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A B S T R A C T    
 

Wound infection poses a significant challenge in wound healing, so overcoming microbial infections 

and accelerating wounds can be done using PDT (Photodynamic Therapy). PDT is a non-invasive, light-

based therapeutic method that can treat several pathological conditions such as wound healing, 

antimicrobial, antibiotic resistance bacteria, cancer, and skin repair. The review article aims to evaluate 

the effectiveness of PDT in accelerating wound healing. All articles in this review were taken from the 

Pubmed and Google Scholar internet databases from 2019 to 2024. Twelve photosensitizers were 

explored for wound healing using PDT. Some were used in singular form, while others were used in 

combination. PDT promotes wound healing by killing bacterial cells and stimulating fibroblast 

proliferation, producing collagen and elastin. The mechanism for faster wound healing was detected 

by increasing the epithelialization process, decreasing angiogenesis, reducing the number of fibroblast 

cells, and raising collagen density. Based on research, PDT uses a specific photosensitizer that is 

activated by light to produce Reactive Oxygen Species (ROS) so that in wound healing, PDT stimulates 

the wound healing process by improving the quality of tissue formed, fast wound closure, reducing 

the risk of complications, increasing blood circulation, reduces inflammation and promotes the 

proliferation of cells involved in tissue regeneration.  
 

 A B S T R A K  

Infeksi luka menimbulkan tantangan yang cukup besar dalam bidang penyembuhan luka, sehingga untuk 

mengatasi infeksi mikroba dan mempercepat luka dapat dilakukan dengan menggunakan Photodynamic 

Therapy (PDT).  PDT adalah metode terapi non-invasif berbasis cahaya yang dapat mengobati beberapa 

kondisi patologis seperti penyembuhan luka, antimikroba, menghambat bakteri yang resisten terhadap 

antibiotik, pengobatan kanker, dan perbaikan kulit. Artikel ulasan ini bertujuan untuk mengevaluasi efektivitas 

terapi fotodinamik dalam mempercepat  penyembuhan luka. Semua artikel dalam ulasan ini diambil dari 

database internet pada Pubmed maupun Google Scholar dari tahun 2019 hingga 2024. Terdapat 12 

fotosensitizer yang dieksplorasi untuk penyembuhan luka menggunakan PDT. Beberapa di antaranya 

digunakan dalam bentuk tunggal, sementara yang lain digunakan dalam bentuk kombinasi. PDT mendorong 

penyembuhan luka dengan membunuh sel bakteri dan merangsang proliferasi fibroblas, sehingga 

menghasilkan produksi kolagen dan elastin. Mekanisme penyembuhan luka yang lebih cepat terdeteksi melalui 

peningkatan proses epitelisasi, penurunan angiogenesis, penurunan jumlah sel fibroblas, dan peningkatan 

kepadatan kolagen. Berdasarkan penelitian, PDT menggunakan fotosensitizer spesifik yang diaktifkan oleh 

cahaya untuk menghasilkan Reactive Oxygen Species (ROS), sehingga pada penyembuhan luka, PDT 

merangsang proses penyembuhn luka dengan meningkatkan kualitas jaringan yang terbentuk,  penutupan 

luka cepat, mengurangi risiko komplikasi, meningkatkan sirkulasi darah, mengurangi peradangan dan 

mendorong proliferasi sel yang terlibat dalam regenerasi jaringan. 
 

 

1. Introduction 

 

Wounds are damage that occurs to the skin's protective function or 

loss of body tissue (Astuti et al., 2023). Wound infections are complex 

pathologies that can manifest as rapidly developing acute or chronic, 

protracted conditions. Acute and chronic wound infections are 

distinguished by their etiology (microbial phenotype), subsequent host 

immune response, and clinical manifestations (Hurlow & Bowler, 2022). 

A retrospective analysis of Medicare beneficiaries in 2018 found that 8.2 

million people experienced wounds with or without infection. By 2024, 

from an economic perspective, it is estimated that the annual wound care 

products market is $15–22 billion (Sen, 2019). Furthermore, the quality 

of life is affected by chronic wounds for approximately 2.5% of the total 

population of the United States (Sen, 2023). Meanwhile, between 2014 
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and 2019, the overall prevalence of chronic wounds among US Medicare 

beneficiaries by kind of wound, i.e., over 5 years, there are now 10.5 

million Medicare patients with wounds, up from 8.2 million previously. 

The prevalence of wounds rose from 14.5 to 16.4%, a 13% rise. Medicare 

enrollees <65 had the highest prevalence of chronic wounds (12.5–16.3% 

for men and 13.4–17.5% for women). Increases in arterial ulcers (0.4% to 

0.8%), skin disorders (2.6% to 5.3%), and declines in traumatic wounds 

(2.7% to 1.6%) were the most notable shifts in the prevalence of wounds 

(Carter et al., 2023). 

Wound infection is one of the main obstacles in wound healing. 

Inadequate wound healing techniques and indiscriminate antibiotic usage 

can lead to bacterial development and resistance to treatment. 

Developing innovative and effective treatment options is crucial for 

reducing infection-related mortality, patient suffering, and adverse side 

effects. As a result, there is a significant necessity for alternative 

treatments for treating infected wounds, one of which is photodynamic 

therapy (PDT) (T. Yang et al., 2020; Z. J. Zhao et al., 2020; Z. Zhao et al., 

2021; Maya et al., 2020; D. Wang et al., 2024). 

PDT can treat several pathological problems, including wound 

healing, antimicrobial resistance, chronic wounds, cancer, skin repair, 

carbuncle, and free gingival graft (Akbarizare, 2022; Alsaif et al., 2021; P. 

Chen et al., 2024; Damrongrungruang et al., 2023; de Carvalho et al., 

2023; Dey et al., 2022; Djalil et al., 2012; X. Liu, Guo, et al., 2022; Maya 

et al., 2020; D. Wang et al., 2024; X. Wei et al., 2024; Xiu et al., 2022; 

Yaghobee et al., 2024; L. Zhang et al., 2020; Z. J. Zhao et al., 2020). PDT 

requires the application of a Photosensitizer to target cells, followed by 

irradiation of the wound tissue with a specific wavelength light source. In 

the presence of oxygen, light triggers Reactive Oxygen Species (ROS) 

formation and results in cell death (Pucelik & Dąbrowski, 2022). This 

therapy has effectively cured local and adjuvant treatment infections 

caused by bacteria (Gholami et al., 2023). Hemostasis, inflammation, 

proliferation, and remodeling are the four phases of wound healing. Cell 

signaling and synchronization between cells and chemical transmitters are 

essential for wound healing because their gradients draw immune cells 

and stop infections from pathogens (Leśków et al., 2023). 

Many research groups have recently expressed interest in PDT's 

potential for tissue regeneration and wound healing. Several animal 

models for wounds, such as burns, excisions, and abrasions, were used in 

in vivo investigations before bringing PDT to human clinical trials (Guo et 

al., 2024; J. Huang et al., 2021; Pérez et al., 2021;T. Yang et al., 2020; Z. 

Yang et al., 2021; Z. J. Zhao et al., 2020; D. Wang et al., 2024; X. Liu, 

Guo, et al., 2022; X. Xu et al., 2020; Abo-Neima et al., 2023; Y. Wang et 

al., 2022; Abo-Neima et al., 2023; T. Huang et al., 2022; F. Wang et al., 

2023; Meng et al., 2023). Bacterial infections can promote inflammation 

and create virulence factors, leading to tissue damage and delayed 

recovery (Caldwell, 2020). The evidence supporting the use of PDT in 

wound healing is compiled in this review.  

 

2. Methods 

 

All articles in this review were obtained from the internet 

databases “Pubmed” and “Google Scholar” from 2019 to 2024. Article 

searches were carried out using several keywords, including 

photodynamic therapy, which obtained 14504 articles, and 

photodynamic and wound healing, which received 428 articles. 

The inclusion criteria are articles published in 2019-2024, primary 

literature, articles accessed in full-text form, and articles not from 

MDPI. The exclusion criteria were that the article was a literature 

review or systematic literature review, and no complete text was 

found. The inclusion criteria were narrowed to 121 articles from all 

articles. 

 

3. Results and Discussion  

 

Photodynamic therapy (PDT) 

Light, oxygen, and photosensitizers are the three main ingredients 

of PDT. The PS absorbed by the cells converts into an excited singlet 

form by light irradiation. The PS excited triplet state is created by 

intersystem crossing. Type I and type II chemical reactions are the two 

types that produce ROS. The primary ROS in PDT is singlet oxygen, 

produced by the type II mechanism, which involves reacting the PS-

excited triplet state with molecular oxygen. Through necrosis or 

apoptosis, the resulting ROS causes cell death. PS is absorbed by cells 

that multiply rapidly, such as malignant cells and microorganisms. 

Mice infected with A. baumannii were evaluated for wound healing 

activity and anti-biophilic efficacy using Antimicrobial photosonodynamic 

therapy (aPSDT). With no damage to normal human skin fibroblast cell 

lines, the research showed that curcumin-nisin-based poly (L-lactic acid) 

nanoparticle (CurNisNp)-aPSDT can efficiently decrease the survival of 

A. baumannii cells through ROS production (Pourhajibagher et al., 2022). 

PDT produces ROS which can damage cells which are then used to 

treat cancer, wound healing, antimicrobial, corneal tissue, inflammatory 

pseudotumor (IP), malignant tumors, glioma, antiviral (de Souza et al., 

2022; T. Huang et al., 2022;  Ma et al., 2024; (F. Wang et al., 2023) Y. 

Wang et al., 2022; Meng et al., 2023; Astuti et al., 2023; W. Huang et al., 

2022; Chai et al., 2023; Abo-Neima et al., 2023; J. He et al., 2024; Osaki, 

T et al., 2023; F. Zhang et al., 2023; X. Liu, Fang, et al., 2022; X. He et al., 

2024). PDT can repair tissue and treat uninfected or infected skin 

wounds due to the potential for inactivation of microorganisms (Abo-

Neima et al., 2023) D. Wei et al., 2024). PDT skin wound healing is a 

complex and dynamic physiological process (Sun et al., 2020). Clinical 

studies have shown that indocyanine green photodynamic treatment 

(ICG-PDT) improved cell migration and wound healing in mice by 

activating the cystic fibrosis transmembrane conductance regulator 

(CFTR) (Chiu et al., 2019). Mediated PDT nano-emodin (n-Emo) shows 

wound healing (Yaghobee et al., 2024). In vivo, The primary purpose of 

photodynamic antimicrobial chemotherapy (PACT) has been to 

promote wound healing, including excisional wounds, burns, and 

abrasions (Z. J. Zhao et al., 2020). 

In two distinct mice models of solid tumors and skin wound 

infections, Upconversion Dual-Photosensitizer–Bacteria (UDPB) can 

quickly promote wound healing and elicit a potent antitumor response 

(M. Chen et al., 2024). Antimicrobial photodynamic therapy (aPDT) can 

heal wounds in mice infected with bacteria and fungi (Z. J. Zhao et al., 

2020; X. Liu, Guo, et al., 2022).  PPIX-MED–aPDT treatment combined 

with antibiotics, in vitro and in vivo, has a promising bactericidal action 

because it can speed up the healing of infected third-degree burn burns 

in mice (Z. Zhao et al., 2021).  

 

Photosensitizer 

Several photosensitizers have been studied for wound healing in 

mice (Table 1). The effectiveness of PDT for diabetic wounds in mice is 

influenced by the type of PS, concentration, and light dose (Zuhayri et 

al., 2023). 5-aminolevulinic acid (ALA) can promote cutaneous wound 

healing in mice, lowering P. aeruginosa in the lesion and surrounding 

tissues (T. Yang et al., 2020).  The mechanism consists of collagen 

remodeling, macrophages, and controlling inflammatory factors. ALA-

PDT influences cellular responsiveness in chronic wounds to release a 

neurotransmitter such as NO (Nardini et al., 2024). ALA-PDT treatment 

is applied to cavities and wound surfaces after incisions and drainage 

procedures; topical administration of ALA-PDT can accelerate wound 

healing associated with Staphylococcus aureus infections (L. Zhang et al., 

2020). Furthermore, using both normal and diabetic cellular wound 

models, the prior study showed that low-dose photodynamic treatment 

(LDPDT) could accelerate wound healing in vitro. Normal fibroblast cell 

viability declines when 5-ALA levels and energy density rise (Khorsandi 

et al., 2021).  

By generating ROS by photoactivation, protoporphyrin IX–

ethylenediamine derivative (PPIX-ED) has demonstrated remarkable 

efficacy in inhibiting the growth of Pseudomonas aeruginosa. 
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Protoporphyrin IX–ethylenediamine derivative–mediated photodynamic 

antimicrobial chemotherapy (PPIX-ED-PACT) altered the permeability 

of the bacterial membrane, as shown by acrylidine orange/ethidium 

bromide staining. Furthermore, PPIX-ED-PACT's antibacterial efficacy 

was demonstrated in an in vivo model of Pseudomonas aeruginosa-

infected wounds. The number of P. aeruginosa colony-forming units was 

reduced by 4.2 log10 by PPIX-ED (100 μM).  According to the 

histological study, PPIX-ED-PACT may successfully stop P. aeruginosa 

growth both in vitro and in vivo. On day 14 following treatment, the 

wound healing rate was 98%, 10% greater than that of the control group 

(Z. J. Zhao et al., 2020).  

The biodegradable photosensitizer hematoporphyrin monomethyl 

ether (HMME) has demonstrated the capacity to produce ROS when 

activated by laser and thus can be used to combat germs. This chemical 

hydrogel increases angiogenesis, which is important for healing skin 

disorders, and has enhanced antibacterial activity and good 

biocompatibility. When the benefits of HMME, Cu2O nanoparticles, and 

the gelling properties of carbomer are combined, this hydrogel 

compound shows promise as a wound dressing material (D. Wang et al., 

2024). 

The survival rate of Candida auris plankton and its biofilms may be 

considerably decreased by in vitro polylactic acid-hypocrellin a-

antimicrobial photodynamic therapy (PLA-HA-aPDT), and the 

membrane's fungicidal activity remains strong even after four 

applications.  PLA-HA has minimal hemolysis and strong biocompatibility. 

PLA-HA-aPDT can reduce inflammation and enhance wound healing in 

C. auris infections without clearly harmful side effects, according to in 

vivo tests. PLA-HA-aPDT may raise endogenous ROS levels, which could 

cause nuclear fragmentation, cytochrome C release, mitochondrial 

malfunction, and metacaspase activation, ultimately causing C. auris to 

undergo apoptosis (X. Liu, Guo, et al., 2022). 

Two excision wounds on each side of the midline, were made in 

C57bL/6J mice to test PDT's efficacy and primary mechanism in the 

mouse model of acute wound healing. The right-sided wound was 

treated with methyl 5-aminolevulinate hydrochloride (MAL). Red light 

was applied to the wound incubating it for one to three hours. Red light 

and MAL were not applied to the left-sided wound. Hematoxylin and 

eosin (HE) staining on Day 14 revealed a continuous epithelium layer in 

the untreated lesion. At the base of the wound, the PDT-treated wound 

had some epithelium missing. The PDT-treated wound had more 

collagen fibers, inflammatory cells, and a thicker dermis than the 

untreated wound, according to Masson's Trichrome (MTC) staining. In 

a mouse wound healing model, immunohistochemical examination 

revealed considerably more collagen than untreated wounds (Sun et al., 

2020). 

Compared to either therapy alone, methylene blue (MB) loaded 

with polyethylene glycol (PEG) (MB-PEG) based hydrogel can enhance 

and accelerate wound closure in the setting of laser (Hamed et al., 2024). 

Compared to mupirocin alone or with MB-aPDT, antimicrobial 

photodynamic therapy based on Methylene Blue (MB-aPDT) produced 

the best wound healing (Pérez et al., 2021). Compared to MB solution, 

methylene blue nanoparticles (MPNP) exhibit a significantly more 

substantial antibacterial impact both in vitro and in vivo. MPNP's reduced 

aggregation-induced quenching (ACQ) effect increases singlet oxygen 

production, enhancing the antibacterial action. It was demonstrated that 

MPNP has a strong antibacterial effect and speeds up wound healing in a 

mouse skin infection model (X. Xu et al., 2020). 

Streptococcus pneumoniae, nontypeable Haemophilus influenzae 

(NTHi), and planktonic and biofilm-associated Moraxella catarrhalis 

were all shown to be susceptible to the photosensitizing effects of aPDT 

with chlorin e6 (Ce6). With a 99.9% loss of viability, the three main 

otopathogens demonstrated substantial bactericidal action. Specifically, 

the new dual treatment aPDT technique disinfects effect and prevents 

bacterial recurrence 24 hours after treatment. Furthermore, a potent 

and cutting-edge therapeutic approach for successfully treating and 

curing bacterial otitis media (OM) infections and halting the onset of 

recurring illness is Ce6-aPDT treatment (Luke-Marshall et al., 2020). 

Gelatin-Ce6 shows high potential for the efficacy of photodynamic 

therapy for tumor diseases in vivo clinical application (Son et al., 2019). 

If the photodynamic mechanism plays a role, Indocyanine green-

mediated photodynamic therapy (ICG-PDT) maximally reduces keloid 

fibroblast migration and cellular activity. This therapy can also prevent 

collagen formation and induce apoptosis and autophagy. 

 
Table 1. Photosensitizer used in PDT wound healing 

No. Photosensitizer Use Study phase Reference 

5-aminolevulinic acid Antimicrobial and wound healing In vitro and in vivo (Guo et al., 2024) 
5-aminolevulinic acid Wound healing In vivo (Nardini et al., 2024) 

5-aminolevulinic acid combined with human 
umbilical cord mesenchymal stem cells 

Antimicrobial and wound healing 
 

In vitro and in vivo 
 

(Jianhua Huang et al., 2021) 
 

5-aminolevulinic acid Antimicrobial and wound healing In vitro and in vivo (T. Yang et al., 2020) 

5-aminolevulinic acid wound healing In vitro and in vivo (Z. Yang et al., 2021) 

2. Protoporphyrin IX–ethylenediamine 
derivative 

Wound healing in mice infected with 
Pseudomonas aeruginosa bacteria 

In vitro and in vivo (Z. J. Zhao et al., 2020) 

3. Cu2O and hematoporphyrin monomethyl 
ether 

Healing of infected wounds In vitro and in vivo (D. Wang et al., 2024) 

4. Polylactic acid-hypocrellin a Wound healing in mice infected with the fungus 

candida auris (c. Auris) 

In vitro and in vivo (X. Liu, Guo, et al., 2022) 

5. Methyl 5-aminolevulinate hydrochloride Cutaneous wound healing in mice In vivo (Sun et al., 2020) 

Methylene blue or mupirocin or both Antibacterial and wound healing In vitro and in vivo (Pérez et al., 2021) 

Methylene blue nanoparticles Antibacterial and wound healing In vitro and in vivo (X. Xu et al., 2020) 

Methylene blue Antibacterial and wound healing In vitro and in vivo (Abo-Neima et al., 2023; Y. 
Wang et al., 2022) 

Methylene blue Antibacterial, anti-corona virus and wound healing In vitro and in vivo (Abo-Neima et al., 2023) 

7. Chlorin e6 Antibacterial and wound healing In vitro and in vivo (T. Huang et al., 2022) 

Indocyanine green Wound healing In vivo (Ma et al., 2024) 
Indocyanine green Wound healing In vitro and in vivo (Chiu et al., 2019) 

9. Oeo-TPE-MEM (OTM) Antibacterial and wound healing In vitro and in vivo (F. Wang et al., 2023) 

10. Photosensitizer with a porphyrin bearing 
four ornithine 

Antimicrobial and wound healing In vitro and in vivo (Meng et al., 2023) 

11. Curcumin Wound healing In vivo (Astuti et al., 2023) 

12. Upconversion dual-photosensitizer–

expressing bacteria 

Antitumor and wound healing 

 

In vitro and in vivo (M. Chen et al., 2024) 
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The in vivo treatment regimen is optimized by the ICG-PDT 

mechanism, indicating the substantial therapeutic potential of ICG-PDT 

in clinical keloid treatment (Shao et al., 2024). ICG was employed in 

another study to create photothermal and photodynamic effects. It was 

discovered that the hydrogel with ICG-loaded platelets has outstanding 

wound repair qualities, accelerating wound healing and reducing 

inflammation under NIR (Ma et al., 2024).  

Gram-positive bacteria can be effectively bound and killed by OEO-

TPE-MEM (OTM). However, a more significant OTM concentration is 

required to kill Gram-negative bacteria since its affinity for them is lower 

than that of Gram-positive bacteria. OTM has excellent biocompatibility 

with both normal mammalian cells and those exposed to light and 

darkness. Because OTM can accelerate the healing of bacterial wounds 

in a mouse model without compromising the organs or blood 

parameters, it is a great option for clinical use (F. Wang et al., 2023). 

A novel cationic photosensitizer against multidrug-resistant Proteus 

mirabilis (MRPM) was prepared by conjugating aminophenyl porphyrin 

with amino acid L-ornithine. The effects of laser energy, absorption, MIC 

and MBC, dose-dependent photoinactivation effect, membrane integrity, 

and fluorescence imaging were examined, as well as the in vitro 

photoinactivation efficiency against MRPM in vivo. To evaluate 

photodynamic antimicrobial chemotherapy (PACT) in vivo, MRPM was 

used in a mouse wound infection model. In addition to having a strong 

photoinactivation efficiency against MRPM at 7.81 μM when exposed to 

light, the photosensitizer with porphyrin containing four ornithine 

groups can accelerate wound healing through bactericidal action. This 

combination of ornithine and porphyrin can be a photosensitizer for 

PACT in treating MRPM infection (Meng et al., 2023). 

Curcumin-silica nanoparticles have shown a noteworthy cytotoxic 

impact against typical human fibroblast and potential wound-

recuperating properties, as confirmed by in vitro scratch measures 

(Mirzahosseinipour et al., 2020). On the other hand, ozone therapy, red 

laser therapy (650 nm, 3.5 J/cm2) with ozone, blue laser therapy (405 

nm, 3.5 J/cm2) with ozone, and blue laser therapy (405 nm, 3.5 J/cm2) 

with ozone and curcumin were used to test the efficacy of wound 

healing. Before laser and ozone treatment, the wound area was treated 

with a photosensitizer (10 mg/mL of curcumin). When paired with ozone 

and curcumin, the red and blue laser efficiently speeds up the healing of 

MRSA-infected incision wounds (Astuti et al., 2023), inspiring further 

research and potential for discoveries in wound healing.   

Research on the photosensitizer UDPB has shown promising 

results when used with monochromatic near-infrared irradiation. UDPB 

showed a potent anticancer response and promoted quick wound 

healing in two mouse models with solid tumors and skin wound 

infections (M. Chen et al., 2024). 

 

Mechanism of photodynamic therapy in wound healing 

PDT uses light, oxygen, and photosensitizers (PS) to create ROS, 

which can cause necrosis or apoptosis in cells (F. Wang et al., 2023; 

Buzzá et al., 2022). PDT mechanism is PS absorbs light, which causes 

type I and type II reactions to produce singlet oxygen and other ROS 

(Digby et al., 2021; Pucelik & Dąbrowski, 2022; Taninaka et al., 2023). By 

rupturing cell membranes, changing the shape of microsomes, and 

blocking specific processes such as oxidative damage to nucleic acids, 

ROS and singlet oxygen produced during photodynamic reactions can 

kill bacteria (Alsaif et al., 2021; Alves et al., 2013; Amos-Tautua et al., 

2019; Awad et al., 2016; P. Xiao et al., 2022). 

It is fascinating to note that many different microorganisms with 

unique characteristics can colonize and contaminate exposed 

subcutaneous tissue. If the host immune response is compromised and 

the tissue devitalized (ischemic, hypoxic, or necrotic), the conditions 

favor microbial development. The three primary sources of wound 

contaminants are the environment (exogenous microorganisms in the 

air or those caused by traumatic injury), the surrounding skin (which 

contains normal skin microflora such as Staphylococcus epidermidis, 

micrococci, skin diphtheroid, and propionibacteria), and endogenous sources 

involving mucous membranes (primarily the gastrointestinal, 

oropharyngeal, and genitourinary mucosae). (Bowler et al., 2001; 

Duerden, 1994; Negut et al., 2018). 

Complex interactions involving several cells, including 

keratinocytes, vascular endothelial cells, fibroblasts, recruited immune 

cells, and the extracellular matrix, are necessary for wound healing 

following skin injury. The effects of PDT showed significant 

neovascularization, differentiation into myofibroblasts, and proliferation 

of keratinocytes and fibroblasts. Additionally, PDT was shown to 

enhance angiogenic responses and accelerate re-endothelialization after 

damage (Adili et al., 2002; Corsi et al., 2016; Sahu et al., 2015; F. Xiao et 

al., 2019; Xin et al., 2024). 

The process of wound healing by PDT involves four phases: 

hemostasis, inflammation, proliferation, and remodeling shown in Figure 

1 (Leśków et al., 2023; Mack et al., 2024; Ning et al., 2022; D. Wang et 

al., 2024; D. Wei et al., 2024; Oyama et al., 2020; Ning et al., 2022). 

Apart from its superior sterilizing properties, PDT can reinforce acute 

inflammation, encourage the proliferation, migration, and secretion of 

cytokines by skin-resident cells, and accelerate blood vessel proliferation 

and deposition of extracellular matrix (elastin and collagen), all of which 

contribute to skin regeneration (Ning et al., 2022; Xin et al., 2024; Jimi 

et al., 2020).  

Following injury, skin resident cells identify pathogen-associated and 

damage-associated molecular patterns and several signaling and 

chemokine-secreted molecules, which cause further inflammation and 

draw in additional immune cells (Bdeir et al., 2017; Kirchner et al., 2020; 

Jin et al., 2024). According to recent research, PDT changed the local 

immunological state (Grandi et al., 2018), causing an acute inflammatory 

response early in the healing process and later lowering chronic 

inflammation (T. Yang et al., 2020). More specifically, PDT drew immune 

cells to the wound site, such as mast cells, neutrophils, monocytes, or 

macrophages, which facilitated the removal of damaged tissue and the 

production of pro-inflammatory cytokines. Early bleeding occurs after an 

injury, and then a clot of blood and fibrin fills the wound space and dries. 

In the inflammatory phase that follows, macrophages will surface and 

remove debris similarly to primary union. In order to completely re-coat 

the gap and produce epithelial changes that resemble primary healing, 

epidermal cells from both sides of the wound proliferate and move into 

the wound as epithelial spurs until they converge in the center. 

Therefore, until the wound space begins to fill with granulation tissue 

from the base, the surface is not completely covered by the growing 

epithelial cells. Granulation tissue is then created as a result of fibroblast 

proliferation and neovascularization of the surrounding living 

components. Due to increased collagen and decreased vascularity, the 

newly formed granulation tissue is granular, dark red, and extremely fine. 

The maturing scar eventually turns pale and white, and unique skin 

structures like sweat glands and hair follicles cannot be restored in the 

absence of any living remnants that can regenerate. The activity of 

myofibroblasts in the granulation tissue will thereafter cause the wound 

to shrink to a third or a quarter of its initial size (Brunda et al., 2023; Y. 

Yang et al., 2024) 

 

Tissue regeneration 

PDT is capable the handling of cancer, acne, bacterial eradication, 

dermatological conditions, antifungal, antiviral, dental dentin, analgesic, 

anti-inflammatory, antitumor effects, chronic wound healing, 

antimicrobial, etc (Dey et al., 2022; Gonçalves et al., 2021; Ji et al., 2020; 

Digby et al., 2021; Rodrigues et al., 2024; Li Pomi et al., 2024; Dudzik et 

al., 2024; Cho & Ha, 2020; Y. Hu et al., 2019; Svyatchenko et al., 2020; K. 

Cheng et al., 2022; Strazzi Sahyon et al., 2019; Luo et al., 2021; M. Liu et 

al., 2022; Bu et al., 2024; Nardini et al., 2024; Mirzahosseinipour et al., 

2020). PDT can hasten wound closure by increasing the proliferation, 

differentiation, and migration of epidermal stem cells (EpSC), thereby 

promoting re-epithelialization and angiogenesis (Z. Yang et al., 2021).
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Figure 1. Schematic illustration of photosensitizer-based therapies in mice wound model. 

 

In the PDT-assisted wound healing process, tissue regeneration 

refers to the action of ROS, which initiates a series of reactions causing 

cell death (Sztandera et al., 2020; B. Wang et al., 2022) Activatable PS 

sensitive to specific stimuli has the potential to target various disease 

biomarkers (Zhai et al., 2019). Proper control of ROS production has 

positive effects on fibroblasts towards wound healing because 

photodynamic reactions that produce ROS enable the translocation of 

phosphorylated Grb2-associated binder-1, which activates extracellular 

signal-regulated kinase 1/2 and c-Jun N-terminal kinase signaling 

(Minagawa et al., 2023). Antimicrobial Photodynamic Therapy (aPDT) 

promotes tissue regeneration by eliminating bacteria (Dantas et al., 

2023). PDT based on nanoparticles (NP) greatly enhances wound 

healing (G. Cheng & Li, 2020).  

Hemostasis, inflammation, growth, re-epithelialization, and 

remodeling are the stages of wound healing, during which granulation 

tissue replaces the wound to create new connective tissue (M. 

Rodrigues et al., 2019; Minagawa et al., 2023). The process by which 

cells or tissues return to their normal structure and function following 

damage is known as tissue repair and regeneration. To prevent blood 

loss following an injury, collagen, and blood platelets combine to create 

a blood clot. Then, neutrophils are the main inflammatory cells. They 

are activated by chemical signals, which cause the release of enzymes 

like collagenase, protease, and elastase, which aid in the removing 

damaged tissue from the wound site. Growth factors like interleukin-1 

(IL-1), transforming growth factor (TGF-b1), platelet-derived growth 

factor (PDGF), and epithelial growth factor (EGF) are produced during 

inflammation. Following neutrophils and macrophages, monocyte 

chemotactic proteins, specifically TGF-b1, attract mast cells to the 

wound site, resulting in the release of histamine, proteoglycans, 

proteases, and platelet-activating factors. TGFb1 and IL-4 are released 

by inflammatory cells to inhibit them and reduce inflammation. 

Fibroblast and endothelial cell proliferation is triggered and regulated by 

macrophages' secretion of TNF-a and IL-1. Collagen and other 

glycosaminoglycans are released by stimulated fibroblasts to create an 

extracellular matrix, which makes up the majority of granulation tissue. 

Thus, basic fibroblast growth factor (bFGF) and vascular endothelial 

growth factor (VEGF), produced by endothelial cells, keratinocytes, and 

macrophages, initiate angiogenesis, which is necessary for further 

granulation tissue growth. PDGF, which is released by degranulating 

platelets, is the cause of the increased structural integrity of blood 

vessels. During remodeling, granulation tissue is gradually replaced by 

connective tissue (Brunda et al., 2023; Arshad et al., 2020). Based on the 

research of Y. Zhang et al., (2023) regarding Ag nanocomposite hydrogel 

with immune and regenerative microenvironment regulation promoting 

scar-free healing of infected wounds, it is mentioned that inflammatory 

cells that accumulate under the epidermis can cause scar tissue 

formation at the wound site. The regenerated dermis tissue with 

sebaceous glands and hair follicles as appendages. Collagen is a cell 

growth promoter that can promote tissue cell differentiation and 

proliferation. HP-Ag/bFGF composite hydrogel can promote scar-free 

healing of wounds and accelerate wound regeneration. To assess the 

hydrogel's anti-inflammatory properties in vivo, TNF-α, a common pro-

inflammatory cytokine, was used. To provide enough oxygen, nutrients, 

and growth factors for tissue regeneration, long-term release of bFGF 

and Ag encourages the development of mature blood vessels and the 

regression of immature blood vessels. Growth factor transformation 

Because the development of scar tissue in tissues is intimately linked to 

the differentiation of fibroblasts into myofibroblasts, HP-Ag/bFGF 

composite hydrogel can promote scar-free wound healing by lowering 

TGF-β expression (Y. Zhang et al., 2023; Hong et al., 2024). 

 

Challenges of photodynamic therapy 

PDT faces challenges related to limited light penetration depth, 

biofilm diffusion, and absorption of photosensitizer bacteria (Digby et 

al., 2021). Significant improvement in lesions and efficient diagnosis and 

treatment have always been challenges in PDT (Li Pomi et al., 2024; Xiao 

et al., 2023). Furthermore, there is currently a dearth of data on how 

photodynamic therapy affects the immune system, thus it is vital to 

investigate the effects of different photosensitizers on the immunological 

response (Soares et al., 2024). PDT can be used in conjunction with 

other treatments like immunotherapy, chemotherapy, and 

photothermal therapy to boost treatment effectiveness and provide a 

synergistic effect of several biological tumor treatment mechanisms 

(Gong et al., 2022). The combination of photodynamic therapy (PDT) 

and photothermal therapy (PTT) is required as a cancer treatment 

because the acidic environment decreases the catalytic activity of 

nanomaterials in the tumor microenvironment, and hypoxia and 

inadequate H2O2 supply in tumors severely limit the effectiveness of 

PDT (Jianfeng Huang et al., 2023). PDT is simple to employ in 

conjunction with other therapy, has minimal side effects, and is effective 
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(Z. Wang et al., 2021; Death et al., 2023; Du et al., 2021; Qin et al., 2021; 

Y. Huang et al., 2021; Bassan et al., 2021; G. He et al., 2022). 

In adults, PDT can be used in acne treatment with good aesthetic 

results and few side effects, but in children, its use is still not 

standardized (Li Pomi et al., 2024). The use of tumor 

microenvironment-responsive nanodrugs is still limited and remains a 

major challenge in the field of nanotheranostics (D. Liu et al., 2021). 

There is currently little utilization of nanoparticles as therapeutic 

carriers, despite their promise potential to go past PDT barriers in 

tumor tissue (Lee et al., 2022). However, using nanoparticles as a 

possible delivery system for PS improves its cytotoxic and cellular 

absorption in vitro and in vivo (Sztandera et al., 2020). The 

administration of photosensitizers (PS) to eradicate biofilm-related 

infections is still limited so antimicrobial photodynamic therapy (aPDT) 

remains a challenge  (Y. Xu et al., 2023).  

Bacterial infections in wounds are a challenge in wound repair so they 

can delay wound healing. For that, a photosensitizer that can generate 

reactive oxygen species through suitable excitation source irradiation is 

required. Pathogenic microbes and treatments that can enhance 

extracellular matrix deposition and promote skin resident cell migration, 

proliferation, and differentiation. Furthermore, they promote 

reepithelialization, angiogenesis, and tissue remodeling (Ning et al., 2022) 

 

4. Conclusion  

 

PDT uses a specific photosensitizer activated by light to produce 

ROS. In wound healing, PDT stimulates the process by improving the 

quality of tissue formed, fast wound closure, reducing the risk of 

complications, increasing blood circulation, reducing inflammation, and 

promoting the proliferation of cells involved in tissue regeneration. 
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