbs photons and is promoted from its ground
singlet state (S0) to an excited singlet state (S1), followed by intersystem crossing to a
relatively long-lived triplet state (T1). This excited triplet state is pivotal, as it initiates
photochemical reactions that culminate in the generation of ROS, the primary mediators of
microbial inactivation [15,16], as illustrated in Figure 2.

Figure 2. Mechanism of ROS generation and its antimicrobial effects leading to microbial cell death.
Created based on information from [14–18].

ROS production in aPDT proceeds via two principal pathways, often concurrent. In
the Type I mechanism, the excited PS undergoes electron or hydrogen transfer reactions
with surrounding biomolecules, yielding radical species such as superoxide anions (O2•−),
hydrogen peroxide (H2O2), and hydroxyl radicals (•OH) [6]. In contrast, the Type II mech-
anism involves direct energy transfer from the excited triplet PS to ground-state molecular
oxygen, producing singlet oxygen (1O2), a highly reactive and cytotoxic species [19]. The
relative contribution of these pathways is governed by multiple factors, including oxygen
availability, PS chemical structure, local substrate composition, and irradiation condi-
tions [20]. Importantly, this mechanistic duality confers functional adaptability, enabling
aPDT to maintain antimicrobial efficacy under variable microenvironmental conditions,
including hypoxia or limited light penetration.

Experimental studies demonstrate that plant-derived PSs can operate through Type
I, Type II, or combined mechanisms depending on their physicochemical properties and
environmental conditions. For instance, Senna-based photosensitising extracts exhibit
pronounced Type I activity, in which hydroxyl radical generation correlates with the
effective inactivation of bacterial and fungal pathogens [21]. Similarly, Green propolis and
quercetin demonstrate significant antimicrobial activity even in the presence of singlet
oxygen quenchers, confirming the dominant role of radical-mediated (Type I) pathways;
however, the decrease in the aPDT efficacy of Passiflora cincinnata extract upon singlet
oxygen quenching highlights contributions from Type II mechanisms [22]. Several plant-
derived PSs demonstrate mechanistic plasticity; for example, extracts from Chamaecyparis
obtusa and Moringa oleifera initially favour singlet oxygen production but transition toward
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hydroxyl radical generation with prolonged irradiation, reflecting dynamic shifts between
Type II and Type I processes [23].

The generated ROS from these plant-derived PSs induce non-specific, multi-target
oxidative damage to microbial cells [24]. The cytoplasmic membrane is a primary and early
target, where ROS-mediated lipid peroxidation disrupts membrane integrity, increases
permeability, and leads to leakage of intracellular constituents. Ultrastructural analyses
provide compelling evidence for this mechanism; transmission electron microscopy studies
of Escherichia coli subjected to aPDT reveal membrane disintegration, pore formation, and
extensive cytoplasmic leakage [23]. At the same time, oxidative damage to membrane-
associated proteins compromises essential cellular processes, including nutrient transport
and energy metabolism, thereby accelerating cell death [15,22].

Beyond membrane disruption, ROS diffuse into the intracellular environment, where
they oxidatively modify critical macromolecules [25]. Nucleic acids undergo strand breaks,
base oxidation, and cross-linking, impairing replication and transcription, while proteins
undergo oxidative modification of amino acid residues, leading to enzyme inactivation
and metabolic dysfunction. The cumulative and irreversible nature of this multi-target
oxidative damage ultimately leads to microbial cell death [23,26]. In biofilms, ROS degrade
the extracellular polymeric substance matrix, increasing structural porosity and facilitating
deeper penetration of both PSs and oxygen [27,28]. This increases the vulnerability of
embedded microbial cells. For instance, 3–4 log reductions in multispecies biofilms treated
with plant-derived PSs have been reported [27]. In fungal cells, ROS induce mitochondrial
dysfunction and severe oxidative stress, while in viruses, they disrupt lipid envelopes
and damage capsid proteins, thereby impairing infectivity. A representative example
is riboflavin-mediated aPDT against Rhizopus stolonifer, where ROS generation leads to
significant mitochondrial damage and effective fungal inactivation. Under optimised
conditions, this approach achieves up to a 4.6 log reduction in resistant strains and complete
inhibition of mycelial growth, while preserving key quality attributes of treated food
products, including colour, firmness, antioxidant capacity, and lycopene content, with
minimal storage-related weight loss [29].

Plant-derived PSs enable highly efficient, broad-spectrum antimicrobial activity
through ROS-driven, multi-target oxidative mechanisms involving both Type I and Type II
pathways. Their ability to disrupt cellular membranes, inactivate intracellular biomolecules,
and degrade biofilm matrices, combined with their natural origin, biocompatibility, and
suitability for food applications [8], positions them as promising, sustainable alternatives
for advanced antimicrobial interventions and food preservation technologies.

3. Plant-Derived PSs Used in Food Preservation
Plant-derived PSs are increasingly recognised as sustainable and effective agents for

aPDT in food preservation due to their natural origin, low toxicity, and broad-spectrum an-
timicrobial activity [30,31]. Derived from edible plants, medicinal herbs, and agro-industrial
by-products, these compounds span diverse chemical classes, including chlorophylls,
carotenoids, curcuminoids, anthraquinones, flavonoids, alkaloids, and vitamins [8,32].
Their absorption within the visible spectrum enables activation using low-cost light-
emitting diodes (LEDs), supporting scalability in food systems. The performance of these
PSs is governed by interconnected factors, including optical properties, ROS generation ca-
pacity (commonly represented by the singlet oxygen quantum yield, Φ∆), PS concentration,
formulation strategy, and environmental conditions, such as the food matrix and oxygen
availability [4,33]. Table 1 summarises representative plant-derived PSs used in food-
related applications, highlighting their physicochemical properties, irradiation conditions,
and antimicrobial efficacy.
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Table 1. Plant-derived PSs used in aPDT for food preservation.

Plant Source Pigment/
Extract

Absorption
Peak (nm) Concentration Light

Source/Dose Φ∆ aPDT Effect Ref.

Spinacia
oleracea

Chlorophyll
extract

encapsulated in
polystyrene NPs

664 10−5 mol L−1 36 W red LED 0.64 Significant reduction
in E. coli viability [34]

Tetragonia
tetragonoides

(New
Zealand
spinach)

Chlorophyll-rich
extract in

Pluronic® F127
micelles

(Ludwigshafen
am Rhein,
Germany)

665 27.2 mg mL−1

Red LED;
in vitro

6.12 J cm−2;
in vivo

0.102 J cm−2

–

In vitro, the
treatment was

effective against
Staphylococcus aureus
(MIC 6.8 mg mL−1).

In vivo, it
significantly reduced

coliform and
Staphylococcus

populations on cow
teat surfaces

compared to an
iodine-based control

treatment.

[35]

Curcuma
longa Glycolic extract 418 100 mg mL−1

Blue LED,
25 J cm−2

(110 mW cm−2)
– No absorption in

450 nm region [36]

Curcuma
longa Curcumin 418 100 mg mL−1

Blue LED,
25 J cm−2

(110 mW cm−2)
-

Complete
inactivation of
Mycobacterium

abscessus; strong
activity against

Candida albicans and
C. tropicalis (~5-log

reduction)

[36]

Curcuma
longa L. Curcumin 400–430 100 µM Xenon lamp,

48 J cm−2 –

Complete
inactivation of
Mycobacterium

abscessus

[37]

Curcuma
longa L. Curcumin 425 10 µM

Pulsed blue
light,

21.6 J cm−2

(12 mW cm−2)

– Inactivation of
HCoV-OC43 [38]

Curcuma
longa L. Curcumin 405 325 µg mL−1

LEDs,
49 mW cm−2

for
15–45 min

–

Complete inhibition
of Salmonella

enteritidis
(temperature-

dependent efficacy)

[39]

Bixa orellana Bixin 460 25–100 µg mL−1

Blue LED,
28.3–80 J cm−2

(55–154.98 mW
cm−2)

0.0006

Bactericidal against
Cutibacterium acnes
in both planktonic
and biofilm phases

[40]

Bixa orellana B. orellana extract 460 20% w/v 6.37 J cm−2 – Rapid reduction in
halitosis [41]

Beta vulgaris B. vulgaris extract 480–540 0.5 mg mL−1
640 nm laser,

240 mW cm−2

for 120 s
–

Reduced mean
bacterial load to

114.75 CFU mL−1;
limited efficacy due
to mismatch with

640 nm laser

[42]
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Table 1. Cont.

Plant Source Pigment/
Extract

Absorption
Peak (nm) Concentration Light

Source/Dose Φ∆ aPDT Effect Ref.

Tecoma stans Crude flower
extract 400–450 8 mg mL−1 90–100 mW cm−2 –

Significant
eradication of S.

aureus and C. albicans
[43]

Berberis
vulgaris

Berberine loaded
into human

dental pulp stem
cell-derived
exosomes

344–422 31.2 µg mL−1

405 nm laser,
25.8 J cm−2

(0.43 W cm−2,
60 s)

–

Reduced
Porphyromonas

gingivalis biofilm
biomass

[44]

Berberis
vulgaris Berberine 465 50–500 µg mL−1

Blue LED,
34 mW cm−2

for 15 min
–

Strong antibacterial
activity; biofilm

destruction at higher
doses

[45]

Aloe vera Aloe-emodin 430 100 µM 80 mW cm−2

(48–192 J cm−2)
–

4.17–5.22 log
reduction in P.

aeruginosa; complete
inactivation of MDR
strains at 192 J cm−2

[46]

Aloe vera Aloe-emodin 430 1 µg mL−1 Blue LED,
40 mW cm−2 0.57 Significant inhibition

of S. aureus [47]

Green leafy
vegetables

Riboflavin
(Vitamin B2) 445–470 125 µM

Blue LED,
11.72 J cm−2

(30 min)
–

5.3 log reduction
(E. coli), 6.2 log

(Listeria innocua)
[48]

Green leafy
vegetables Riboflavin 450 6.25–100 µM

Blue diode
laser,

12–30 J cm−2
–

Dose-dependent
reduction in

Enterococcus faecalis
[49]

Green leafy
vegetables Riboflavin 450 60 mg L−1 Blue LED,

0.92 J cm−2 –

Antimicrobial
activity against

Pseudomonas
fluorescens

[50]

Hypericum
perforatum Hypericin – 50 µL

Full-spectrum
light,

14.02 J cm−2
– Active against S.

aureus and E. coli [51]

Lamiaceae
spp. Carvacrol 405 125 µg mL−1

LED,
49 mW cm−2

for
15–45 min

–
Complete inhibition

of Salmonella
enteritidis

[39]

Table 1 highlights the chemical diversity and functional versatility of plant-derived
PSs, demonstrating that photodynamic efficacy arises from a complex interplay between
molecular structure, optical properties, formulation strategies, and the surrounding
application environment.

A key factor influencing aPDT performance is the spectral compatibility between
the PS absorption maximum (λ_max) and the irradiation wavelength. Chlorophyll-based
systems (λ_max ≈ 660–665 nm), for instance, exhibit strong antimicrobial activity upon
activation with red LEDs, leading to notable reductions in E. coli and S. aureus [34,35]. In
contrast, betalain-rich extracts from B. vulgaris show limited activity under 640 nm irradia-
tion due to poor spectral overlap with their absorption range (480–540 nm), highlighting
spectral mismatch as an often-overlooked limitation [42].

Although Table 1 reports only Φ∆ as a key photophysical parameter, increasing ev-
idence indicates that reactive radical species, such as superoxide anions (O2•−) and hy-
droxyl radicals (•OH), play a significant role, particularly in complex food matrices where
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singlet oxygen is rapidly quenched. For instance, aloe-emodin, with a relatively high
Φ∆ (~0.57), achieves substantial microbial inactivation, including >5 log10 reductions in
P. aeruginosa [46,47]. Conversely, bixin from B. orellana, despite its very low Φ∆ (0.0006),
demonstrates effective antimicrobial activity against C. acnes through a predominantly
Type I mechanism involving radical species [40]. Moreover, studies have shown that ROS-
generating pathways may shift dynamically, with singlet oxygen dominating the initial
irradiation stages and radical-mediated processes becoming more prominent over time,
as observed in plant extracts such as C. obtusa and M. oleifera [23]. Similarly, yam-derived
pigments from Dioscorea opposita have been reported to generate both Type I and Type II
ROS under blue light irradiation, enabling broad-spectrum antimicrobial activity while
preserving food quality [52]. These findings highlight the importance of considering both
ROS pathways in the design and optimisation of aPDT systems.

Light dosage is another critical parameter influencing aPDT efficacy, integrating both
light intensity (irradiance) and exposure time (fluence). As reflected in Table 1, effec-
tive antimicrobial outcomes are achieved across a wide range of light doses, from low
fluences (e.g., 0.92 J cm−2 for riboflavin systems) to higher doses exceeding 80 J cm−2

for carotenoid-based systems [40,50]. Generally, increasing the light dose enhances PS
excitation and ROS generation, thereby improving microbial inactivation. However, this
relationship is not strictly linear. Excessive light exposure can induce photobleaching of the
PS, reducing its activity over time and increasing the risk of undesirable changes in food
quality, such as pigment degradation or lipid oxidation [53]. Additionally, high irradiance
may lead to oxygen depletion in the local environment, limiting ROS generation despite
continued illumination [54]. Conversely, insufficient light dose results in suboptimal PS
activation and reduced antimicrobial efficacy. The interplay between light dose, PS con-
centration, and oxygen availability therefore defines an optimal operational window. For
example, curcumin-mediated inactivation of S. enteritidis required prolonged illumination
(15–45 min) to achieve complete inhibition at lower temperatures, whereas efficacy was
reduced at 37 ◦C despite similar irradiation conditions [39]. These findings highlight
the need to carefully optimise light parameters alongside PS properties for each specific
food application.

The effectiveness of plant-derived PSs is strongly influenced by concentration, as
reflected in the wide range of effective doses reported in Table 1, spanning from micromolar
levels for purified compounds such as riboflavin and curcumin to milligram-per-millilitre
concentrations for crude plant extracts [37–42]. While dose–response relationships are gen-
erally observed, increasing PS concentration does not necessarily translate into enhanced
antimicrobial efficacy. This deviation is attributed to aggregation-induced quenching, a
phenomenon particularly pronounced in hydrophobic PSs such as curcumin, chlorophylls,
and carotenoids. At elevated concentrations, these molecules tend to self-associate via
π–π stacking and hydrophobic interactions, forming non-photoactive aggregates. This
aggregation reduces the population and lifetime of excited singlet and triplet states, thereby
limiting the efficiency of intersystem crossing and subsequent ROS generation [55]. As
a result, ROS production is diminished, compromising antimicrobial performance. This
behaviour is illustrated in curcumin-based systems, where increasing concentration beyond
an optimal threshold does not yield proportional improvements in microbial inactivation
and may even reduce efficacy. For instance, when the light dose was fixed at 1.944 J cm−2,
increasing the curcumin concentration from 2.5 µM to 10 µM resulted in a significant
increase in S. aureus reduction (from 2.4 log CFU mL−1 to 5.3 log CFU mL−1). However,
when the concentration was further increased to 20 µM, the antimicrobial efficacy did not
increase further [56]. Furthermore, aggregation can exacerbate inner-filter effects, in which
excessive light absorption at higher concentrations limits light penetration and reduces
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uniform PS activation within the sample [57]. Optimisation of PS concentration is therefore
necessary to achieve maximum antimicrobial efficacy while minimising potential impacts
on food quality. The effective concentration range can vary depending on the type of plant
extract, the target microorganism, and the food matrix.

In addition to concentration effects, environmental factors such as temperature further
modulate PS performance. For instance, curcumin-mediated aPDT against S. enteritidis was
less effective at 37 ◦C than at 4 ◦C or 25 ◦C [39]. This reduction in efficacy may be attributed
to temperature-dependent changes in PS stability, aggregation behaviour, and ROS lifetime.
Higher temperatures can accelerate non-radiative decay processes and promote molecular
collisions that quench excited states or reactive species, thereby reducing photodynamic
efficiency [58]. Moreover, temperature may influence membrane fluidity in microbial cells,
potentially altering PS uptake and susceptibility.

Another important consideration in food-related aPDT is selectivity. Although ROS
are highly effective antimicrobial agents, excessive ROS generation may also damage food
components and mammalian cells [59]. However, the short lifetime and limited diffusion
distance of singlet oxygen and related ROS generally localise oxidative reactions to the
vicinity of the activated PS, thereby reducing unintended damage to surrounding tissues
and food matrices [60,61]. Furthermore, several plant-derived PSs, including curcumin and
riboflavin, are already classified as Generally Recognised as Safe (GRAS) compounds and
are widely used in food systems. Nevertheless, excessive ROS production may induce lipid
peroxidation, pigment degradation, and protein oxidation, potentially compromising sen-
sory and nutritional quality [62,63]. Comprehensive toxicological assessments, including
cytotoxicity, genotoxicity, allergenicity, and long-term dietary exposure studies, therefore
remain necessary before large-scale industrial implementation.

Formulation strategies play a pivotal role in overcoming photophysical and physic-
ochemical limitations of plant-derived PSs, thereby significantly enhancing their perfor-
mance in aPDT. Nanostructured delivery systems are particularly effective in improving
solubility, stability, dispersibility, and bioavailability, key factors that directly influence
ROS generation and antimicrobial efficacy [64]. This is especially critical for hydrophobic
PSs such as chlorophylls and curcumin, which otherwise suffer from poor aqueous solu-
bility and aggregation-induced quenching. Encapsulation within nanocarriers not only
improves solubility but also stabilises the PS against photodegradation and facilitates con-
trolled release. For example, chlorophyll encapsulated in polystyrene nanoparticles exhibits
enhanced singlet oxygen generation and improved antibacterial activity against E. coli,
demonstrating how nanoscale confinement can preserve photophysical functionality and
increase ROS yield [34]. Similarly, incorporation of chlorophyll-rich extracts into Pluronic®

F127 micelles enhances dispersion in aqueous environments and enables effective in vitro
and in vivo antimicrobial applications, including the reduction in microbial populations
on bovine teat surfaces [35]. These amphiphilic micellar systems also reduce aggregation
and improve light accessibility to the PS molecules. Advanced biological delivery sys-
tems further extend the applicability of plant-derived PSs. Exosome-mediated delivery
of berberine, for instance, significantly enhances penetration into P. gingivalis biofilms,
overcoming diffusion barriers and resulting in marked reductions in biofilm biomass [44].
This highlights the importance of carrier-mediated targeting in addressing one of the major
limitations of aPDT, inefficient PS penetration into structured microbial communities.

In food packaging applications, formulation strategies enable the integration of PSs
into functional materials. Riboflavin incorporated into chitosan-based films exemplifies
this approach, in which the PS is immobilised within a biodegradable polymer matrix
that not only facilitates light-activated antimicrobial activity against P. fluorescens (achiev-
ing up to 97% reduction) but also provides intrinsic oxygen-barrier properties [50]. Such
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multifunctional systems combine active (photodynamic) and passive (barrier) preserva-
tion mechanisms, offering a synergistic approach to extending food shelf life. Beyond
these examples, formulation also enables modulation of PS photophysical behaviour, in-
cluding improved intersystem crossing efficiency, reduced aggregation, and prolonged
excited-state lifetimes [65]. It can also enhance compatibility with complex food matrices
by protecting PSs from quenching interactions with lipids, proteins, and antioxidants [66].
Importantly, the choice of carrier system, whether polymeric nanoparticles, micelles, li-
posomes, or biopolymer films, must be informed by food safety, biodegradability, and
regulatory compliance.

Plant-derived PSs demonstrate broad-spectrum antimicrobial activity, effectively tar-
geting Gram-positive and Gram-negative bacteria, fungi, and viruses. As shown in Table 1,
significant inactivation has been reported against key foodborne and clinically relevant
pathogens, including S. aureus, E. coli, S. enteritidis, C. albicans, and human coronavirus
HCoV-OC43 [38,39,43]. This wide applicability is attributed to the non-specific oxidative
damage induced by ROS, which can disrupt multiple cellular targets such as membranes,
proteins, and nucleic acids, thereby reducing the likelihood of resistance development [26].
Despite this broad efficacy, susceptibility varies across microbial groups. Gram-positive
bacteria are more sensitive to aPDT due to their simple cell wall structure, which allows
easier penetration of PS molecules and ROS. In contrast, Gram-negative bacteria possess an
additional outer membrane composed of lipopolysaccharides, which acts as a permeability
barrier, limiting PS uptake and reducing photodynamic efficiency [67]. Consequently,
higher PS concentrations, increased light doses, or advanced delivery systems, such as
nano-formulations or membrane-disrupting agents, are required to achieve comparable
inactivation levels in Gram-negative species. Fungal cells, with their more complex cell
wall architecture, and viruses, depending on envelope structure, also exhibit variable
susceptibility, further showing the importance of tailoring aPDT conditions to specific
targets [68]. Importantly, antimicrobial efficacy is influenced by the surrounding matrix,
which governs PS distribution, light penetration, and oxygen availability. For instance,
riboflavin-mediated aPDT achieved reductions of up to 6.2 log CFU/g on leaf surfaces,
whereas significantly lower reductions were observed in broth systems [48]. This contrast
highlights the role of surface exposure in facilitating efficient light absorption and oxygen
diffusion, while reducing ROS quenching. In liquid or complex food matrices, components
such as proteins, lipids, and natural antioxidants can absorb light, scavenge ROS, or bind
PS molecules, thereby diminishing photodynamic activity. Additionally, structural factors
such as turbidity and thickness can limit light penetration, leading to uneven treatment [4].
These findings highlight the need to evaluate PS performance under realistic food con-
ditions rather than relying solely on simplified in vitro systems. Future studies should
prioritise matrix-specific optimisation, including adjustments in PS formulation, light deliv-
ery, and processing parameters, to ensure consistent and effective antimicrobial outcomes
across diverse food products.

Although natural PSs exhibit promising antimicrobial activity, many have limited
stability under practical food-processing conditions. Compounds such as curcumin, chloro-
phylls, and anthocyanins are prone to photobleaching, thermal degradation, oxidation,
and pH-related structural changes, all of which can reduce ROS generation during storage
and repeated light exposure [69,70]. Components of the food matrix, including lipids,
proteins, and metal ions, may further accelerate PS degradation. To address these limita-
tions, encapsulation in nanoemulsions, liposomes, polymeric nanoparticles, or biopolymer
films has been widely explored to improve PS stability, reduce aggregation, and prolong
photoactivity [71,72]. Future studies should focus on evaluating PS stability under realistic
food-processing and storage conditions to support industrial application.
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Despite recent advances, several critical research gaps remain in the study of plant-
derived PSs for food applications. The mechanistic understanding of ROS generation in
complex food matrices remains insufficient. Future research should focus on standardised
methodologies, mechanistic studies, and predictive models that link photophysics with
food matrix properties. Development of food-grade, biodegradable delivery systems,
alongside pilot-scale validation in real food systems, is essential. Additionally, Table 1
reflects only a small fraction of plant-derived PSs, suggesting that many novel compounds
with enhanced properties and broader applications remain undiscovered.

4. Applications of Plant-Derived aPDT in Food Preservation
Plant-derived aPDT has emerged as a promising non-thermal, green technology for en-

hancing food safety and extending shelf life. It aligns with current demands for clean-label,
environmentally friendly, and residue-free food preservation strategies [73]. Importantly,
its versatility allows for integration into various food systems, including liquids, solid
foods, and packaging materials [74] as illustrated in Figure 3.

Figure 3. Illustration of the application of plant-derived PSs in aPDT for food systems.

However, its efficacy depends on several factors, including the type of food matrix, PS
concentration, light penetration, and the presence of natural antioxidants that may quench
ROS. Table 2 shows how plant-derived PSs are used in aPDT to enhance microbial safety
across a range of food products, while also highlighting the different modes of application.

Table 2. Plant-derived PS applied in aPDT for Food Preservation.

PS Target Microorganisms Food Preservation
Application

Method of Applying PS for Food
Preservation Ref.

Aloe-emodin S. aureus Freshly squeezed apple juice Mixing [47]

Curcumin S. aureus

Liquid foods, namely mango
and pineapple juices, however,

it was not effective against
carrot juice

Mixing [56]
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Table 2. Cont.

PS Target Microorganisms Food Preservation
Application

Method of Applying PS for Food
Preservation Ref.

Curcumin

S. aureus Skimmed milk Mixing [75]

- Wolfberry fruit Coating [76]

Fusarium graminearum Maize Coating [77]

Leuconostoc
mesenteroides and
Carnobacterium
maltaromaticum

Bacon
Applied directly to the bacon surface

prior to aPDT treatment and
subsequent chilled vacuum packaging

[78]

Vibrio parahaemolyticus Shrimp The shrimp were soaked in a
suspension containing curcumin. [79]

P. fluorescens Fish fillets Fish fillets were soaked curcumin
solution [80]

V. vulnificus Fillets of Cynoglossus semilaevis Fish fillets were spotted with
curcumin solution [81]

P. lundensis and
Brochothrix

thermosphacta
Beef Ground beef was mixed with

curcumin [82]

S. enteritidis PT4 Decontamination of eggshells Spread to cover the egg surface [39]

Riboflavin

E. coli and L. innocua Betel leaves
Fresh betel leaves were submerged in

the riboflavin solution resulting in
uniform surface coating

[48]

P. fluorescens Active antimicrobial food
packaging films

Riboflavin was incorporated into a
chitosan-based biopolymer matrix to

develop active, light-activated
antimicrobial packaging films

[50]

S. aureus and E. coli Pork Pork soaked in the Riboflavin coating
for 30 s [83]

R. stolonifer Tomato
Tomatoes were submerged in a
riboflavin solution, resulting in

uniform surface coating
[29]

S. aureus Milk Mixing [75]

S. typhimurium and S.
enteritidis Tuna fillets Riboflavin was spread onto the

surface of the fillets [84]

Carvacrol S. enteritidis Decontamination of eggshells Spread to cover the egg surface [39]

Table 2 demonstrates the broad applicability and versatility of plant-derived PSs
in aPDT for food preservation. Among these, curcumin is the most extensively studied
PS, due to its strong ability to generate ROS under blue light irradiation, as well as its
natural origin and favourable safety profile. Curcumin exhibits potent antimicrobial activity
against a wide spectrum of microorganisms, including Gram-positive bacteria such as S.
aureus, Gram-negative bacteria such as V. parahaemolyticus and P. fluorescens, and fungal
pathogens such as Fusarium graminearum [56,77,79]. Its successful application across diverse
food matrices, including juices, milk, fresh produce, meat, seafood, and cereals (Table 2),
demonstrates its high adaptability and practical relevance in food systems.

Mechanistically, curcumin-mediated aPDT induces oxidative stress via singlet oxygen
and superoxide radicals, disrupting microbial membranes, increasing permeability, causing
leakage of intracellular components, and inactivating enzymes. However, its performance
is highly matrix dependent. In carrot juice, carotenoids quench ROS, reducing antimi-
crobial activity [56]. In milk, high optical density and light scattering decrease microbial
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reduction, even with thin-layer illumination or agitation [75]. In maize, curcumin exhibits
concentration-dependent effects: optimal doses (≥100 µM) achieve complete inhibition of F.
graminearum and mycotoxin suppression, while sub-lethal doses may induce hormesis [77].
It can also cause undesirable colour changes at higher concentrations, affecting consumer
acceptance [75]. These observations suggest that while curcumin is effective in vitro, its
industrial application requires careful optimisation of PS concentration, light dose, and
exposure conditions, as well as consideration of matrix-specific interferences; thus, further
research is still required to evaluate the practical applicability of curcumin-mediated aPDT
in real food systems.

Beyond curcumin, other plant-derived PS, such as riboflavin, aloe-emodin, and car-
vacrol, further highlight the versatility of aPDT. These compounds exhibit strong antimi-
crobial activity against both foodborne pathogens and spoilage organisms, including R.
stolonifer [29,39,47,48]. Aloe-emodin, for instance, demonstrates strong photodynamic
activity, with absorption in the 400–500 nm range (λ_max ≈ 430 nm) and a high singlet
oxygen quantum yield (0.57). It exhibits significant antibacterial activity against S. aureus
(MIC = 1 µg/mL) and effectively reduces microbial contamination in apple juice without
compromising quality parameters such as colour, pH, and total phenolic content [47]. How-
ever, its reduced effectiveness in juice compared with PBS is attributed to light scattering by
suspended solids and sugar-facilitated bacterial repair [47,85]. These limitations show the
need for strategies that overcome matrix-specific constraints in turbid or nutrient-rich liq-
uids. Potential approaches may include combining aPDT with sonodynamic therapy, which
uses ultrasonic waves to enhance PS penetration and ROS diffusion; incorporating PSs into
nanocarriers for improved delivery; co-applying enzymatic clarifiers to reduce turbidity;
or developing synergistic PS combinations to counteract microbial repair mechanisms.
Nevertheless, further research should determine whether these approaches can reliably
enhance aPDT efficacy in complex food matrices. Establishing their effectiveness could
improve the scalability and industrial applicability of aPDT while maintaining product
quality and microbial safety.

Riboflavin emerges as a promising PS for surface decontamination and active packag-
ing applications. It generates ROS under UV or visible light, enabling effective control of
bacteria such as E. coli and L. innocua, as well as fungi like R. stolonifer [29,48]. When incor-
porated into chitosan-based films, it exhibits a dual-function mechanism: (i) photodynamic
microbial inactivation via ROS generation at the food surface, and (ii) reduced oxygen
permeability due to the barrier properties of chitosan, thereby limiting oxidative spoilage
and aerobic microbial growth. These films have demonstrated up to 97% reduction in P.
fluorescens and remain effective under cold-chain and retail lighting conditions, making
them highly applicable for real-world food preservation [50].

In addition, riboflavin-based coatings have been shown to improve the shelf life and
sensory quality of pork by reducing microbial load, total volatile basic nitrogen (TVB-N),
pH changes, and colour deviation, while maintaining desirable texture [83]. Similarly, in
fresh tomatoes, riboflavin-mediated aPDT effectively inhibited R. stolonifer, resulting in
significant reductions in fungal growth while preserving key quality attributes, including
firmness, antioxidant activity, and lycopene content [29]. These findings demonstrate the
suitability of riboflavin systems for both fresh produce and animal-derived products. PS
incorporated into packaging materials offers scalable industrial solutions while minimising
matrix limitations inherent in bulk liquids.

Another important advancement in this field is the development of synergistic aPDT
systems designed to overcome the inherent limitations of single-PS approaches, including
limited PS penetration, restricted ROS diffusion, aggregation-induced quenching, and
reduced antimicrobial efficacy within complex food matrices [86]. These integrated ap-
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proaches enhance antimicrobial performance through complementary physicochemical,
oxidative, and structural mechanisms that collectively increase microbial susceptibility to
photodynamic damage. A major synergistic mechanism involves membrane permeabilisa-
tion. Hydrophobic phytochemicals such as eugenol, disrupt microbial membrane integrity,
increase membrane fluidity, and facilitate intracellular accumulation of PS molecules,
thereby enhancing ROS access to intracellular targets [87]. This mechanism has been
demonstrated in curcumin-mediated aPDT systems combined with eugenol applied to
vacuum-packed bacon, where enhanced membrane disruption resulted in greater microbial
inactivation compared with curcumin-mediated aPDT treatment alone [78]. Membrane-
active compounds may additionally compromise biofilm architecture, thereby improving
oxygen and PS diffusion into deeper microbial layers and enhancing overall photodynamic
efficacy. Another important synergistic approach is the concurrent generation of ROS and
reactive nitrogen species (RNS). In curcumin–L-arginine systems, L-arginine functions as
a precursor for nitric oxide-derived radicals, resulting in combined oxidative–nitrosative
stress [79]. The simultaneous production of ROS and RNS amplifies damage to micro-
bial membranes, proteins, nucleic acids, and metabolic enzymes beyond that achievable
through ROS alone [88]. This dual-action mechanism achieved >8 log reductions in Vibrio
parahaemolyticus in shrimp while preserving key quality attributes, including lipid stabil-
ity, protein integrity, and colour [79]. Physical enhancement strategies also contribute to
synergistic activity. For example, the integration of aPDT with sonodynamic therapy im-
proves PS penetration, oxygen transport, and ROS diffusion through ultrasound-induced
cavitation effects [85]. By mechanically disrupting microbial membranes and extracellular
biofilm matrices, this integration promotes deeper diffusion of active species. Consequently,
it enhances microbial susceptibility to photodynamic oxidation, providing an effective
antimicrobial approach in opaque matrices where light attenuation typically hinders treat-
ment. Nanocarrier-assisted delivery systems further enhance synergistic performance
by improving PS solubility, stability, dispersibility, and localisation at microbial surfaces.
Encapsulation within nanoparticles, liposomes, micelles, or biopolymer matrices reduces
aggregation-induced quenching, prolongs excited-state lifetimes, and enhances ROS deliv-
ery efficiency [34,35,64]. Similarly, combining aPDT with slightly basic electrolyzed water
provides oxidative amplification through reactive chlorine species and alkaline-induced
membrane destabilisation, thereby enhancing riboflavin-mediated microbial inactivation
on tuna fillets [84]. These examples show that future plant-derived aPDT systems might
rely on multifunctional and integrated preservation platforms rather than single-agent
approaches. Systematic optimisation of synergistic PS combinations and complemen-
tary treatment methods may improve antimicrobial efficacy, reduce treatment intensity
requirements, and expand the practical applicability of aPDT across diverse food matrices.

Across all applications, the mode of PS delivery plays a critical role in determining
efficacy. Liquid foods typically rely on mixing to ensure uniform distribution [47], whereas
solid foods require surface treatments such as soaking, coating, or spraying [29,83,84].
More advanced approaches involve the incorporation of PS into biopolymer matrices (e.g.,
chitosan films), enabling controlled and sustained antimicrobial activity, particularly in
packaging systems [50]. This shift toward integrated delivery systems reflects the growing
emphasis on scalability and industrial applicability.

Although purified compounds such as curcumin and riboflavin have been widely
studied (Table 2) [39,47,79–84], the application of crude plant extracts in real food systems
remains relatively underexplored. This represents a significant research gap, as extracts
contain complex mixtures of bioactive compounds that may enhance or interfere with
photodynamic activity.
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Plant-derived PSs offer a versatile, sustainable, and effective strategy for controlling
foodborne pathogens and spoilage organisms. Their natural origin, broad-spectrum activ-
ity, and compatibility with advanced delivery methods, such as thin-layer illumination,
agitation, or incorporation into active packaging, enhance their applicability in food preser-
vation. However, challenges related to light penetration, matrix effects, and standardisation
remain, especially in opaque or nutrient-rich foods. Continued research on nanocarrier
systems, encapsulation technologies, synergistic PS combinations, and optimised delivery
strategies is essential to improve stability, bioavailability, and antimicrobial efficacy. Ad-
dressing these gaps will be key to translating plant-derived aPDT into scalable, reliable,
and industrially feasible food safety interventions that maintain product quality.

5. Conclusions and Future Perspectives
5.1. Conclusions

Natural photoactive compounds offer a promising, environmentally sustainable
approach to enhancing microbial safety in food systems through light-driven oxida-
tive mechanisms. Their broad-spectrum activity, low toxicity, and compatibility with
clean-label requirements position them as strong candidates for next-generation pre-
servation strategies.

Advances in formulation technologies and material integration have significantly
improved their functional performance, enabling applications across diverse food matri-
ces and packaging systems. However, challenges related to matrix interactions, light
delivery, compositional variability, and scalability must still be addressed to enable
widespread adoption.

The continued development of innovative delivery systems, optimised processing
conditions, and standardised protocols will be crucial to maximising their potential. With
sustained research and technological progress, light-activated natural compounds can
transition from experimental concepts to practical, industry-ready solutions that support
safe, high-quality, and sustainable food production.

5.2. Future Perspectives

Future research should prioritise the translation of plant-derived aPDT from laboratory-
scale studies to practical industrial applications. Although substantial progress has been
made in understanding the antimicrobial potential of natural PSs, several critical challenges
remain unresolved.

One of the most important priorities is standardisation. The chemical composition
of plant extracts can vary considerably depending on plant species, geographical origin,
cultivation conditions, extraction methods, and storage conditions. This variability affects
PS concentration, ROS generation efficiency, and antimicrobial performance, limiting
reproducibility across studies. Future work should therefore focus on comprehensive
phytochemical characterisation, identification of active photoresponsive compounds, and
the establishment of standardised extraction, formulation, and irradiation protocols to
improve consistency and comparability.

Scale-up validation under realistic processing conditions is also required. Most cur-
rent studies remain limited to simplified laboratory systems, whereas commercial food
products present additional challenges related to matrix complexity, turbidity, oxygen
availability, and restricted light penetration. Pilot-scale studies in real food systems are
necessary to evaluate treatment uniformity, processing efficiency, storage stability, energy
requirements, and compatibility with existing industrial operations. In particular, opti-
misation of light delivery systems for opaque and heterogeneous foods remains a major
technological challenge.
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Regulatory approval and safety assessment represent additional barriers to commercial
implementation. Although several plant-derived compounds, including curcumin and
riboflavin, are already approved for food use, comprehensive toxicological evaluation
of formulated PS systems, nanocarriers, and repeated light exposure conditions remains
necessary. Future studies should therefore address cytotoxicity, long-term dietary exposure,
potential oxidative effects on food components, and consumer acceptance to support
regulatory approval and industrial adoption.

Addressing these challenges through interdisciplinary collaboration among food
scientists, photochemists, materials scientists, and process engineers will be essential
for the development of reliable, scalable, and commercially viable plant-derived aPDT
technologies for food preservation.
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