° o Medical Sains : Jurnal llmiah Kefarmasian
MEdlcal SalnS Vol. 9 No. 4, October - December 2024

rnal [Imiah Kefarmasiar . - e ..
Jurnal [Imiah Kefarmasian https:/ojs.ummada.ac.id/index.php/iojs 1085

REVIEW ON PHOTOSENSITIZER POTENTIAL OF NATURAL
DYES FOR ANTIMICROBIALS USING
PHOTODYNAMIC INACTIVATION

Ayu Mulyani'?, Ika Yuni Astuti®, Asmiyenti Djaliasrin Djalil**
'Faculty of Pharmacy, Sekolah Tinggi Farmasi Muhammadiyah Cirebon, Cirebon, 45153,
Indonesia
2Magister of Pharmacy, Universitas Muhammadiyah Purwokerto, Purwokerto, 53182,
Indonesia
3Department of Pharmaceutical Technology, Faculty of Pharmacy, Universitas
Muhammadiyah Purwokerto, Purwokerto, 53182, Indonesia
“*Department of Pharmacochemistry, Faculty of Pharmacy, Universitas Muhammadiyah
Purwokerto, Purwokerto, 53182, Indonesia
*Email Corresponding: asmiyentidjaliasrindjalil@ump.ac.id

Submitted: June 10, 2024  Revised: November 7, 2024  Accepted: December 11, 2024

ABSTRACT

Infectious diseases still threaten human life, with incidents continuing to increase every year.
The increase in antibiotic resistance in recent years has been one of the causes. This incident
triggered research to find alternative antibacterial therapies. One such alternative therapy is
Photodynamic Inactivation (PDI). This paper reviews the application of PDI for treating
diseases caused by microorganisms, especially dermatitis, periodontitis, blood transfusions,
and foodborne diseases, emphasizing the use of natural dyes as photosensitizers. The source
for this article was obtained from several indexed databases, such as the National Center for
Biotechnology Information (NCBI), Elsevier, and Google Scholar, from 2002 to 2024. The
keywords used included “photodynamic therapy", “photodynamic inactivation (PDI)”,
"antimicrobial photodynamic therapy (aPDT)", “laser-activated disinfection”, “photoactive
disinfection”, “LED”, “natural photosensitizer”, “curcumin”, “riboflavin”, ‘“hypericin”,
“chlorophyll and chlorophyllin. Original (clinical and experimental) studies, case series, case
reports, and reviews were also included. Letters to the editor and commentaries are excluded.
After reviewing 148 relevant articles, 57 were selected. Full texts were read, and data were
extracted and entered into tables. The review demonstrated that natural photosensitizers,
such as curcumin, hypericin, riboflavin, and chlorophyll derivatives, have the potential to
reduce the number of microorganisms in PDI therapy. Photosensitizers can be obtained from
several natural sources. Using the PDI procedure, the ROS produced have been proven to
effectively inhibit pathogenic microorganisms and can be widely used to treat diseases
caused by microorganisms.

Keywords: curcumin, hypericin, riboflavin, chlorophyllin derivatives, PDI, natural dye,
antimicrobial.

INTRODUCTION

Antimicrobial resistance (AMR) is an important issue. The data in 2019 estimated that
AMR, particularly bacteria, was directly responsible for 1.27 million deaths worldwide and
contributed to 4.95 million mortalities (Murray et al., 2022). The increasing incidence of
AMR requires a new approach to address the problem. PDI is a novel antimicrobial
therapeutic technique that has shown effectiveness in deactivating a broad spectrum of
microorganisms, including those that are resistant to traditional antimicrobials.
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PDI involves interaction between photosensitizer (PS) and light in an aerobic
environment. This interaction produces reactive oxygen species (ROS) that can destroy
microorganisms rapidly (Henderson & Dougherty, 1992; Pucelik & Dabrowski, 2022). PS is
a light-sensitive compound that acts as a medicinal compound in this system.

PDI is an evolution of photodynamic therapy (PDT) that was previously used to treat
cancer. Anticancer PDT is based on the use of PS, which selectively accumulates in
malignant tissues. PS is then exposed to light at a specific wavelength that corresponds to the
absorption maximum of the photosensitizer, leading to cell death (Agostinis et al., 2011;
Dolmans et al., 2003; Dougherty et al., 1998).

PDT and PDI involve three main components: photosensitizers, light, and oxygen.
Notably, none of these compounds were toxic. However, when they interact, a
photochemical reaction is initiated, which ultimately produces ROS, especially singlet
oxygen (*0,), as the main product (Henderson & Dougherty, 1992).

This review focuses on the natural application of photosensitizers in antimicrobials
using PDI procedures. Natural dyes, such as curcumin, hypericin, riboflavin, and chlorophyll
derivatives, have been explored. A limited number of studies directly discuss this topic.
Therefore, this study aimed to examine the potential of natural dyes as photosensitizers in
PDI for diseases caused by microbes.

RESEARCH METHOD
Tools and Materials

The source for this article was obtained from several indexed databases such as the
National Center for Biotechnology Information (NCBI), Elsevier, and Google Scholar from
2002 to 2024 in the form of published articles in PDF.

Article Selection Criteria
Articles that met the inclusion criteria were organized with the assistance of a
Mendeley reference manager.

Research Procedure

All articles downloaded from the National Center for Biotechnology Information
(NCBI), Elsevier, and Google Scholar were imported into the Mendeley reference manager
based on specific keywords. Each keyword folder was sorted by searching for keywords that
matched the inclusion criteria. Articles that met the exclusion criteria were excluded,
resulting in 148 articles that met the inclusion criteria. After evaluating 90 relevant articles,
57 were selected for full-text reading, extraction, and placement in a table.

RESULTS AND DISCUSSION
Photodynamic Therapy (PDT) for Cancer Treatment

PDT is a minimally invasive method used clinically for human oncological diseases,
such as breast (Kim et al., 2020), head and neck (Jerjes et al., 2022; van Doeveren et al.,
2018), lung (Allison et al., 2011; Allison & Bansal, 2022), prostate (Osuchowski et al.,
2021), and skin cancer (Chi et al., 2020).

PDT employs a photosensitizer, which is excited by light at a specific wavelength and
subsequently reacts with oxygen molecules to produce ROS in the target tissue, leading to
cell death. Compared with routine therapies, photosensitizers require better selectivity
toward tumor cells. Once the photosensitizer was concentrated in the tumor lesion,
appropriate light irradiation was applied to the lesion (Figure 1).

The PDT mechanism for ROS production starts with the absorption of light by the
PS. This incident causes the photosensitizer to transform from the ground state (singlet state,
PS) to the energized singlet state (*PS*). This unstable PS could return to the ground state
while releasing fluorescence or heat (internal conversion). 'PS* can also undergo
intersystem crossing into an excited triplet state (*PS*) via spin conversion. *PS* will return
to a ground state over phosphorescence or perform two other reactions. The first reaction
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occurs when *PS* transfers its energy directly to oxygen (O2) to produce singlet oxygen
(*O,). This reaction is known as a type-11 reaction. Other reactions can occur if *PS* reacts
straightforwardly with a substrate, such as a membrane or a molecule cell, to produce free
radicals or radical ions, which then interact with oxygen to produce ROS, such as H;0,
HOe, and O," (Correia et al., 2021). These reactive species can cause oxidative damage that
can lead to cell damage (Figure 1).
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Figure 1. Modified PDT Jablonski diagram based on (Sheng et al., 2022)

PDT is clinically approved for targeting malignant cells, such as tumors and cancers.
This minimally invasive approach is clinically advantageous owing to its minimal pain,
fewer complications, and faster patient recovery. PDT can initiate tumor cell death both
directly and indirectly. The primary mechanism involves the direct destruction of tumor cells
by ROS through the induction of apoptosis and necrosis (Li et al., 2020; Hamblin, 2020;
Allison and Moghissi, 2013). Additionally, PDT can cause damage to the blood vessels
within tumor cells, disrupting the supply of oxygen and nutrients and leading to indirect cell
death due to hypoxia (Michael R. Hamblin, 2017; Correia et al., 2021). Finally, PDT can
trigger an inflammatory response that activates the immune response in tumor cells (Huang
et al., 2018; Correia et al., 2021) (Figure 2).

PDI for antimicrobials

PDT has also been used to treat non-oncologic diseases (Correia et al., 2021). This
treatment includes acne (Boen et al., 2017), photoaging (Shin et al., 2015), warts (Stender et
al., 2012), psoriasis (Makuch et al., 2022), hirsutism (Comacchi et al., 2012), vascular
malformations (Jerjes et al., 2011), keloid (Tosa & Ogawa, 2020), and alopecia areata
(Garcia-Lara et al., 2020); cardiovascular conditions: esophageal varices (Li et al., 2009) and
atherosclerosis (Mytych et al., 2024); neurologic conditions: Alzheimer’s disease (Xu et al.,
2022); dental conditions: oral lichen planus (Cosgarea et al., 2020); ophthalmologic
conditions: central serous chorioretinopathy (Dijk & Boon, 2018) and corneal diseases
(Verteporfirina & Verteporfin, 2016); gastrointestinal conditions: Crohn’s disease (Espeland
et al., 2023); and skeletal conditions: rheumatoid arthritis (Dong et al., 2021). An expansion
of the PDT method encompasses the inactivation of viruses and microorganisms, including
bacteria, yeasts, and fungi, and is known as PDI (Svyatchenko et al., 2021).

The antimicrobial value of polydispersity index (PDI) has been investigated in
various studies since the 1990s. Many of these studies have shown prospective results, often
attaining inactivation levels of more than 5 log10 colony forming units (CFU) (Pérez-Laguna
et al., 2021). However, it is worth noting that most of this research has been conducted using
planktonic cultures. Microorganisms in the form of biofilms are known to show 1000 times
greater tolerance to antimicrobial therapy. The biofilm (extracellular polymeric) matrix can
protect bacteria by inhibiting PS penetration and restraining light entrance into more
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profound layers (Pérez-Laguna et al., 2021). Further research can prove PDI's ability of PDI
to inhibit biofilm formation (Warrier et al., 2021). Therefore, treatment problems caused by
resistance to antibiotics and antiviral drugs can be overcome using PDI therapy strategies.
PDI can be applied to several areas, including agro-food, human and veterinary
pharmaceuticals, biosafety, and wastewater. Many advantages, which ultimately make it
very popular, are that PDI is heat-free, fast, and eco-friendly. Moreover, the rapid
development of light emitting diodes (LED’s) and other light sources makes this procedure
inexpensive and simple to maintain (Paskeviciute et al., 2018).
1.1. PDI for Skin Diseases

Approximately 3,000 skin diseases are caused by microorganisms, such as fungi,
bacteria, viruses, or allergens (Nigat et al., 2023). Skin infections can easily affect areas
with lesions due to burns, trauma, surgery, and coagulopathy (Barra et al., 2015;
Dabrowski et al., 2016).

PDI has the potential to manage diverse cutaneous infections, including fungal,
bacterial, and viral infections, and to promote wound healing. Particularly, in chronic
wounds, it can combat mixed infections and resistant strains (Gil-Pallares et al., 2024).
Considering the ease of using PDI lamps on the skin, mucocutaneous infections are the
most common treatment for PDI (Dai et al., 2009). Furthermore, the favorable effects of
PDI on host tissues, such as immune response enhancement and growth factor
stimulation, may promote enhanced wound healing, supporting its use in the treatment
of chronic ulcers (Cieplik et al., 2018; Vallejo et al., 2021).

An important aspect to consider for PDI in skin disease treatment is light penetration
into tissues. Penetration is influenced by optical absorption and scattering due to
endogenous tissue chromophores, including hemoglobin (absorption <600 nm) and
other molecules, such as collagen, NADH, and the lipopigment melanin (400-750 nm,
most significant). Therefore, a person’s phototype, based on the melanin level, is
crucial for estimating the penetration of light into the skin (Gil-Pallares et al., 2024).

In contrast to viruses, for which the therapeutic method is indirect, PDI has a direct
impact on the treatment of fungi and bacteria (Vilas Boas et al., 2017). PDI exploits the
reliance of the virus on infected host cells. Two hypotheses explain the PDI mechanism
in this context. First, infected cells experience accelerated metabolism and capture more
PS than healthy cells do, leading to PS accumulation. Upon exposure to light, host cells
die. The fatality of host cells inhibits the virus from continuing to replicate, thus
stopping the disease chain. Second, in herpes simplex viruses, PS binds to glycoproteins
on the virus surface. This binding inhibits virions from exiting the host cell (Vilas Boas
et al., 2017).

PDI has been recommended as a therapy for warts and condylomas caused by human
papillomavirus (Shen et al., 2022; Fehr et al., 2002). Additionally, PDI using methylene
blue has demonstrated efficacy in herpes viruses. Moreover, methylene blue and
hypericum extracts have been shown to inactivate adenoviruses, coxsackieviruses,
polyomaviruses, and coronaviruses (Praena et al., 2022).

PDI has been proposed for the treatment of ulcers and infected wounds. Bacterial
infections inhibit wound healing by prolonging the inflammatory phase and producing
virulence factors, such as enterotoxins, matrix metalloproteinases, hyaluronidases, and
hemolysins. These factors increase local tissue damage and overwhelm host defense
mechanisms (Sun et al., 2020). A previous study showed that PDI reduces bacteria in
wounds and accelerates healing (Kawczyk-Krupka et al., 2018; Nesi-Reis et al., 2018;
Pérez-Laguna et al., 2021; Sun et al., 2020).

PDI has been used to treat cutaneous fungal infections. Dermatophytes, Candida
spp., and Malassezia spp. are the principal causative agents of cutaneous fungal
infections (Khodadadi et al. 2021). Dermatophytosis is the most common fungal disease
worldwide. PDI employs a different method of action than antifungal medicines, which
are the main targets of ergosterol synthesis. Furthermore, PDI has been studied for the
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1.2.

1.3.

treatment of Candida spp.-associated stomatitis (Mima et al., 2012) and parasite-
induced cutaneous illnesses, such as leishmaniasis (Bogdan, 2020).
PDI in the Food Sector

Foodborne diseases are mostly caused by foodborne pathogens, which include
bacteria, parasites, and viruses. According to data, Shiga toxin-producing Escherichia
coli (STEC, 6%), Salmonella (30%), and norovirus (38%), were the main causes of
outbreaks in the United States from 2009 to 2015 (Mattia & Manikonda, 2018). The
food industry is also concerned about the rise in pathogenic bacteria that are resistant to
antibiotics and other drugs as well as fungi that are resistant to fungicides. Antibiotic-
resistant genes and bacteria such as Salmonella, Listeria monocytogenes, and
Aeromonas hydrophila have been found in fish and fish products (Sheng & Wang,
2021).

Microbial contamination can occur in fruit and vegetable juices through various
means, such as the use of contaminated raw materials for harvesting or washing water
in processing machines. The addition of benzoic acid, citric acid, ascorbic acid
(Olaniran et al., 2020), or heat treatment (Rawson & Dunlosky, 2011) is often used to
reduce the growth of microorganisms and increase their shelf life. However, these
methods can cause changes and reductions in the bioactive content of fruit juices
(Aghajanzadeh et al., 2023; Rawson & Dunlosky, 2011)

Endogenous and exogenous photosensitizers can be used to control foodborne
diseases. Endogenous photosensitizers can reduce pathogens, fungi, and bacterial
spoilage in food. However, it is important to note that the exposure time in these
studies was a few hours or even days, particularly for ready-to-eat foods (Sheng et al.,
2022). Endogenous photosensitizers have low inactivation rates; therefore, exogenous
photosensitizers must be added. The key characteristics of exogenous photosensitizers
applied to food include PS leaving no hazardous residues, having little impact on the
food's organoleptic attributes (visual appearance, flavor, and taste), having no effect on
nutritional value, and having low cost.

Curcumin is the most frequently used exogenous photosensitizer in food applications
(Cossu et al.,, 2021). Data indicate that 56% of studies employed curcumin as an
exogenous photosensitizer (Sheng et al., 2022). Most curcumin is dissolved in ethanol
and diluted for application in fruits (e.g., strawberries, apples, dates, cherries, grapes,
and melons), vegetables (e.g., cucumbers, tomatoes, bell peppers, grains, spinach,
labyrinth, lettuce, and green beans), animal products (e.g., pork, cheese, beef, chicken,
and cooked sausages), and aquaculture products (e.g., RTE salted jellyfish, oysters, and
sturgeon).

The concentration of PS, food matrix, target microorganisms, and duration of
exposure all affect the efficiency of PDI in decontaminating food. Longer illumination
times and higher photosensitizer concentrations often result in the increased
antibacterial efficacy of PDI. The effectiveness of PS delivery techniques (such as the
application pattern and incubation period) might also affect PDI. There are several
different application methods, including immersion, aerosolizations, spraying, coating,
and packaging (Oliveira et al., 2018). The physical and chemical characteristics of PS
(such as solubility, color, amphipathic, stability, and reactivity), light characteristics
(such as wavelength, fluence, and irradiance), and food matrix properties (such as
opacity, turbidity, density, organic load, and oxygen concentration) have been
mentioned as additional influencing factors (Cossu et al., 2021).

Most food-related studies have found no negative effects of PDI on food quality
(Table I). The most commonly reported positive effect of PDI on food quality is an
increase in shelf life. Other advantages of PDI for food quality include maintaining the
quality criteria, preserving sensory attributes, and reducing microbiological
deterioration.

PDI for Blood Transfusion
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PDI is frequently used in blood transfusion procedures, such as the Mirasol PRT
(Pathogen Reduction Technologies) device. This device deactivates white blood cells
and reduces infections in specific blood products. This procedure treats platelets and
plasma using UV light and riboflavin in a storage bag. A storage bag is an adaptation of
a container used to gather and store platelet products constructed from biocompatible
materials. The riboflavin sterile solution (500 pmol/L) was mixed with the blood
component at a final concentration of approximately 50 pumol/L. The 0.9% NaCl
solution was adjusted with HCI to a pH range of 4.0-5.0. The three mechanisms operate
together to reduce the infectivity of pathogens while using the Mirasol PRT
architecture. Direct degradation of nucleic acids is the primary mechanism of action
(Reddy et al., 2008).

Gram-positive and gram-negative bacteria, as well as enveloped and nonenveloped
viruses, have all been examined in relation to pathogen inactivation using the Mirasol
PRT approach (Goodrich et al., 2004). These results demonstrate the method's broad
suitability and potential for reducing pathogens in blood components (Fast et al., 2006;
Cardo et al., 2006; Rentas et al., 2007; Li et al., 2005).

PDI for Dental and Oral Diseases

The use of PDI in dentistry is becoming increasingly popular, especially for
periodontal and mucosal diseases. Bacteria in plaque biofilms cause periodontitis, an
inflammatory disease that damages the tissue surrounding the teeth. Gum tissue
pockets, attachment loss, bone deterioration, and tooth loss are caused by infection. It
impacts the hard and soft tissues of the periodontium (Saini et al., 2009; Bocher et al.,
2019).

The microorganisms responsible for the disease include Aggregatibacter
actinomycetemcomitans, Porphyromonas gingivalis, Treponema denticola, and
Tannerella forsythia (Torrungruang et al., 2015). Research on the effectiveness of PDI
in treating periodontal disease is limited, with no standardization of clinical parameters,
such as light dose and PS concentration (Alwaeli et al., 2015; Carvalho et al., 2015).
PDI was capable of entirely eliminating the bacterial burden in the planktonic phase and
drastically reducing it in biofilm form. PDI was able to completely eliminate the
bacterial load in the planktonic phase and significantly reduce it in biofilm form. These
findings demonstrated the effectiveness of PDI against metronidazole-resistant
periodontal bacteria.

PDI against dental plague bacteria resistant to metronidazole was assessed by
another researcher. According to their research, PDI may reduce biofilm samples and
the total microbial burden during the planktonic phase. The photosensitizers employed
in PDI applications can penetrate biofilms, as evidenced by confocal fluorescence
microscopy. The effectiveness of antimicrobial photodynamic therapy against
metronidazole-resistant dental plaque bacteria was clarified in this study. Methylene
blue, chlorin-e6, and curcumin, three PDI photosensitizers, were used, and the
microbial load and biofilm reduction were encouraging. PDI against dental plague
bacteria resistant to metronidazole was assessed by another researcher. According to
their research, PDI may reduce biofilm samples and total microbial burden during the
planktonic phase. Confocal fluorescence microscopy research has shown that the
photosensitizers utilized in PDI applications can reduce biofilm formation (Zago et al.,
2020).

PDI is noninvasive, requires a short treatment time, reduces the likelihood of
bacteremia after periodontal debridement, reduces systemic antibiotic administration
and the risk of resistance that may arise, and eliminates pathogens in hard-to-reach
areas because the photosensitizer is inside the periodontal pocket and can flow over the
entire root surface (Park et al., 2020).
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Natural photosensitizers for PDI

Photosensitizers are key components of PDI. Numerous studies have developed
exogenous photosensitizers by searching for cheaper and nontoxic materials made from
natural substances.

Numerous bacteria and fungi possess endogenous PS, including nicotinamide adenine
dinucleotide (NADH), flavins, cytochromes, and porphyrins (Wang et al., 2021). Enhancing
growth media using -aminolevulinic acid (ALA), a naturally occurring heme precursor, can
enhance endogenous photosensitizers such as porphyrins (Ghate et al., 2019).

Another study showed that endogenous P. gingivalis and P. intermedia can produce
ROS using PDI technigques (Nielsen et al., 2015a). These two species are black-pigmented
bacteroides with endogenous chromophores, including p-0xo, bisheme, and hematin. In
control trials with the riboflavin photosensitizer, p-0xo, bisheme, and thymethin were likely
to act as photosensitizers and inhibit bacterial growth.

Although PDI can be performed with endogenous photosensitizers, the limitations of
the results obtained have led most studies to focus on the application of exogenous
photosensitizers. Plant pigments, especially pigments that have an absorption spectrum in the
Soret area, have the potential to be explored. These natural dyes usually do not have
significant side effects compared with synthetic drugs. Several natural photosensitizers, such
as curcumin, hypericin, riboflavin, and chlorophyll derivatives, have been studied (Table I).
Natural photosensitizers have several advantages, particularly for food-related applications,
including low toxicity, shorter treatment periods than endogenous PS, broad-spectrum
antimicrobial effects, and long-lasting efficacy.

A. Curcumin
Curcumin is a yellow pigment extracted from Curcuma longa and has been used as a
spice since ancient times (Rao & Khanum, 2016). Curcumin can absorb blue light (400—
500 nm) and can act as a natural PS (Figure 2). Curcumin (E100) is classified as a food
additive. No cases of toxicity due to the use of curcumin in food have been reported.

OCHs H3CO

Figure 2. Chemical structure of curcumin

The efficiency of curcumin as a PS has been extensively studied, particularly in its
application in the fields of food and periodontal disease. Curcumin can penetrate the
interior of the biofilm and inactivate metronidazole resistant bacteria from subgingival
plaque (Zago et al., 2020). Its application in periodontal disease can be enhanced by
formulating curcumin into graphene quantum dot nanoparticles, which can inhibit Perio-
pathogen mixed biofilms (Aggregatibacter actinomycetemcomitans, Porphyromonas
gingivalis, and Prevotella intermedia) (Pourhajibagher et al., 2019).

In the food sector, curcumin mediated PDI has been observed to combat
contamination in food, including Staphylococcus epidermidis and Escherichia coli
(Bhavya & Hebbar, 2019) as well as filamentous fungi such as Penicillium
chrysogenum, Aspergillus flavus (Al-Asmari et al., 2017), and Penicillium expansum
(Song et al., 2020). A recent study found that PDI caused the formation of ROS,
resulting in oxidative damage and disruption of Penicillium expansum's cellular
structure. Furthermore, excessive ROS triggers the antioxidant defense system of the
spores.

Curcumin mediated PDI had no negative impact on food quality. It prevented
browning and weight loss in Fresh-cut apples and inhibited the activity of enzymes
related to food quality, polyphenol oxidase, and peroxidase. Additionally, the treated
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apples showed minimal unfavorable changes in total phenolic content, ascorbic acid
content, and antioxidant activity (Tao et al., 2019). PDI using curcumin has been proven
to increase the shelf life of oysters, sturgeons, and jellyfish (Liu et al., 2016; Gong et al.,
2020; Hu et al., 2019).
B. Hypericin

The pigment known as Hypericin (Figure 3) is present in a number of species within
the genus Hypericum, including basidiomycetes (Dermocybe spp.), endophytic fungi
(Thielavia subthermophila), and Hypericum perforatum L. (St. John's wort). Visible light
at 585 nm can activate hypericin, and its application in cancer therapy has been well
documented. According to popular belief, this pigment is "one of the most potent
photosensitizers in nature." Notably, hypericin is neither genotoxic nor toxic (Kairyte et
al., 2012; Kubin et al., 2005).

OH O OH

S
0

HO O HO
Figure 3. Chemical structure of hypericin

An earlier study found that hypericin-based photosensitization was efficient against
food pathogens (Zivile, 2021). The efficacy of hypericin-mediated photodynamics was
heavily influenced by cellular shape and PS uptake. Hypericin, with a negative charge,
binds to cellular membranes owing to its high lipophilicity (Kubin et al., 2005; Kairyte et
al., 2012). The PS effectively killed Gram-positive methicillin-sensitive and resistant S.
aureus cells (>6 log decrease), but not Gram-negative E. coli cells (<0.2 log reduction).
This distinction was induced by differing cell wall/membrane architectures that directly
altered the cellular uptake of hypericin (Yow et al., 2012).

The fluorescence emission spectra of cell-associated hypericin showed that it binds
to both Gram-positive and Gram-negative bacteria quickly and does not require extended
incubation periods. Studies have shown that S. aureus and its biofilms, as well as E.
faecalis, E. coli, and P. aeruginosa, can be effectively eradicated (Kashef et al., 2017;
Garcia et al., 2015). Furthermore, hypericin-based photosensitization is effective against
microfungi and yeasts in vitro (Aponiene et al., 2015; Paz-Cristobal et al., 2014).
However, inactivation of Gram-positive pathogens (L. monocytogenes) is more
successful than Gram-negative pathogens (S. enterica) (Kairyte et al., 2012).

C. Riboflavin

Riboflavin, also known as vitamin B2 (Figure 4), is a vitamin found in food
products and is utilized as a dietary supplement. Exposure to blue light or light-emitting
diodes (LED) induces oxidative damage to riboflavin (Nielsen et al., 2015b). According
to research conducted by Nielsen and colleagues, photodynamic therapy (PDT) using
blue light and riboflavin as the photosensitizer effectively reduces the number of bacteria
involved in periodontal infections, including P. gingivalis and P. intermedia (Nielsen et
al., 2015a) Consequently, further in vitro and clinical studies are needed to afford more
precise information regarding the utility and effectiveness of riboflavin as a
photosensitizer in periodontitis treatment. Additionally, Kingsley et al., (2018) found
that PDT utilizing 0.1% riboflavin and LED 405 nm can reduce Tulane virus on
blueberries by 0.51 log PFU/mI after 30 minutes of light exposure. Riboflavin has also
been shown to reduce A. Baumannii viability (Bustamante and Palavecino, 2023).
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Figure 4. Chemical structure of riboflavin

The formation of ROS in PDI using riboflavin has been proven by several researchers
(Khan et al., 2019; Banerjee et al., 2020). Prominent oxidative stress was evaluated using
lipid peroxidation as a biomarker when riboflavin was used in photodynamic therapy.
Changes in cellular antioxidant levels, decreased lactate dehydrogenase (LDH) activity,
and lipid peroxidation have confirmed significant damage to macromolecules, indicating
extensive ROS production in bacterial cells (Khan et al., 2019).

The combination of antimicrobial treatment with PDI has also been carried out by
several researchers Najari et al., (2024) The study shows that the combination of PDI
(riboflavin) and antibiotics (colistin) can improve bacterial reduction. This method has
potential implications in the treatment of difficult-to-treat P. aeruginosa infections. In
addition, an in vivo study of 37 patients using riboflavin-tryptophan gel showed a
clinical improvement in acne vulgaris. This noninvasive procedure is useful for the
treatment of mild to moderate acne, reducing pore size, and improving skin texture
(Wangsuwan and Meephansan, 2019).

D. Chlorophyll Derivatives

Chlorophyll, recognized as a sensitizer for antimicrobial photodynamic therapy
(PDI), is a natural substance that is suitable for this purpose (Abrahamse & Hamblin,
2016). Chlorophyll and its derivatives, such as chlorophyllin and chlorin €6, exhibit
significant photosensitizing properties (Figure 5).

Figure 5. Chemical structure of chlorin e6 (left) and chlorophyllin (right)

Natural chlorin derivatives offer several advantages. These compounds are primarily
sourced from plants and algae containing chlorophyll a and b, making them readily available
and cost-effective. Extraction methods for these pigments are relatively simple and do not
entail significant labor costs. Semi-synthetic chlorophyll compounds such as chlorin e6 have
been shown to possess significant bactericidal activity against middle ear disease (Otitis
media/OM) pathogens, including Streptococcus pneumoniae, Moraxella catarrhalis, and non-
typeable Haemophilus influenzae, which are prevalent in children with OM (Luke-Marshall
et al., 2020). Ce6-mediated photodynamic therapy (PDT) effectively mitigates inflammation
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induced by acne bacteria and suppresses the expression of proinflammatory cytokines and
iNOS in P. acnes (Jeon et al., 2015).
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Tabel 1. Application of natural dye as Photosensitizer in PDI
o . . Matrixes . Results
Photosensitizer Target microorganism associated Light Control PDI Unit References
Curcumin
. P. gingivalis, F. : LED blue light 440-480  PS-/L+: 20, 70 ) o . (Mabhdi et al.,
Curcumin 60 M Nucleatum Periodontal nm, 570 mW/cm?, 3 min ~ PS+/L-: 63, 50 0; 3 vosurvival 2015)
. A. : LED blue light 420-480 PS-/L+: 8.10 (Najafi et al.,
Curcumin 5 g/ml actinomycetemcomitans Periodontal nm, 400 mW/cm?, 5 min PS+/L-: 6.89 3-36 log CFU/mL 2016)
. mixed: LED 450 nm, 19 ..
Curcgmlp and S. mutans and L. Periodontal mW/cm?and 47.5 PS+/L-: 100 30.6 (19) Y%survival (Aratjo ctal,
curcuminoid 5 g/L . . 2 29.6 (47.5) 2017)
Acidophilus mW/cm
Curcuma longa A . LED blue light 420-480 PS-/L+: 7.42 (Saitawee et al.,
extract 0.78 pg/ml actinomycetemcomitans Periodontal nm, 280 mW/cm?, 1 min PS+/L-: 6.81 0 log CFU/mL 2018)
perio-pathogen mix
Graphene quantum biofilms: LED blue light 435 PS+/L-:3.4
dots (GQD)-curcumin . A Periodontal 10001400 mW/cm?, 1 GQD: 3.8 76 voreductionin  (Pourhajibagher
actinomycetemcomitans (HuGu cell) . ) cell viability et al., 2019)
100 pg/ml S menit PS-/L+:5.2
P. gingivalis, P.
Intermedia
Artificial biofilm:
A.
actinomycetemcomitans curcumin +
. LED laser 445 nm, 0,6 .. N
. ' Periodontal o S DMSO: 97.35 %oreduction in (Bocher et al.,
Curcumin 100 mg/L  C. rectus, E. corrodens, pocket model W 25% duty cycle 100 DMSO: 95.69 97.15 cell viability 2019)
F. nucleatum, P. Hz, 10s PS-/L+- 95.03

gingivalis,
P. intermedia, P. micra,
T. denticola, T. forsythis

Curcumin

S. aureus

Infected wounds

in mice

LED blue light 450-470
nm, 120 J/cm?, 40 min

control negative
11.84; 9.35; 0.8-

55.17; 26.85; 0-

0.2

%collagen;
%fibroblasts;

(Tusi et al.,
2015)
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1.1 wound length in 6
PS-L+ days (cm)
6.94; 25.29; 0.4-
0.8
PS+L-
13.07; 24.49;
0.4-0.8
. metronidazole LED blue light 450 nm, .
Curcumin .12'5 ng/ml resistance bacteria from planktonic phase: 30 PS+L-: . 100 . %bacterial death (Zago et al.,
(planktonic phase), . Dental and mouth ) 0 (planktonic) (planktonic)
100 pg/m (biofilm) subgingival plaque of J/em 10" (biofilm) 1.88 (biofilm) log CFU/mL 2020)
H 0 periodontitis biofilm: 120 J/cm? 0 : 0
) . %spore survival
Curcumin 100 pumol P Appl LED 420 nm, 50watt, 15 P?:;L)- f g(.)s(gln 3.6 rate (Song et al.,
L - expansum ppie min Vitro) 40.2 % reduction in 2020)
vivo) .
lesion
Curcumin 0.5 uM  E. coli and coliform Fresh fruit ~ LED 470 nm, 7.2 T fem’ 100 10-20 Yviability (thr(’)gzg; al.
Curcumin 0.5-50 uM generic E. coli Fresh-cut apple HII‘V%]/)C:L%OII;IS: 52 19088 ~6.6-7.2 ~5.9-7.0 log CFU/g (Tao et al., 2019)
. . . 420 nm, 180-270 J /cn?’, 7 days (30°C); 14 days (30°C) Survive fungal (Al-Asmari et
Curcumin 1400 M resident fungi Date 10 min 28 days (4°C) 98 days (4°C)  infection (day) al., 2018)
; . N 2
Curcumin 10 mg/L; E. coli O15T:HT Tomato, spinach, UV-A329-400 nm, 24 567 3 log CFU/em (Oliveira et al.,
aerosolization L. innocua lettuce kJ/m?, 5 min : 2.4,~3.5,4.0 log CFU/cm? 2018)
Tomato,
Curcumin derivative . . cucumber, lettuce, , 84,79,77,59, 2-5,63.5-5,1-5, (Glueck et al.,
SACUR-3 10-100 uM generic E. coli fenugreck sceds, LD 433 nm, 33.8 Jem 6.1 0.9-2.9,2.5-4.1 log CFU/sample 2017)
mung beans
Curc“““&\}[o and 20 Murine norovirus 1 Oysters LED 470 nm, 3.6 J/em’ ~4 2.93.2 log PFU/ML  (Wuetal, 2015)
Curcumin 10 puM V. parahaemolyticus Oysters LED 470 nm, 3.6 J/cn??, 5.0 0 log CFU/g (Wu et al., 2016)
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1 min
. . . LED 470 nm, 3.6 J/cm?, (Y. Gao et al.,
Curcumin 5-20 pM generic E. coli Oysters 1 min 5 2.5-4.5 log CFU/g 2019)
2
Curcumin 10 uM total aerobic bacteria Oysters LED 47({ r;mr;n5n4 Ve, ~5 ~5 log CFU/g (Liu et al., 2016)
Curcumin 30 uM total aerobic count Sturgeon LED 470 i, ISW, 1.5 4.64 1.19 log CFU/g (Gong ctal,
min 2020)
time to reach
Curcumin 50 uM total aerobic bacteria Ready-to-eat LED 4225 om, 1.6 Dark control 23 35 days 3x10* CFU/g (Hu et al., 2019)
salted jellyfish mW/cm®, 15 min days
(threshold)
mg/cl;:llicgvr:tl; 2‘071151ble S. aureus [ijlalh(z C};Ei:esg LED 450 nm, 16-100 = O log CFU/ (Santos et al.,
' pasteurtze J/em?, 5-30 min ~5.5 ~5.1-5.2 & & 2019)
salt milk
novaSol®-curcumin . 5 (Tortik et al.,
100 M S. aureus Chicken leg LED 435 nm, 33.8 J/cm 7.2 5.5 log CFU/g 2014)
. L. monocytogenes . . LED 430 nm, 32.1 kJ/m?, 53 2.4 2 (Gao &
Curcumin 300 ppm Salmonella Chicken skin 2.5 min ~5.0 3.5 log CFU/em™ 1. tthews, 2020)
Curcumin containing .
. . UV-A 320-400 nm, 32 i (Tosati et al.,
cassava-gelatin L. innocua Cooked sausage W/m?, 5-30 min, 4°C 4-6 1 log CFU/mL 2018)
hydrogel
Curcumin 50 uM S. aureus (biofilm) Food contact  LED 460-465 nm, 10 5.6 0 log CFU/ML  (Liet al, 2020)
surfaces min
. . LED blue light 423 nm . (Djalil et al.
0, ' 0 5
Curcumin 0.015% P. acnes Acne vulgaris 2270 lux, 30 min 100 20.5 % inhibition 2023)
Hypericin
Hvpericin 15 uM Ifési)er}eﬁ?c Apricot, plum, LED 585 nm, 6.8 J/cn??, 3.7,6,63 4.6,52,3.2 log CFU/g (Aponiene et al.,
yp H mesophti cauliflower 30 min ~6.0,~62,~6.7  5.3,5.5,~6.1 2015)
microorganisms
Hypericin 0.25 uyM MSSA . LED 602 nm, 8 J/cm?, 10 6 0 ,
Hypericin 1 uM MRSA H(ljf}:c‘t’f‘ol;s min 6 0 log CFU/mL (Garzc(;al‘ Se)t al,
Hypericin 1 pM MSSA biofilms LED 602 nm, 25 J/cm?, 7-8 5-6
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MRSA biofilms 30 min 7 ~4
.. Waldmann PDT 1200 red
PVP-hypericin 100 . > i i (Engelhardt et
oM S. aureus light, 75 rf:llrl]/ cm’, 30 8-9 3-4 log CFU al., 2010)
.. . 600-800 nm, 30 J/cm?, . ) (Yow et al.,
Hypericin 8 uM MSSA, MRSA, E. Coli 30 min 0 >6, >6, <0.2 log unit reduction 2012)
Riboflavin
0% 25.7% (7 Y%patients
Riboflavin-tryptophan . LED blue light 415 nm, weeks) achieving GAAS  (Wangsuwan &
P acne Acne vulgaris B . (7 weeks) Meephansan,
gel 48 J/em®, 20 min e lesion 2019)
21.67 14.39 ache 1es1o
counts
1ntrace11u'1ar HIV UV light Mirasol PRT, 4.46 +0.39
cells associated HIV 5.93+£0.20 . .
Riboflavin 50 M west nile Virus Platelet lamp phosphor 265 to i 5191 0.50 log reduction (Goodrich et al.,
; concentrates 370 nm, 6.2 J per mL, 8- : : factors 2004)
nonenveloped porcine .
: 10 min >5.0
parvovirus
colistin-resistant . : .
. . . . Infection in LED blue light 420-480 PA1:0.43 (Najari et al.,
Riboflavin 100 uM P. aeruginosa. humans nm, 1200 mW/em?, 120 s 0 PA2: 0.34 MIC (ug/mL) 2024)
PA1, PA2 isolate
. . Infection in LED blue light 450 nm S (Makdoumi et
0 ) _ — 0
Riboflavin 0.01% MRSA humans 46.6 mW/em?, 30 min PS-L+=170 99.5 %elimination al., 2019)
P. aeruginosa, S.
aureus, 5.27,11.3,8.44 7'65’22397'45’
Riboflavin-5- Ress.isetgﬁet:?clt(:; Irsia' Infectious UVA 365 nm, 3 growth inhibition ~ (Martins et al.,
phosphate 0,1% MRSA PRPA ORéE keratitis mW/cm?, 1h 9.41, 0.36, 5.59, 25.51, 3.26, zone (GI1Z, mmz) 2008)
’ ’ 12.89 21.84, 21.46
PRSP
C. albicans - 0
Riboflavin 0.1% S. aureus, MRSA’ Infectious corneal UV light 365 nm PSLA; PS.+L_ bacterial death bacterial death (Schrier ctal,
P, aeruginosa ulcers no bacterial 2009)
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death
Blank = 7.06,
7.04 6.79, 6.80
Riboflavi -5- C. albicans. E. solani Infectious UV A (365 nm), 3 PS-L+=6.74, e cell diameter (Kashiwabuchi
phosphate 0.1 % ' T keratitis mW/cm?, 30 min 7.06 (um) etal., 2013)
PS+L-=7.05,
6.72
Riboflavin 500 mM, . Lo
35 mL P. falciparum (in vitro) Plasma and UV Mirasol PRT 6.24 ] >32 os reduction (Keil et al.,
Riboflavin 500 mM, o platelet conc J/ml, 5-10 min & 2013)
P. yoelii (in vivo) >4 .4
320 uL
Riboflavin 500 mM, L . i . (Tonnetti et al.,
35 mL B. microti Whole blood UV 80 J/mlggc, 40 min >5 log reduction 2013)
PS+L-:no get loss of its
change in . .
. absorption absorption spectra
absorption "
' maxima
maxima
PSHL-/PS-L+: significant ROS ~ ROS formation,
no significant eneration lipid
ROS generation g P
. N PS+L-/PS-L+: peroxidation
2
Riboflavin 50 uM E. coli Nosocomial — white light, 38.6 W/, 15 65 MDA level (Khan et al,
infections 2h 2019)
(mmol/ml)
) SOD £30 U/mg
PSHL/PS-L+: catalase +20 U/mg
+80, +100, - :
10.24. 495 GSH activity umol/ml_n/mg
o +0.6 GSH level protein
+23 %
PS+L-/PS-L+: LDH activity
+145-150 +100 nU/ml
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PS-L+: £6.9 bacterial death
PS+L-: +7 2.6 log CFU/ml
Rl?/gﬂi‘;;g;o}é\i‘f: A. terreus, A. fumigatus,
mg/mL/ amphotericin A. flavus, F. Solani, F. Mycotic keratitis UVA 365 nm, 9 Pretreatment=5 no fungal CFU/mL (Kunt et al.,
g P falciforme, F. y mW/cm?, 10 min ctreatime growth 2020)
B 1.5 mg/mL/ Proliferatum
chlorhexidine 0.02%
vesicular stomatitis .
. . . ! UV 200-365 nm,0.00203 UV alone 2.77 . . (Mirshafiee et
Riboflavin 50 uM herpes s_lmp_lex, and Blood platelet Wi/em?, 10 min log 10 4.06, 4.27,2.6  log titer reduction al., 2015)
polio virus
4,5,5,7 log reduction
increased
MRSA, MDR E. coli, MRSA, MDRE ~14.8, _ fluorescence
T ~16.8, intensity of DCF
MRSA in mix culture, Persistent PS+L-: no effect 16.3~16.3 (Banerjee et al
Riboflavin 50 uM MDR E. coli in mix . . Blue LED light 450 nm PS-L+: little - e J ?
infections . increased ~3.8, 2020)
culture reduction of _ e
4.33, ~3.92, lipid peroxidation
cells
~3.92
34,34,50,500%  '"hibition of
biofilm
Riboflavin 50 uM . Plasma and UV 265-370 nm, 5-9 50f6 p_Iasma . (Cardo et al.,
L. donovani infantum 2 . - unit log reduction
platelet conc. J/icm?, 10 min (6-24 J/ml) 2006)
5 of 6 platelets
Riboflavin 50 uM dengue viruses (DENV ) UV 9.1 J/ml, Mirasol 1.28, 1.45,1.71, . (Faddy et al.,
1-2) Blood transfusion PRT system 181 log reduction 2016)
. . . LED blue light 423 nm . (Djalil et al.
0 ’ 0 5
Riboflavin 0.015% P. acnes Acne vulgaris 2270 lux, 30 min 33.8 Y%oinhibition 2023)
actinom ce?émcomitans LED blue light 460 nm, PS-L+: 1.11, ~0, 0.37,
Riboflavin 266 pumol C lebicans E Periodontal power: 0.4 W; fluence: P, gingivalis, P ~0, 1.36, full log reduction (Nielsen et al.,
Lt fa{ecélis E co’li L 37.7 Jlcm?; fluence rate: intermedia = kills, full kills, g 2015b)
I 0.63 W/cm?), 1 min full kills 0.37

paracasei, P. gingivalis,
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P. intermedia, P. acnes
. . . . 405-nm light, 4.2 PS-L- =+0.06 . (Kingsley et al.
0 ] . >
Riboflavin 0.1% Tulane virus Blueberrie mW/em?, 30 min PS+L-=-013 0.51 log reduction 2018)
. LED blue light 423 nm, o (Djalil et al.
- 0, 0 5
[-carotene 0.015% P. acnes Acne vulgaris 2270 lux, 30 min 41.9 Y%inhibition 2003)
Chlorophyll Derivatives
Not cop erlzeq total aerobic mesop hilic LED 405 nm, 10 water: O'?’ 0.6 2.4 (99.5%) log reduction (Paskeviciute et
chlorophyll sodium bacteria Cherry tomatoes mW/em?. 5 min PS+L-: 0 1.6 (95%) (Y%inhibition) al., 2018)
salt 1.5x10* M L. monocytogenes ’ PS-L+: 0 ) ° ° "
98, 86, 97 %inhibition
extended 2
days .
L. monocytogenes, . ’ shelf life .
naturally occurring visible light 400 nm, 12 PS+L-/PS-L+: increased by (Luks1e.:n.e &
Na-Chl 1 mM Strawberry 2 . 19% Paskeviciute,
yeasts, mW/cm®, 20 min not affect —
; total antioxidant, 2011)
mesophiles
. phenol,
no impact -
anthocyanins,
surface colour
-5 . .

. I({:;ﬂ()l .150/>< lcohl-l(\j/[ﬁs Salmonella enterica — visible light 405 nm, 38 1.8,2.15,7 log reduction (Buchovec et al.,
e yeasts/molds y J/em? 09,04,14 2016)
complex

2 _ . y
Chl 1.5x10° M E. coli LED 405 nm, 30 Jjem?,  PS-L+/PS+L- ~95 % reduction (Zudyté &
Wheat seeds 50 min no impact Lukgiené, 2019)
Chl 1.5x10° M F. oxysporum LED 405 nm, 18 J/cm? 74% growth delay ’
B. cereus, L.
monocytogenes, 0 (5 min), 0
Na-Chl 7.5x107 M thermoresistant strains Surface sanitation LED 405 nrrz1, 12 7.7.7.7 (£5-10 @n), 0 log CFU/ml (Luks1§qe &
B. cereus, (polyolefine) mw/cm (> 30 min), 0 Paskeviciute,
thermoresistant poly (>>30 min) 2011)
L. monocytogenes
Na-Chl 1.5 x10*M L. monocytogenes LED 405 nm, 12 45 0 log CFU/cm?
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biofilms mW/cm?, 5 min
Bacillus spores attached
Na-Chl 7.5x10°M to the surface of 6 1 log CFU/cm?
polyolefine
Biofilm: S. oralis,
P. gingivalis, blue light 450 nm, 30 oo {ggg’
. A. . - J/em?, 22 min : ’ bacterial (Carvalho et al.,
Chlorin-e6 200 mM actinomycetemcomitans Periodontitis 4.01 logl0 climination 2020)
red light 660 nm, 30 3.46 log 10
F. nucleatum J/ent, 26 min
planktonic lanktonic
Chlorin e6 trisodium M. catarrhalis, LED 405 £10-nm, 100 cultures pcultures
salt 1 M (planktonic S. pneumoniae, Otitis media mW/cm?, 2 min +107, £107, +10® 0. <10 +10° CFU/m (Luke-Marshall
assay), 10 M (biofilm nontypeable (planktonic), 15 min biofilms ’ bi ﬁl;n et al., 2020)
assay) Haemophilus influenzae (biofilm) +10°, +10°, JLOHImS
1107 +107°, £10™, 0
. L LED red light 660 nm, +8 +3 Log CFU .
Chlorin €6 200 uM S. mutans biofilms Dental 19 mw/cmZ 13.25 min D mM 0.1 mM biofilm lactic acid (Nie et al., 2020)
Chlorin ¢6 100 pg/ml P. acnes Skin discase halogen ?;2;200 X303 25ugml 5049 pg/ml MICs value (Je‘z’gleg)al"

UV-A: ultraviolet A; LED: light-emitting diode; ROS: reactive oxygen species; PS: photosensitizer; L: light; MSSA: methicillin-susceptible S. aureus; MRSA:

methicillin-resistant S. Aureus; Chl: chlorophyllin, CHS: chitosan
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In contrast to natural chlorophyll, chlorophyllin (Figure 3) is a water-soluble semi-
synthetic porphyrin that is used as a food colorant and additive (E141ii). It is widely
used in cosmetics and nutritional supplements (Ldopez-Carballo et al. 2008). A previous
study has confirmed that copper-free chlorophyllin exhibits photosensitizing properties.
It can inhibit the growth of major food pathogens, such as Bacillus cereus, Salmonella
enterica, Listeria monocytogenes, Escherichia coli, Enterococcus faecalis, and
Pseudomonas aeruginosa, when exposed to blue light (405 nm) (Luksiene and
Paskeviciute, 2011a; Luksiene and Paskeviciute, 2011b), as well as numerous harmful
microfungi (Luksiene and Paskeviciute, 2011Db).

Antimicrobial Mechanisms of PDI

PDI has been shown to inhibit harmful microorganisms, bacteria, viruses, fungi,
plankton cells, biofilms, vegetative cells, and endospores. The process of photosensitizer
uptake is determined by the cell wall structure of the microorganisms (Figure 6). In addition,
the characteristics of photosensitizers determine the amount of uptake by microorganisms.
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Figure 6. PDI mechanisms for microbial destruction

The cell wall of gram-positive bacteria is composed of negatively charged teichoic
and lipoteichoic acids as well as a thick yet porous layer of peptidoglycan. However, gram-
negative bacteria have an outer membrane that is well organized and includes
lipopolysaccharides that are negatively charged and maintained by cationic ions such as
Mg?* or Ca*" (George et al., 2009). Generally, gram-positive bacteria are more susceptible to
PDI than gram-negative bacteria because of variations in the cell wall structure. Biofilm cells
are more resistant to PDI than plankton cells because of extracellular polymer protection. In
viruses, the phospholipid layer and the viral protein on the locked biofilm cells make them
more susceptible to PDI than the unlocked virus (Willis et al., 2021). In fungi, a porous layer
of chitin, B-glucan, and mannan is present in the fungal cell wall. Compared to Gram-
positive and Gram-negative bacteria, the fungus's cell wall possesses an intermediate
permeability and a negative/neutral charge (Luksiene, 2021). Intracellular accumulation is
driven by self-promoted uptake pathways and electrostatic interactions (George et al. 2009).
Similarly, cationic photosensitizers and negatively charged fungal cell walls interact via
electrostatic interactions (Luksiene, 2021). However, fungi are generally less susceptible to
PDI than bacteria because of their larger size and lower risk of DNA damage in the presence
of nuclear membranes (Luksiene, 2021).

For PS to function as an efficient antibacterial agent, it must pass through the bacterial
cell walls and enter the cytoplasm or plasma membrane. However, the easy diffusion of PS
into the bacterial cytoplasm is hampered by the obstacles found in bacterial cell membranes.
Because of their membrane barrier, which prevents anionic and neutral PSs from being
absorbed, it is more challenging to design highly effective PS for mediating PDI (Pérez-
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Laguna et al., 2018). In an effort to enhance the chemical structure of PS, cationic (positively
charged) PS are created, or they are coupled or combined with positively charged substances,
such as poly-L-lysine, polyethyleneimine, and polymyxin B (Sperandio et al., 2013; Valle et
al., 2020).

CONCLUSION

Natural photosensitizers, such as curcumin, hypericin, riboflavin, and chlorophyll
derivatives, have been extensively researched, particularly in their application in the food
sector and antimicrobial pharmaceutics through the PDI technique. Their application in the
treatment of diseases can be enhanced by formulating various dosage forms and
combinations of antimicrobial agents.
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